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Abstract 

Heterojunctions, comprised by (in)organic/(in)organic materials, play a crucial role 

in determining the performance of optoelectronic devices. The fundamental 

researches on such heterojunctions are bound to expand the understanding of the 

working mechanism of devices, which could further promote their performance. The 

focus of this work is mainly on the electronic structure of heterojunctions present in 

the optoelectronic devices, in particular the energy level alignment (ELA) at different 

heterojunction interfaces, by employing photoelectron spectroscopy (PES). 

Furthermore, interface energetics are correlated with the device performances in 

order to guide the future improvement. 

MoOx/n-Si and PEDOT:PSS/n-Si heterojunctions are active layers in solar cells and PES 

measurements give direct band bending magnitudes generated at the n-Si. Even 

though the band bending magnitude of the MoOx/n-Si heterojunction (0.80 eV) is 

larger than that of the PEDOT:PSS/n-Si (0.71 eV), the corresponding solar cells 

(MoOx/n-Si) show inferior power conversion efficiency (PCE), due to the deficient 

passivation of n-Si and lower thin film conductivity of MoOx. Thus, to make a better 

PCE device, a sufficient passivation of n-Si to decrease the recombination loss and a 

superb conductivity to efficiently transport holes to the anode are highly 

recommended. 

The investigations of electronic structure of perovskite (CH3NH3PbI3) and vanadium 

dioxide (VO2) thin films show that the work function can be dramatically affected by 

the surface components, which subsequently varies the ELA with the deposited 

prototypical organic hole transport material N,N′-di(1-naphthyl)-N,N′-

diphenylbenzidine (NPB). As for the CH3NH3PbI3 thin films fabricated by different 

methods, the ratio of the two C 1s species (CH3NH3
+ and CH3

+) on the surface 

correlates with variation of the work function. PES results demonstrate that the dual-

source, co-evaporated CH3NH3PbI3 film is most suitable for efficient hole transport 

with NPB, which could promise a better solar device performance based on them. As 
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for the VO2 thin film, the work function can be tuned from 4.4 eV to 6.7 eV by changing 

the ratio of oxygen and vanadium on the surface. Evidence for strong Fermi-level 

pinning and the associated energy-level bending in NPB is found for the clean and 

stoichiometric VO2 (WF=6.7 eV), rendering an Ohmic contact for holes, which can be 

utilized as a hole injection contact into the devices. 

 

Keywords: 

Energy level alignment, photoelectron spectroscopy, hybrid silicon solar cells, 

perovskite, vanadium dioxide 
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Zusammenfassung 

Heteroübergänge, die aus (in)organischen/(in)organischen Materialien bestehen, 

spielen eine entscheidende Rolle für die Leistung optoelektronischer Bauteile. Die 

Grundlagenforschung an diesen Heteroübergängen werden das Verständnis des 

Arbeitsmechanismus erweitern und somit kann die Leistungsfähigkeit der Bauteile 

weiter verbessern könnte. Der Schwerpunkt dieser Arbeit liegt hauptsächlich auf der 

elektronischen Struktur dieser Heteroübergänge, insbesondere der Ausrichtung der 

Energieniveaus (ELA) an verschiedenen Heteroübergangsschnittstellen, die mit 

Photoelektronenspektroskopie (PES) gemessen wird. Zusätzlich wird  die 

Geräteleistungen mit den PES-Ergebnissen verglichen, um weitere Verbesserung zu 

ermöglichen. 

MoOx/n-Si und PEDOT:PSS/n-Si Heteroverbindungen sind aktive Schichten von 

Solarzellen und mit PES kann direkt, die Groessen der Bandverbiegung auf der n-Si-

Seite gemessen werden. Obwohl die Bandverbiegung für einen MoOx/n-Si-

Heteroübergang (0,80 eV) größer ist als die von PEDOT:PSS/n-Si (0,71 eV), weisen 

die entsprechenden Solarzellen (MoOx/n-Si) aufgrund der mangelhaften Passivierung 

von n-Si und der geringeren Dünnschichtleitfähigkeit von MoOx einen schlechteren 

Wirkungsgrad (PCE) auf. Um einen höheren Wirkungsgrad zu erreichen, wird daher 

eine ausreichende Passivierung von n-Si zur Verringerung des 

Rekombinationsverlustes und eine hervorragende Leitfähigkeit zum effizienten 

Transport von Löchern zur Anode dringend empfohlen. 

Die Untersuchung der elektronischen Struktur Duenner Schichten aus Perowskit 

(CH3NH3PbI3) oder Vanadiumdioxid (VO2) zeigt, dass die Austrittsarbeit durch die 

Oberflächenkomponenten dramatisch beeinflusst werden kann, wodurch die ELA mit 

dem prototypischen organischen Lochtransportmaterial N,N′-di(1-naphthyl)-N,N′-

diphenylbenzidin (NPB) variiert wird. Bei den CH3NH3PbI3-Dünnschichten, die mit 

verschiedenen Methoden hergestellt werden, korreliert das Verhältnis der beiden 

Kohlenstoffarten (CH3NH3
+ und CH3

+) auf der Oberfläche mit der Variation der 

Austrittsarbeit. PES-Ergebnisse zeigen, dass die ko-verdampften CH3NH3PbI3-
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Schichten am besten für einen effizienten Lochtransport mit NPB geeignet sind, was 

eine bessere Leistung der Solarzelle auf der Grundlage dieser Schichten versprechen 

könnte. Wie bei der VO2-Oberfläche kann die Austrittsarbeit durch Ändern des 

Verhältnisses von Sauerstoff und Vanadium auf der Oberfläche von 4,4 eV auf 6,7 eV 

abgestimmt werden. Belege für eine starke Ferminiveau-Pinning und die damit 

verbundene Energieniveaubiegung in NPB finden sich für sauberes und 

stöchiometrisches VO2 (WF=6,7 eV), wodurch ein ohmscher Kontakt für Löcher 

entsteht, der als Lochinjektionskontakt in Bauteilen verwendet werden kann. 

 

Schlüsselwörter: 

Energieniveauausrichtung, Photoelektronenspektroskopie, hybride Silizium-

Solarzellen, Perowskit, Vanadiumdioxid  
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1. Introduction 

As the prime energy sources, fossil fuels are still widely utilized all over the world. 

However, fossil fuels are non-renewable resources which could be exhausted in the 

near future, and the combustion processes release large amount of CO2 resulting in 

global warming [1]. Alternative resources, such as renewable energy sources, like 

hydropower, wind power or solar power, are necessary in order to change this 

situation. Even though these renewable energy sources are not able to completely 

replace fossil fuels currently, they have shown great potentials in generating 

electricity without massive CO2 emission [2].  

Among all these renewable energy sources, the exploitation of solar power is not so 

limited by natural environmental conditions, as long as there exists solar radiation. 

Solar cells, which are based on the external photovoltaic effect can help to harvest 

solar energy and produce electricity. The power conversion efficiencies (PCEs) of 

solar cells keep boosting with the development of new adsorption materials and new 

device architectures, as can be seen from Figure 1.1.1. To further promote the PCEs, a 

comprehensive understanding of the fundamental working mechanism is essential [3]. 

No matter for the conventional silicon solar cells or the current perovskite solar cells, 

more than two types of materials should be incorporated to construct these solar cells. 

As a result, interfaces (homojunction or heterojunction) between two materials are 

inevitable. As the surface has different properties compared with the bulk due to the 

abrupt stop of the periodic structure, the interfaces comprised by two material 

surfaces have great impacts on the charge carriers transport processes [4-5]. The 

knowledge of the surfaces and interfaces properties are of great importance to guide 

the designation of devices and the optimization of performance [1, 3]. In addition, the 

ever-increasing demands of new and flexible optoelectronic devices, such as organic 

light emitting dioxide (OLED), organic photovoltaic cell (OPV) and organic field effect 

transistor (OFET), have strongly stimulated the development and employment of the 

organic conjugated semiconductors [6-7]. The performances of these devices are also 
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affected by the properties of the heterojunction interfaces [8-9]. Moreover, the 

involvements of the organic conjugated semiconductors make these interfaces more 

complicated as they have dramatic differences compared with the inorganic 

semiconductors and metals [10-12]. 

 

Figure 1.1.1 A chart of the highest confirmed conversion efficiencies for research cells for a range 

of photovoltaic technologies. Taken from the National Renewable Energy Laboratory (NREL). 

 

The focus of this work is mainly on the electronic properties of heterojunction 

interfaces, i.e. energy level alignment (ELA) between inorganic/inorganic 

semiconductors, organic/inorganic semiconductors and perovskite/organic 

semiconductors. Furthermore, their effects on the device performances are also 

discussed or predicated. X-ray photoelectron spectroscopy (XPS) and ultra-violet 

photoelectron spectroscopy (UPS) are principally utilized to unravel the electronic 

properties of all these heterojunction interfaces. The thesis is structured in the 

following way:  

In chapter 2, a brief introduction of different materials used in this work and the basic 

concepts related to the energy level alignment at different junctions (homo- or hetero-) 

are given, as well as a concise description of the solar cell performance. In chapter 3, 
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an introduction of experimental techniques is given, which includes the fundamental 

physical processes and working principles of photoelectron spectroscopy (PES), X-ray 

diffraction (XRD) and scanning electron microscopy (SEM). Meanwhile, the 

preparation methods and surface cleaning processes for samples investigated in this 

work are narrated.  

In chapter 4, the experimental results are presented and discussed. There are three 

parts in this chapter. The first part is about the interfaces between MoOx/n-Si and 

interfaces between PEDOT:PSS/n-Si. The electronic structure of the heterojunction 

between MoOx (PEDOT:PSS) and n-Si is investigated by using PES. The photovoltaic 

cells comprised by these two kinds of heterojunctions are fabricated and compared as 

well. The second part shows detailed PES results during the growth of CH3NH3I and 

PbI2 thin film as well as the electronic structure evolution during the formation of 

CH3NH3PbI3 (CH3NH3PbIxCl3-x) by step-wise deposition CH3NH3I on PbI2 (PbCI2) in a 

UHV chamber. Besides that, the crystal structure, surface morphology and electronic 

structure of CH3NH3PbI3 fabricated by different methods are compared. Furthermore, 

the energy level alignment between these films and the hole transport layer-NPB are 

investigated and the energy loss mechanisms of these heterojunctions are explained. 

The third part investigates a prototypical heterojunction between a higher work 

function inorganic semiconductor (VO2) and a hole transport molecule-NPB. The 

electronic structure evolution of VO2 during the phase transition is also unraveled. 

Moreover, the correlation of the atomic ratio of oxygen and vanadium on the surface, 

the abundance of oxidation state V species with the valence band (VB) shape, and the 

work function is studied. 

Finally, in chapter 5, the summary of this work is given as well as an outlook on the 

future work based on the current results. 
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2. Fundamentals 

This chapter provides fundamental properties of inorganic and organic materials 

investigated in this work. In real devices and practical applications, interfaces formed 

between these materials are the key points that need to be understood for the sake of 

reducing charge injection barriers (extraction loss) and promoting performance. 

Prior to the investigation of interfaces, one should have a general comprehension of 

the material properties in advance, which can help to catch on these generated 

phenomena when putting them together.  

2.1 Materials 

For most optoelectronic devices, semiconductors are the dominant functional parts, 

which can generate electrical-to-optical (light-emitting diodes) or optical-to-

electrical (photovoltaic cells) transformation. This unique feature makes them quite 

different from metals and insulators. The main difference between these solid-state 

materials, i.e. semiconductor, metal and insulator, is the existence of the energy 

bandgap (gap) or forbidden gap. For metals, the conduction band overlaps with the 

valence band, thus there is no bandgap. Electrons can be freely transported inside the 

empty conduction band and the electrical conductivity is high (e.g. copper, σ≈107 S/m) 

[13]. For insulators, the energy bandgap is normally larger than 4 eV [1], for which the 

conduction band is fully empty, and the valence band is fully filled with electrons. At 

room temperature (300K), it is, thus, impossible for an electron to be thermally 

promoted from the valence band to the conduction band, as a result, the electrical 

conductivity is quite low (e.g. diamond, σ≈10-13 S/m) [14]. For semiconductor, the 

bandgap is non-zero and around 0.5-4 eV [1]. At absolute zero Kelvin, a semiconductor 

is an insulator. At room temperature, the conduction band can be slightly filled with 

electrons, leaving holes in valence band, which benefits the electrical conduction. 

However, the electrical conductivity is still inferior compared with that of metals (e.g. 

silicon, σ≈10-3 S/m) [15].  
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2.1.1 Silicon 

The atomic number of silicon (Si) is 14, with an electron configuration of [Ne]3s23p2. 

Like other elements in the group IV, the four valence electrons tend to form covalent 

bonds with other atoms by sharing electron pairs, which can reach a stable state 

possessing a noble gas configuration. Depending on the crystal structure of Si, it can 

be roughly classified into three types, i.e. monocrystalline Si, polycrystalline Si and 

amorphous Si. Silicon atoms are orderly arranged in a long range for monocrystalline 

Si and it is manufactured by using the Czochralski or floating zone method [16-17].  

 

Figure 2.1.1 Band structure of Si. Eg 

represents the energy bandgap, EC the 

conduction band minimum and EV the 

valence band maximum. Adapted from 

Ref.[5]. 

 

 

 

 

 

 

 

 

 

The band structure of Si can be calculated by using empirical pseudopotentials (Figure 

2.1.1) [18]. It is clearly shown that Si is an indirect bandgap semiconductor, as the 

conduction band minimum (EC) and the valence band maximum (EV) are not aligned 

at k=0 (Γ). For any semiconductors, there exists a forbidden energy range where no 

electronic states are available, which is the so-called energy bandgap (Eg), 

corresponding to the energy difference between EC and EV. At room temperature 

(300K), the Eg of Si is 1.12 eV [5]. As is mentioned above, semiconductors have inferior 
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conductivity compared with metals. As for the electrical conductivity σ , it can be 

calculated by: 

σ = q ∙ n ∙ μ, (2.1) 

where q  is the elementary charge, n  the charge carrier concentration and μ  the 

charge carrier mobility. To promote the conductivity, there are two schemes: 

increasing charge carrier concentration n  or improving charge carrier mobility μ . 

For silicon, it is more applicable to promote the charge carrier concentration n by 

doping. By changing the doping concentration of impurities, the charge carrier 

concentration n will be tuned as well as the conductivity σ. 

Table 2.1 summarizes some basic properties of Si at room temperature[5]. 

 

Table 2.1 Summary of basic properties of Si at room temperature. 

Atom density (cm-3) 5.02×1022 𝑵𝑪 (cm-3) 2.8×1019 

Atomic weight 28 𝑵𝑽 (cm-3) 2.65×1019 

Density (g·cm-3) 2.329 𝒏𝒊 (cm-3) 9.65×109 

Crystal structure Diamond Saturation 

velocity (cm/s) 
1×107 

Lattice constant (Å) 5.43102 

Dielectric constant 11.9 Minority-carrier 

Lifetime (s) 
10-3 

Energy bandgap (eV) 1.12 

Electrons mobility 

𝝁𝒏 (cm2·V-1·s-1) 
1450 

Holes mobility 

 𝝁𝒑 (cm2·V-1·s-1) 
500 
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2.1.2 Organic semiconductors (NPB and PEDOT) 

 

Figure 2.1.2 (a) Atomic orbitals and occupation of atomic carbon and sp2 hybridization. (b) The 

formation of σ and π bonds in ethene. Adapted from Ref.[19]. (c) The energy levels of a π-

conjugated molecule. (d) One simple conjugated molecule and its π bonds. 

 

Besides inorganic semiconductors, another important type of material are the organic 

semiconductors, which mainly consist of C atoms that bond with C atoms or other 

atoms like H, N, O, P, S, F or Cl. Here, the organic semiconductors are mainly referring 

to organic π-conjugated molecules with alternating carbon-carbon single bond and 

double bond. The carbon atom has an electron configuration of [He]2s22p2. The top 

part of Figure 2.1.2a gives the atomic orbitals and the corresponding occupancy of 

atomic C. Considering the organic π-conjugated molecule, sp2 hybridization of C atoms 

is involved, for which one 2s orbital and two 2p orbitals hybridize, and then three 

equivalent sp2 orbitals form, leaving one 2p orbital (Figure 2.1.2a). Figure 2.1.2b 

shows one example of the formation of σ and π bonds in ethene where sp2 

hybridization is present. Two of the three sp2 orbitals of C overlap with two H to form 

two strong σ bonds, and the last sp2 orbital forms a σ bond between the two C atoms. 

The remaining 2p orbital (usually defined as pz orbital) then overlap, and a π bond is 

formed. The two bonds (one σ bond and one π bond) between two C atoms constitute 
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one double bond. As electrons in the π bonds are not strongly localized compared with 

the σ bonds, the overlap of π bonds in a conjugated system furnish the possibility to 

transport charge carriers when an external electric field is applied. For organic π-

conjugated molecules, the most important molecular orbitals are these frontier 

orbitals, i.e. highest occupied molecular orbitals (HOMO) and lowest unoccupied 

molecular orbitals (LUMO), which correspond to π orbitals and π* orbitals, 

respectively (Figure 2.1.2c). These frontier orbitals participate in the charge carrier 

transport, optical adsorption and photoluminescence [20].  

 

Organic semiconductors possess rather different properties compared to their 

inorganic counterparts because the intermolecular/interatomic interaction strengths 

are dramatically different. For solids constituted by organic conjugated molecules, the 

intermolecular interactions are based on weak chemical bonds, i.e. van der Waals 

interaction. While, for inorganic solids, intermolecular/ interatomic interactions are 

based on strong chemical bonds, i.e. covalent bonds or ionic bonds. The weak van der 

Waals interactions lead to the weak overlap of the electronic wave functions between 

adjacent molecules, resulting in i) narrow bands of organic crystals compared to 

inorganic crystals, ii) hopping transport due to the highly localized property of charge 

carriers compared with the band transport in inorganic semiconductors with 

delocalized charge carriers. For instance, the band dispersion of the rubrene crystal is 

below 1 eV, whereas for monocrystalline Si, it is above 3 eV. The hole mobility differs 

also largely, for rubrene crystal 𝜇ℎ =15 cm2/Vs, for Si monocrystalline 𝜇ℎ =500 

cm2/Vs [5, 21]. 

Most conjugated organic solids are amorphous with a disordered molecular 

arrangement, leading to the variation of the polarization energies due to the disparity 

of molecular environments [1, 20]. Thus a Gaussian distribution of density of states 

(DOS) is produced for these discrete energy levels (Figure 2.1.3b) [22]. The disorder 

of molecules caused by the molecular orientation, defects, impurities or grain 

boundaries can induce the broadening of the Gaussian peak [1] and the larger 

insertion of peak tails into the energy gap. With the strong coupling of electron wave 
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functions, the DOS for model inorganic semiconductors exhibits a √𝐸 -distributed 

shape for valence band and conduction band (Figure 2.1.3a). The edges for conduction 

band (EC) and valence band (EV) are very clear and no tails enter into the energy gap 

[22], obviously different from the organic semiconductor model. 

 

Figure 2.1.3 (a) √𝐸-distributed density of states (DOS) for an inorganic semiconductor model. 

The clear edges for conduction band (EC) and valence band (EV) line out an energy gap (Eg) in 

between. (b) Gaussian-distributed density of states (DOS) for an organic semiconductor model. 

Energy gap (Eg) is defined by the energy distance between the onset of HOMO and LUMO. 𝜎𝐻 and 

𝜎𝐿 are the standard deviation of HOMO and LUMO respectively. Taken from Ref. [22]. 

 

Apart from the disparity of DOS and charge carriers transport mechanism, the exciton 

for organic and inorganic semiconductors are also disparate. The excitons are defined 

as the bounded electron-hole pairs, for which the bounded interaction is induced by 

the Coulomb force. In organic semiconductors, when an electron is elevated from the 

HOMO to the LUMO by excitation, a hole is thus left in the HOMO. Due to the low 

relative permittivity, the binding energy between the electron-hole pair is large, so the 

electron-hole pair is highly localized, usually confined within one molecule. This is the 

so called Frenkel excitons and the binding energies for electron-hole pairs are 

hundreds of meV. At room temperature (300 K), the thermal energy cannot separate 

electron-hole pairs to get free electrons and holes. The separation of electron-hole 

pairs needs additional external effects, such as the interface between a donor and an 

acceptor in organic photovoltaic cells [23]. On the contrary, inorganic semiconductors 

have high permittivity and excitons are highly delocalized, which can spread around 

several adjacent atoms or molecules with weak Coulomb force. This kind of electron-

hole pairs is called Wannier excitons and the binding energies of excitons are tens of 
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meV. It is possible for Wannier excitons to separate at room temperature by thermal 

excitation [1]. 

The organic conjugated semiconductors can be roughly classified into two parts: 

polymers and low weight molecules (including oligomers) [20]. In this work, one 

polymer--poly(3,4-ethylenedioxythiophene) (PEDOT)--and one low weight molecule-

-N,N′-di(1-naphthyl)-N,N′-diphenylbenzidine (NPB)-- are involved to construct 

heterojunctions with other materials. Followings are the basic properties of these two 

materials. 

PEDOT and PEDOT:PSS 

PEDOT (poly(3,4-ethylenedioxythiophene)) is synthesized by the polymerization of 

3,4-ethylenedioxythiophene (EDOT) monomers [24] and the energy bandgap for a 

single PEDOT chain is around 1.7 eV [25]. However, the undoped PEDOT is not soluble 

for most solvents as well as water, which greatly prevents its application into 

optoelectronic devices by spin-coating. With the assistance of doping, the precursor 

becomes soluble and the conductivity of PEDOT-based thin films also increases. The 

most commonly used combination is PEDOT:PSS, where PSS is the 

poly(styrenesulfonate). Sodium peroxodisulfate (Na2S2O8) is utilized as the oxidant, 

and the polymerization is conducted by oxidative polymerization of EDOT in water by 

adding Na2S2O8 and PSS [24]. As can be seen from Figure 2.1.4, by oxidization, a 

PEDOT chain loses one electron and becomes positive PEDOT+. Meanwhile, the 

negative counterion of sulfonate groups (SO3
-) in the PSS will combine with it due to 

Coulomb attraction. Based on the tremendous characterization researches on the 

PEDOT:PSS structure [25-28], it is believed that PEDOT:PSS is configured by the PSS-

rich shells and PEDOT-rich cores [29-30]. The outside PSS-rich shells help to stabilize 

the dispersion of PEDOT:PSS polyelectrolyte complex into the aqueous by Coulomb 

repulsion. For inner PEDOT-rich cores, PEDOT oligomers (5-12 EDOT monomers) 

adhere to the long chain of PSS. As the long chain coils, the inner adjacent PEDOT 

oligomers can have π-stacking [31], seen from the right-bottom part of the Figure 

2.1.4. In addition, there are still excess PSS, which will stay on the top surface and bury 

the PEDOT:PSS complex. 

https://en.wikipedia.org/wiki/Poly(3,4-ethylenedioxythiophene)
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Figure 2.1.4 Chemical structure of PEDOT:PSS and analogous model of micro- configuration. The 

‘dot’ represents the unpaired electron and ‘plus’ the unpaired positive charge on the PEDOT 

oligomer. Taken from Ref.[27].  

 

During the oxidative polymerization, polarons and bipolarons can be created on the 

PEDOT chains. The transport efficiency of polaron/bipolarons at intrachains and 

interchains governs the final conductivity of the PEDOT:PSS thin films. When an 

electron is removed, a positive charge is created in the PEDOT chain, named as a 

polaron. The polaron levels arise in the bandgap, away from the HOMO and LUMO due 

to the relaxation (quinoid-like geometry relaxation). When a second electron is taken 

out of the PEDOT chain, another positive charge is generated and a bipolaron appears 

(more strong quinoid-like geometry relaxation), which is energetically more favorable 

than two separated polarons [32]. Meanwhile, the bipolaron levels step deeper into 

the bandgap. For the amorphous PEDOT:PSS thin film, the overlap of the bipolaron 

states induces the formation of bipolaron band. In this case, the Fermi level will lie 

among the bipolaron band and valence band with no bandgap anymore[25].  

The conductivity of the PEDOT:PSS can be tuned by a wide range from 4×10-4 S/cm 

to 3×103 S/cm by changing the ratio of PEDOT and PSS, adding solvent into original 

solution like dimethyl sulfoxide (DMSO) and ethylene glycol (EG), post-treating like 

HCl and H2SO4 acid, and so on [28]. The explanation of the enhancement of the 

PEDOT:PSS is still controversial and different mechanisms have been proposed [26-

28]. A plausive interpretation is that PEDOT and PSS undergo phase separation with 

the extended-coil or linear structure of PEDOT chains instead of a coil structure as the 

conformation changes due to the removal of excess PSS from the PEDOT:PSS complex 
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[28, 30]. For one side, the removal of excess insulating PSS does help the holes 

(polarons/bipolarons) to move from PEDOT segment to the next. On the other side, 

the PEDOT chains can change from a benzoid structure to a quinoid structure, 

corresponding to a preferred coiled conformation to a preferred extended-coil or 

linear conformation, which leads to a more delocalization of charges on the PEDOT 

chains [28, 33]. 

NPB 

N,N′-di(1-naphthyl)-N,N′-diphenylbenzidine (NPB) is one of the most prototypical 

molecules to be used to investigate the hole transport barriers at heterojunctions. NPB 

has a transport bandgap of 3.9 eV and an ionization energy of 5.4 eV [34-35]. Its 

chemical structure is shown in Figure 2.1.5a. Due to the low evaporation temperature 

and stable evaporation rate, NPB is widely incorporated into OLEDs and acts as the 

hole transport layer (HTL). The hole mobility of NPB at an electric field of 1×105 

V/cm2 for a 1000 nm layer is 7.64×10-4 cm2/Vs, which is determined by the space-

charge-limited current (SCLC) measurements [36-37].  

 

Figure 2.1.5 (a) 

Chemical structure of 

N,N′-di(1-naphthyl)-

N,N′-diphenylbenzidine 

(NPB) and (b) P-doping 

mechanism of NPB.  

 

 

It is common for NPB to form an amorphous thin film rather than a well-defined 

crystal, which greatly impairs the efficiency of the hopping transport, leading to the 

low hole mobility and low conductivity. To promote the conductivity of NPB, chemical 

p-doping of NPB can be applied. By introducing a large electron affinity (EA) material, 

electrons can transfer from the HOMO of the NPB to the LUMO of the dopant, which 

creates a hole in the HOMO, as shown in the Figure 2.1.5b. The dopants for p-doping 

of NPB can be organic or inorganic materials. Organic dopants include tetrafluoro-

tetracyano-quinodimethane (F4-TCNQ) [38], 1,4,5,8,9,11-hexaazatriphenylene 
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hexacarbonitrile (HATCN) [39] and inorganic dopants include ReO3 [40], WO3 [41], 

and MoO3 [42]. For the pure NPB layer, the charge carrier concentration is 1.97×1014 

cm-3 [41]. With a doping concentration of 25 % MoO3, the hole concentration increases 

to 1.23×1019 cm-3, giving a five orders of magnitude enhancement [42]. The 

conductivity increases by three orders of magnitude, from 7.5×10-8 S/cm for pure 

NPB layer to 9.5×10-5 S/cm for MoO3 25 %-doped layer [43].  

2.1.3 Perovskite 

In the past ten years, we have witnessed great achievements at the halide perovskite 

solar cells (PSCs) field, whose power conversion efficiency (PCE) has leaped from 

2.2%-3.8% to 23.7% [44-46]. Tremendous efforts have been devoted to this topic with 

the knowledge learnt from the inorganic solar cells as well as organic solar cells, and 

it is still exciting to see how close the PCE of PSCs can be to the Shockley-Queisser limit, 

which is 33.16% with a bandgap of 1.34 eV under AM 1.5G [47-48].  

Basic properties 

When talking about perovskite, we actually refer to the materials possessing the 

chemical formula as ABX3 (Figure 2.1.6). Here, A represents cation, B cation and X 

anion [1]. The cation A can be methylammonium (MA+), formamidinium (FA+), Cs+, 

K+, Rb+, or their mixtures. The cation B can be Pb2+, Sn2+ and Ge2+. The anion X is 

usually halogen atoms, like I-, Cl-, Br-, or their mixtures [46].  

 

Figure 2.1.6 Crystal structure of the 

halide perovskite. 
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Although both hybrid organic-inorganic perovskites and pure inorganic perovskites 

have been proposed and investigated, the CH₃NH₃PbI₃ is still the most prototypical 

material to be used to probe the basic electronic properties and stabilities of this 

material family. When T>327 K (should be not too high), the CH₃NH₃PbI₃ shows a 

cubic crystal structure. MA+ cations stand on the eight intersections of the cube and 

one Pb2+ cation is surrounded by six I- octahedron anions. CH₃NH₃PbI₃ will exhibit a 

phase transition from cubic structure to tetragonal structure when T is below 327 K 

and change to orthorhombic phase when T is below 162 K [1] due to the arrangement 

of the organic cations [49]. When using other type of halogen atom, the crystal 

structure could alter due to the disparity of the atomic radius. Then the energy 

bandgap will also change, i.e. 1.6 eV for CH₃NH₃PbI₃, 2.0 eV for CH₃NH₃PbBr₃ and 2.8 

eV for CH₃NH₃PbCl₃ [50]. So, by changing the composition of X anion, the energy band 

gap of halide perovskite can be tuned as desired. In addition, it has also been reported 

that CH₃NH₃PbI₃ has a direct bandgap [51] and excellent absorption of visible light. 

Figure 2.1.7 compares the absorption coefficients of commonly used materials for 

photovoltaic cells at room temperature [58], including CH₃NH₃PbI₃, GaAs, CIGS, CdTe, 

crystalline silicon (c-Si) and amorphous silicon (a-Si). The adsorption coefficient of 

CH₃NH₃PbI₃ (light wavelength <775 nm) is around 104 to 105 cm-1, which is 

comparable to GaAs, CIGS and CdTe. Thus, a few hundreds of nanometer layer of 

CH₃NH₃PbI₃ is sufficient to harvest light for PSCs rather than few hundreds of 

millimeter for c-Si.  
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Figure 2.1.7 Absorption coefficient 

of CH₃NH₃PbI₃, GaAs, CIGS, CdTe, 

crystalline silicon (c-Si) and 

amorphous silicon (a-Si) at room 

temperature. Taken from Ref. [52]. 

 

 

 

 

 

 

Under illumination, excitons are created inside the halide perovskite thin films. The 

exciton binding energy of CH₃NH₃PbI₃ at room temperature is below 50 meV [53-54], 

or even a few meV [55]. Although the reported values for exciton binding energy are 

different, the excitons still can be classified into the Wannier excitons. These excitons 

are easy to separate and become free electrons and holes. Besides that, the exciton 

diffusion lengths can reach millimeters [56]. Both aspects render CH₃NH₃PbI₃ 

perovskite to be an excellent absorber with high efficiency charge collection capacity.  

Preparation methods and device structures  

The detailed information of preparation procedures of perovskite thin films will be 

described in Chapter 3 and Chapter 4. The crystal structure can be obtained from the 

X-ray diffraction (XRD) and the surface morphology from the scanning electron 

microscope (SEM). There are several review papers discussing the fabrication 

methods of perovskites [57-58]. By optimizing the preparation parameters, such as 

annealing time and annealing temperature, a smooth, full coverage, large grain size 

with good crystallinity thin film can be acquired, which will definitely benefit the 

device performance and stability. 
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Figure 2.1.8 Device architectures of halide perovskite solar cells: (a) mesoporous structure, (b) 

regular n-i-p planar structure and (c) inverted p-i-n planar structure. TCO represents the 

transparent conductive oxides, ETL the electron transport layer, HTL the hole transport layer. 

Taken from Ref. [59]. 

 

Primarily, halide perovskites are firstly employed as the absorbers in the dye-

sensitized solar cell by using a mesoporous structure [44], as is shown in Figure 2.1.8a. 

However, the fabrication of a mesoporous TiO2 layer needs a high temperature (480 °C) 

and a long time (1 h) for sintering, which is a disappointing point compared with the 

easy preparation of the perovskite layer. Later, it is found that CH₃NH₃PbI₃ has 

ambipolar properties, and electrons and holes can be transported by the perovskite 

itself [60], which provides the possibility to use a conventional planar structure as 

used in organic solar cells (Figure 2.1.8b and c). In Figure 2.1.8b, the perovskite layer 

works as intrinsic semiconductor. The electron transport layer (ETL) acts as n-type 

layer, withdraws electrons and transports them to the transparent conductive oxide 

(TCO) cathode, while the hole transport layer (HTL) acts as p-type layer, withdraws 

holes and transports them to the Au or Ag anode. This is the n-i-p planar structure and 

it is also easy to imagine the p-i-n planar structure (Figure 2.1.8c). 

Challenges 

Up to now, pursuing a high PCE for PSCs is still an important research topic. However, 

there are two remaining challenges that need to be considered during the promotion 

of the commercial applications of PSCs in the near future.  

Firstly, the utilization of Pb in PSCs could cause heavy metal pollutions to the 

environment. One potential solution is the replacement of Pb, i.e. the so-called low-
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toxicity lead-free perovskite solar cells. By using Sn, Sb, Bi, Ge or their alloys, 

perovskites can keep ABX3 formula and show photovoltaic effect [61]. However, 

compared with the standard Pb-based PSCs, lead-free PSCs have inferior PCE, around 

10%, so there is still a lot of work to be done to catch up the Pb-based PSCs (PCE 

around 23%) [61]. 

Secondly, the long-term stability of halide perovskites should be improved and 

enhanced. Taking CH₃NH₃PbI₃ as one example, degradation of perovskite layer is the 

main problem that leads to the instability. The halide perovskite layer is vulnerable to 

light, heat and humidity (water and oxygen). The degradation of perovskite can be 

described by the following chemical equations [45]: 

CH3NH3PbI3(𝑠) ↔ PbI2(𝑠) + CH3NH3I(𝑎𝑞) (2.2) 

CH3NH3I(𝑎𝑞) ↔ HI(𝑎𝑞) + CH3NH2(𝑎𝑞) (2.3) 

4HI(𝑎𝑞) + O2(𝑔) ↔ 2I2(𝑠) + 2H2O(𝐼) (2.4) 

2HI(𝑎𝑞) ↔ I2(𝑠) + H2(𝑔) (2.5) 

In addition to the above degradation, during the white light illumination, metallic lead 

(Pb0) could be created. When sufficient amounts of metallic lead (Pb0) appear, the 

equation (2.2) is not reversible anymore [62]. To improve the stability, the designation 

of the device structure architecture, the selection of the charge transport materials, 

and encapsulation engineering should be carefully considered [45]. 

2.1.4 Transition metal oxides (MoOx and VO2) 

Transition metal oxides have been widely used in the OLED, OPV, OFET and hybrid-

silicon solar cells in recent years, due to their capacities to decrease holes/electrons 

injection barriers or extraction loss[63]. For the commonly used oxides, like MoO3, 

WO3 and V2O5, their bandgaps are around 3.0 eV [64], thus, these thin films exhibit 

good transparency with slight adsorption of visible light, rendering them as superior 

buffer layers for optoelectronic devices. 
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Figure 2.1.9 Average cation 

oxide state and the related 

work function of several 

transition metal oxides. The 

clean transition metals are 

served as references. Adapted 

from Ref. [63]. 

 

 

 

 

 

 

 

The electronic structure of transition metal oxides depends on the occupancy 

condition of the d-band [64-65]. When changing the occupancy of the d-band, 

oxidation states of transition metals (cation oxidation states) will also change, which 

subsequently alters the electron chemical potential of the oxides, resulting in the 

variation of the work function. In Figure 2.1.9, higher cation oxidation oxides have 

higher work functions and clean transition metals give lowest value for each transition 

metal [63]. The large work function variation of oxides caused by different cation 

oxidation states for same transition metal (or different types of transition metal 

oxides) provide a wide selection range to make energy levels matched between 

electrodes and organic semiconductors, which helps to reduce the charge carriers 

injection barriers (extraction loss). 

MoOx 

Molybdenum (Mo) has an atomic number of 42 with the electron configuration of 

[Kr]4d55s1. The outside six valence electrons make it very reactive and easy to be 

oxidized, leading to the formation of Mo+6, Mo+5 and Mo+4. MoO3 is commonly used in 

OLED devices as buffer layer to help the hole injection from the anode into the hole 

transport layer [7]. The work function, ionization energy and band gap of 
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stoichiometric MoO3 are around 6.9 eV, 9.7 eV and 3.0 eV, respectively [35].  

 

Figure 2.1.10 (a) Illustration of energy levels and (b) valence band spectra of stoichiometric MoO3, 

O-deficient MoO3 and MoO2. Adapted from Ref. [66]. 

 

However, during the preparation process, oxygen vacancies can be easily generated 

with the formation of Mo+5, as a result, a partially occupied Mo 4d-band appears 

inside the band gap of MoO3, which can be detected by UPS when they are sufficient 

(Figure 2.1.10b). Moreover, the Fermi level will move towards to the CBM rather than 

stay in the middle of bandgap. When large amounts of oxygen vacancies are created, 

Mo+4 oxidation states are also supposed to be present. Then, two separated occupied 

states present inside the bandgap (Figure 2.1.10b) [66]. As the gap states are 

approaching or even overlapping to the Fermi level, the surface becomes metallic. The 

work function of the thin film depends on the oxidation states of the cations. It 

gradually decreases with the increasing amount of the lower oxidation states on the 

surface.  

VO2 

Transition metal vanadium (V) has five valence electrons (3d34s2) outside the ion core 

and these electrons are vulnerable to lose, similar as molybdenum (Mo). As a result, 

there are many kinds of vanadium oxides, like V2O5, VO2, V2O3 [67]. Among them, 

vanadium dioxide (VO2) exhibits a very striking feature, i.e. metal-insulator transition 
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around 340 K, which has been discovered by Morin in 1959 [68]. 

 

Figure 2.1.11 Crystal structure and 

electronic band structure of VO2 in 

monoclinic-insulating state and 

rutile-metallic state. Red balls 

represent vanadium atoms and blue 

balls represent oxygen balls. Taken 

from Ref. [69]. 

 

 

 

 

 

 

 

The phase transition is first-order and reversible, which can be induced by thermal 

treatment. Both crystal structure and electronic structure will change before and after 

phase transition. When the temperature is higher than 340 K, VO2 has a rutile phase 

showing metallic property. In Figure 2.1.11, under rutile phase, the unit cell has 2 

vanadium atoms and 4 oxygen atoms. Vanadium atoms comprise a tetragonal lattice. 

Each vanadium atom is surrounded by six oxygen atoms in a octahedral form, leading 

to the splitting of the five V 3d orbitals into eg and t2g, which are occupied by one 

valence electron as two 4s and two rest 3d valence electrons are donated to oxygen 

atoms. V 3d t2g orbitals form π* bands and V 3dx
2

-y
2 orbitals compose d// bands [69-

70]. Both of them overlap with the Fermi level, resulting in the metallic state of VO2 in 

the rutile phase. In contrast, when the temperature is lower than 340 K, VO2 changes 

to the monoclinic phase, showing insulator properties. Under monoclinic phase, the 

displacement of V atoms happens and V-V bonds appear along the c-axis of the rutile 

geometry, resulting in the splitting of d// bands and upward shift of π* bands [70], as 

shown in Figure 2.1.11. There is a small band gap between d// and π* bands, which is 

around 0.7 eV [70]. There is another explanation of the phase transition mechanism, 
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which is based on the Mott-Hubbard model, considering the electronic correlation 

[71-72]. 

 
Figure 2.1.12  Temperature 

dependent resistivity curve of 

VO2. Red curve stands for 

increasing temperature, and blue 

curve stands for decreasing 

temperature. Taken from Ref. 

[73]. 

 

 

 

 

 

Besides that, two intriguing phenomena are observed when performing the 

macroscale characterization. The first intriguing phenomenon is the dramatic 

variation of the conductivity or resistivity of VO2 (thin film or single crystal). Before 

and after phase transition, the resistivity of VO2 thin film decreases by almost four 

order magnitudes, as is shown in Figure 2.1.12. The phase transition temperature is 

at about 348 K for heating and 338K for cooling process [73]. This hysteresis here is 

caused by the different thermal history [74]. 

The second intriguing phenomenon is the dramatic variation of optical transmission 

at infrared range for VO2 thin film [75]. Before and after phase transition, optical 

transmission at infrared range from 1500 nm to 2000 nm, dramatically decreases by 

50%, but no changes at visible range. This behavior of the variation of optical 

transmission makes VO2 a good candidate for the application of the smart window to 

cut down the penetration of the infrared light into the building in scorching summer 

[76]. 

2.2 Heterojunction interfaces 

In the previous section of this chapter, the electronic properties of utilized inorganic 
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and organic materials are discussed. In solar cells, these materials are combined 

successively and collaborated together to harvest visible light. Inside these devices, 

different interfaces are participated between (in)organic/(in)organic or 

(in)organic/metal. A well-designed and energy matching interface will reduce charge 

carriers injection barriers/extraction losses, which is beneficial to the device 

performance. In order to lower these barriers (losses), the first step is to figure out 

the origin of the barrier at the interface, and the second step to optimize and reduce 

the barrier (loss), and ideally wipe it away. The investigation of the energy level 

alignment (ELA) at the heterojunction interfaces can shed light on this issue.  

 

In general, we only consider thermodynamic equilibrium condition when discussing 

the energy level alignment between two materials at the interface. If two materials 

have the same bandgap, after contact, the junction formed between them is defined as 

homojunction (Figure 2.2.1b). If two materials have different bandgaps or one has 

bandgap and the other does not, after contact, the formed junction is called 

heterojunction (Figure 2.2.1d).  

p-n junction 

P-n homojunction (Figure 2.2.1b) is common in inorganic solar cells and will be 

introduced with the sample of Si. When putting p-type Si and n-type Si together, holes 

diffuse from p-type Si to n-type Si and electrons in opposite direction due to the 

concentration gradient. At the interface region of both sides, electrons and holes 

continue to recombine until a dynamic thermal equilibrium condition is reached. In 

this condition, a depletion region is formed with immoveable anions at p-type side 

and cations at n-type side, as there are no free charge carriers anymore. As a result, 

an internal electric field is constructed, pointing from n-type region to p-type region, 

which is also referred as built-in field with a built-in potential Vbi. It is the formation 

of the internal electric field that prevents the further diffusion of holes and electrons 

from the rest parts of the junction, which also induces band bending at each side. The 

band bending (qVbi) volume and the width (WD) of the depletion region (or space 

charge region) are determined by the doping concentration of each side [1, 5]. 
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Figure 2.2.1 Illustration of the energy level alignment for a p-n homojunction (a) before and (b) 

after contact between p-type and n-type inorganic semiconductor. Illustration of the energy level 

alignment for a Schottky heterojunction (c) before and (d) after contact between metal and n-type 

inorganic semiconductor. Evac represents vacuum level, EF Fermi level, Ei intrinsic Fermi level, EC 

conduction band minimum, EV valence band maximum, Eg bandgap, Ф work function, EA electron 

affinity. WD is the width of the depletion region, including the depletion region WDp in p-type side 

and WDn in n-type side. Vbi is the built-in potential at the depletion region and Фb,n is the electron 

injection barrier from the metal to the conduction band of the n-type semiconductor. 

 

To calculate the built-in potential Vbi at the depletion region, let we recall the  current 

density equations (steady state condition) at first [5]: 

𝐽𝑛 = q𝜇𝑛𝑛�⃗⃗� + q𝐷𝑛∇𝑛 (2.6) 

𝐽𝑝 = q𝜇𝑝𝑝�⃗⃗� − q𝐷𝑝∇𝑝  (2.7) 

𝐽𝑐𝑜𝑛𝑑 = 𝐽𝑛 + 𝐽𝑝 (2.8) 

Here 𝐽𝑐𝑜𝑛𝑑   is the total current conduction density. 𝐽𝑛  (𝐽𝑝 ) is the electron (hole) 

current density consisting the drift part with the applying of the external electric field 

�⃗⃗�  and diffusion part due to the electron (hole) concentration gradient. q  is the 
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elementary charge, 𝑛  electron concentration, 𝜇𝑛  electron mobility, 𝐷𝑛  electron 

diffusion constant, 𝑝  hole concentration, 𝜇𝑝  hole mobility, 𝐷𝑝  hole diffusion 

constant.  

For one-dimensional case, without applied voltage and no net current flow, (2.6) and 

(2.7) can be modified as [5]: 

𝐽𝑛 = q𝜇𝑛𝑛𝐸𝑥 + q𝐷𝑛

𝑑𝑛

𝑑𝑥
= q𝜇𝑛 (𝑛𝐸𝑥 +

𝑘𝑇

𝑞

𝑑𝑛

𝑑𝑥
) = 𝜇𝑛𝑛

𝑑𝐸𝐹𝑛

𝑑𝑥
= 0 (2.9) 

𝐽𝑝 = q𝜇𝑝𝑝𝐸𝑥 − q𝐷𝑝

𝑑𝑝

𝑑𝑥
= q𝜇𝑝 (𝑝𝐸𝑥 −

𝑘𝑇

𝑞

𝑑𝑝

𝑑𝑥
) = 𝜇𝑝𝑝

𝑑𝐸𝐹𝑝

𝑑𝑥
= 0. (2.10) 

Here 𝐸𝐹𝑛 is Fermi level for n-type Si and 𝐸𝐹𝑝  is Fermi level for p-type Si. 𝑘 is the 

Boltzmann constant and T is the temperature in K.  

So, we get: 

𝑑𝐸𝐹𝑛

𝑑𝑥
= 0 and 

𝑑𝐸𝐹𝑝

𝑑𝑥
= 0 (2.11) 

This means in the thermal equilibrium condition, for a p-n junction without net 

electrons and holes flows, the Fermi level should be constant all over the system. 

Then, the built-in potential Vbi in Figure 2.2.1b can be written as [1]: 

𝑉𝑏𝑖 =
1

𝑞
(Ф𝑛 − Ф𝑝) =

1

𝑞
[(𝐸𝑖 − 𝐸𝐹𝑝) − (𝐸𝑖 − 𝐸𝐹𝑛)]. (2.12) 

For nondegenerate Si, by using the known doping concentration ND (donor 

concentration in n-type Si) and NA (acceptor concentration in p-type Si), at complete 

ionization condition, Vbi can be expressed by [5]: 

𝑉𝑏𝑖 =
𝑘𝑇

𝑞
𝑙𝑛 (

𝑁𝐷𝑁𝐴

𝑛𝑖
2 ) , (2.13) 

where 𝑛𝑖is the intrinsic carrier concentration. 

Based on the Poisson equation in one-dimensional, the depletion width, WDn in p-type 

side and WDp in n-type side, can be also determined by [5]: 

𝑊𝐷𝑛 = √
2휀𝑠𝑉𝑏𝑖

𝑞

𝑁𝐴

𝑁𝐷(𝑁𝐴 + 𝑁𝐷)
 (2.14) 

𝑊𝐷𝑝 = √
2휀𝑠𝑉𝑏𝑖

𝑞

𝑁𝐷

𝑁𝐴(𝑁𝐴 + 𝑁𝐷)
 (2.15) 



Fundamentals    

25 

𝑊𝐷 = 𝑊𝐷𝑛 + 𝑊𝐷𝑝 = √
2휀𝑠𝑉𝑏𝑖

𝑞
(

𝑁𝐴 + 𝑁𝐷

𝑁𝐴𝑁𝐷
) . (2.16) 

Here, 휀𝑠 is the permittivity of Si. 

Schottky junction 

Schottky junction (or Schottky heterojunction), combining metal and inorganic 

semiconductor, has also been incorporated into the photovoltaic cells, but their PCEs 

are very poor compared with the p-n homojunction solar cells [5]. Without 

considering the low PCEs, the Schottky junction does provide a useful model to 

analyze ELA for heterojunction interfaces, even it is too simple to include more 

complex processes happened at the interface (Figure 2.2.1c and d). Before contact, 

when aligning the vacuum level, it can be found that the Fermi level of the n-type 

semiconductor is located at higher energy compared with that of the metal. After 

contact, in order to achieve equilibrium, electrons have to transfer from the 

conduction band of the n-type inorganic semiconductor to the metal. Once the thermal 

equilibrium is established, a depletion region is formed at the contacted surface of n-

type semiconductor since a certain amount of free electrons has been depleted and 

immovable cations are left. Unlike the n-type semiconductor, there is no depletion 

happening at metal surface as metal can be treated as electron reservoir.  

The band bending induced by the space charges is given by: 

qVbi = Фm − Фn. (2.17) 

The Schottky barrier for the injection of electrons from the metal to the conduction 

band of the semiconductor is defined as Фb,n, which can be obtained by: 

Фb,n = Фm − EA . (2.18) 

Under the abrupt approximation for metal/n-type semiconductor (with donor 

concentration ND) junction, the depletion width WD, in thermal equilibrium condition 

with complete oxidization, can be determined by: 

WD = √
2εs

qND
(Vbi −

kT

q
) . (2.19) 

The n-type inorganic semiconductor here can also be altered to p-type. But the 

correlated terminology and calculation formulas should be changed accordingly, such 
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as the Schottky barrier for the injection of holes Фb,p, which is expressed as: 

Фb,p = Eg − Фb,n = Eg − (Фm − EA). (2.20) 

However, the Schottky junction discussed above is just the ideal case. In general, 

surface states should be considered, as the abrupt cease of the bulk periodicity at the 

surface. In this case, the barrier heights of Schottky junctions are affected by the work 

function of metal and the surface states of semiconductor [77-78]. 

 

Figure 2.2.2 Energy level diagram for the junction between metal and n-type inorganic 

semiconductor with an interfacial layer of atomic distance. Here, Фm represents work function of 

the metal, Фs work function of n-type semiconductor, Δ potential energy across interfacial layer, 

Vbi built-in potential, EA electron affinity, Δe energy difference between EC and Fermi level EF, εi 

permittivity of the interfacial layer, εs permittivity of the semiconductor, δ thickness of the 

interfacial layer, Ψ0 neutral level of interface states above EV, Qsc space charge density in 

semiconductor, Qss interface trap charge, and Qm surface charge density on metal. Adapted from 

Ref. [5, 78]. 

 

For a n-type semiconductor with accepter interface traps (Figure 2.2.2), the interface 

trap charge density Qss (C/cm2) is described by [5, 78]: 

Qss = −qDss(Eg − qΨ0 − Фb,n), (2.21) 

where Dss is the density of the surface states (interface-trap states) and Ψ0 is the 

neutral level of interface states above EV.  
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In the thermodynamic equilibrium, the space charge density Qsc (C/cm2) in the 

depletion region is expressed by: 

Qsc = qNDWD = √2εsND(Фb,n − Δe − kT). (2.22) 

Then the overall charge density on the semiconductor is Qss + Qsc.  

Neglecting the spacing charge at the interfacial layer, the metal surface emerges an 

equal and opposite charge Qm, which is given by: 

Qm = −(Qss + Qsc). (2.23) 

From Figure 2.2.2, the potential energy across interfacial layer is given by: 

Δ = Фm − EA − Ф𝑏,𝑛 . (2.24) 

Meanwhile, the potential (Δ/q) penetrating the interfacial layer can also be calculated 

by using Gauss’ law [5]: 

Δ

q
= −

𝛿𝑄𝑚

휀𝑖
. (2.25) 

Combining equation (2.24) and (2.24), a new expression for Ф𝑏,𝑛  can be obtained by 

leaving out the square root term Qsc (negligible): 

Фb,n =
Фm − EA −

δq2Dss

εi
(Eg − qΨ0)

1 −
δq2Dss

εi

. (2.26) 

When surface states are negligible, Dss → 0 , then Фb,n = Фm − EA , it turns to the 

ideal case, same as equation (2.18). When surface states are infinite, Dss → ∞, then 

Ф𝑏,𝑛 = 𝐸𝑔 − 𝑞𝛹0. In this case, the Fermi level is pinned at the surface states and the 

barrier height is nothing to do with the work function of the metal. 

Organic/metal and organic/inorganic semiconductor heterojunctions 

As organic semiconductors have been widely used into optoelectronic devices, the 

energy level alignment for heterojunctions made by metal (or inorganic)/ organic 

semiconductors (Figure 2.2.3) also needs to be investigated as the interface plays an 

important role in the charge carriers injection and extraction [8]. 



Fundamentals 

28 

 

Figure 2.2.3 Illustration of the energy level alignment at the metal/organic semiconductor 

interface. In (a), the metal is shown in Fermi-Dirac occupation function and the Fermi level EF is 

given as well. Δe, electron injection barrier, is the energy difference between Fermi level EF and 

onset of lowest unoccupied molecular orbitals (LUMO), and Δh, hole injection barrier, is the energy 

difference between Fermi level EF and onset of highest occupied molecular orbitals (HOMO). In 

(b), one metal/organic heterojunction example of the initial and final conditions, based on the 

electrostatic model described in this section, is shown. VL represents vacuum level, EA electron 

affinity (LUMO onset), IE ionization energy (HOMO onset) and WFfilm work function of the organic 

film. z is the distance from the metal surface and qV(z) is the local electron potential energy. 

Adapted from Ref. [11]. 

 

For metal (inorganic)/ organic semiconductor heterojunctions, the electron (hole) 

injection barrier Δe (Δh) of one certain organic semiconductor shows relationship with 

the work function  Ф  of metal (or inorganic semiconductor) substrates (Figure 

2.2.4a). The slope is defined by S = d∆e dФ⁄ = − d∆h dФ⁄  . If the work function of 

substrate places within the bandgap of the organic semiconductor, Δe (Δh) shows a 

linear relationship with Ф, and the work function of organic semiconductor is same 

to the substrate with vacuum level alignment. In this case, S=1, which is called 

Schottky-Mott limit [6]. If the work function of substrate locates above (below) the 

pinning work function for LUMO (HOMO) [11], Δe (Δh) is independent of the substrate 

with S=0, which is defined as Fermi-level pinning. Figure 2.2.4b shows an example of 

NPB thin film on varies transition metal and transition metal oxide substrates [64]. 

With the increasing of the substrate Ф, the hole injection barrier Δh first falls into a 

linear relationship, and then turns to the independent region when reaching the 
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pinning work function for HOMO (here is the ionization energy IE of the NPB). 

 

Figure 2.2.4 (a) Schematic relationship between Δh (Δe) and the work function of substrate. 

Adapted from Ref. [6]. The arrow indicates the increasing direction. (b) Exemplary illustration of 

relationship between Δh of NPB and the work function of substrate. Adapted from Ref. [64].  

 

Given the complexity and diversity of organic semiconductors, it is better to start from 

a succinct model involving the metal/organic semiconductor heterojunction at first. 

When putting organic molecules on the atomic clean surface, on one hand, push-back 

effect might appear, which decreases the work function of the metal [9], one the other 

hand, charge transfer might happen, which could change the electrostatic potential in 

the organic film and affect the energy level alignment (ELA). When reaching the 

thermal equilibrium, ELA is established at the interface of the junction. Energy-level 

bending or interface dipole or both of them can be present at the junction, except for 

the vacuum level alignment case.  

Energy-level bending 

The appearance of energy-level bending is related to the formation of space charge 

region. For a p-n homojunction of Si, the formation of space charge region is due to 

the diffusion of electrons and holes and the later recombination, which induces a 

depletion region by leaving the immovable ions near the interface region. For metal 

(inorganic)/organic semiconductor interfaces, the ‘Si-like band bending’ could also 

appear at the organic semiconductors, but the term of ‘band bending’ should be 

understood as a ‘bent’ distribution of localized states. After contact of two materials, 

due to the low charge carrier concentration of organic semiconductor, the electron–
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hole recombination is not possible. The energy-level bending is caused by the 

electrons transfer from or into the organic semiconductors, which extends into 

multiple layers rather than the monolayer. A space charge region is produced in the 

organic semiconductors side near the contact [79]. Oehzelt et al. proposed one 

rational model to describe the energy level alignment between metal and organic 

semiconductor (Figure 2.2.3), in which the density of states (DOS) of the organic 

semiconductor frontier orbitals are the decisive and central parameter [11]. The 

Gaussian/Lorentzian distribution is used to represent the DOS of organic frontier 

orbitals, i.e. the energy distribution of HOMO-derived levels DH[E+qV(z)] and the 

energy distribution of LUMO-derived levels DL[E+qV(z)] (Figure 2.2.3b). The 

occupancy Fermi functions for electrons at LUMO [fL(E)] and holes at HOMO [fH(E)] 

are given by: 

fL(E) =
1

1
gL

exp (
E − EF

kT ) + 1
, (2.27)

 

fH(E) =
1

1
gH

exp [− (
E − EF

kT )] + 1
, (2.28)

 

where gL and gH are the LUMO and HOMO (spin-)degeneracies, respectively. 𝑘 is 

the Boltzmann constant and T is the temperature in K. 

Now, the charge density of discretized thin film with the distance z from metal surface 

can be calculated by [11]: 

ρ(z) = q ∙ n ∙ { ∫ 𝑑𝐸 ∙ 𝑓𝐻 (𝐸) ∙ 𝐷𝐻[𝐸 + 𝑞𝑉(𝑧)] −

+∞

−∞

∫ 𝑑𝐸 ∙ 𝑓𝐿(𝐸)

+∞

−∞

∙ 𝐷𝐿[𝐸 + 𝑞𝑉(𝑧)]},                                    (2.29) 

where q is the elementary charge and n is the number of molecules per unit area and 

per discretization interval Δz. The front integral calculates the number of holes in the 

occupied DOS of the organic semiconductor and the back integral calculates the 

number of electrons in the unoccupied DOS of the organic semiconductor.  

Considering one-dimensional case in z direction, the electrostatic potential V(z) is 

given by Poisson equation: 



Fundamentals    

31 

∇[ε∇V(z)] = −
ρ(z)

휀0
, (2.30)  

with ε and 휀0 being the semiconductor and vacuum dielectric constant respectively 

[11]. By solving the Poisson equation, the electrostatic potential V(z) can be obtained. 

The ELA between organic semiconductor and metal can be demonstrated as well as 

electrons injection barrier Δe and hole injection barrier Δh. The calculation results 

based on the above model meet quite well with the experimental observations for 

pentacene and clean metal surface [11], and it also inspires the further work related 

to PTCDA [80].  

From the experiment prospective, the energy-level bending volume can be 

determined by using XPS to check the corresponding binding energy shift of the core 

levels if the material can be prepared in an incremental thermal evaporation manner 

in the UHV chamber [23]. 

Interface dipole 

The interface dipole is only confined at the interface of the junction (monolayer), 

which is rather different with the situation of the energy-level bending that could 

extend into multiple layers of the organic semiconductors. The origin of interface 

dipole Δ could be attributed to i) the push-back effect due to the Pauli repulsion, when 

atomic clean metals [9] or high work function transition metal oxides are involved 

[81], ii) the charge transfer, iii) the intra-molecular dipole of the adsorbate due to the 

intrinsic permanent dipole or the induced distortion of molecules [82], and the other 

effects [9]. The interface dipole can dominantly alter the work function of the surface. 

By using the Helmholtz equation, one can calculate the volume of the dipole [82]: 

Δ =
𝑞𝑛𝜇ꓕ󠄹

휀휀0
 (2.31) 

where q is the elementary charge, n is the density of dipole on a surface or molecular 

packing density, 𝜇ꓕ󠄹 is vertical contribution of dipole moment. 

 

The knowledge learnt from the metal/organic heterojunctions can provide help to 

explain these phenomena generated in organic-inorganic semiconductor 

heterojunctions.  
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Figure 2.2.5 Energy level diagrams for heterojunctions formed between inorganic semiconductors 

(A, C, E) and organic semiconductors (B, D, F). CBM and VBM represent the minimum of the 

conduction band and valence band maximum respectively. 

 

As is shown in Figure 2.2.5a, before contact (aligning vacuum level), the valence band 

maximum (VBM) of an inorganic semiconductor A stays at higher energy than the 

LUMO of the organic semiconductor B. After contact, in order to reach thermodynamic 

equilibrium, electrons transfer from the VBM of A to the LUMO of B, resulting in the 

formation of i) an interface dipole Δ at the interfacial layer, ii) an extended energy-

level bending at the adjacent layers when electron transfer extends to multiple layers 

until the onset of the LUMO of B layer stays higher energy than the VBM of A (Figure 

2.2.5b). This interface dipole points from B side to A side and its value can be obtained 
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by Δ=ФB-ФA-qVbi. If electron transfer process are confined only at the interface, like 

monolayer of the organic semiconductor B, energy level bending will not appear at B. 

Band bending could also present at the inorganic surface if the space charge region is 

generated at A [83].  

Before contact, if the VBM (CBM) of the inorganic semiconductor has lower (higher) 

energy compared with that of the LUMO (HOMO) of the organic semiconductor, as 

shown in Figure 2.2.5c, after contact, there is no charge transfer between C and D, and 

vacuum level alignment is achieved in this case (Figure 2.2.5d). 

If the inorganic semiconductor has a higher work function and the HOMO level of 

organic semiconductor has higher energy compared with the conduction band 

minimum (CBM) of the inorganic semiconductor, like the case in Figure 2.2.5e, after 

contact, electrons can transfer from the HOMO of F to the CBM of E to reach 

equilibrium. i) An interface dipole is present at the interfacial region, which points 

from E side to F side; ii) an extended energy-level bending emerges due to the electron 

transfer at the adjacent multiple layers until the onset of HOMO of F layer stays lower 

energy than the CBM of E. 

The three conditions shown here just provide an easy and simple illustration of the 

energy level alignment between inorganic semiconductors and organic 

semiconductors. For each individual case, the estimation of ELA should depend on the 

practical experiment results in order to give a correct and comprehensive 

understanding of the electronic structure of heterojunction, as the ELA can be varied 

from case to case when more effects are included, like defects [84] or strong 

interactions [85].  

2.3 Solar cell performance 

Solar cells can convert the sun radiant light directly into the electricity by the 

photovoltaic effect. In order to get the power conversion efficiency, the characteristic 

current-voltage (I-V) curve or current density-voltage (J-V) curve need to be 

measured for solar cells under the illumination condition. The spectrum of the Sun 
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contains a continuous series of light wavelength, which can be roughly described as a 

black body at a temperature of 5800 K [2, 86-87], with the range of visible light (0.29 

μm -0.72 μm) and a long infra-red tail. However, this spectrum cannot be directly 

applied to characterize the solar cell performance because before the Sun light 

reaches the surface of the earth, part of light will be adsorbed by water, carbon dioxide 

and ozone in the Earth’s atmosphere. So, for the industry or laboratory test, a standard 

light source air mass 1.5 global (AM1.5G) is used to characterize terrestrial solar cells. 

In the laboratory, a Xenon light source is commonly employed to simulate the Sun 

spectrum, with a standard power density of 100 mW/cm2 (1 kW/m2). The J-V curve 

of a solar cell can be regarded as the superposition of the J-V curve of the diode (solar 

cell) in the dark with the light-generated current density [88]. 

 
Figure 2.3.1 Illustration of the equivalent circuit of a dioxide under (a) forward bias voltage and 

(b) reverse bias voltage. (c) The equivalent circuit of a real solar cell under the illumination 

condition. 

 

Figure 2.3.1a and b exhibit the equivalent circuit of an idealized Shockley diode in 

forward bias and reverse bias voltage. For the forward bias, it means anode is applying 

positive bias with respect to the negative bias of cathode, a forward current passes 

through the diode and works in the first quadrant of the J-V curve, which can refer to 

the top right quadrant in the Figure 2.3.2. For this kind of diode, the characteristic J-V 

is given by [87]: 

J(V) = J0 [exp (
qV

nkT
) − 1] , (2.32) 

where 𝐽0 is the reverse bias saturation current density, q is the elementary charge, V 

is the voltage across the diode, T is the temperature, k is the Boltzmann constant and 

𝑛 is the ideal factor (in ideal case, n=1). Extending the ideal Shockley diode to an ideal 
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solar cell under illumination condition, the equation is expressed as:  

J(V) = J0 [exp (
qV

nkT
) − 1] − Jph, (2.33) 

where 𝐽𝑝ℎ  is the current density generated by the illumination and 𝐽0 is the reverse 

bias saturation current density in dark. However, in a real solar cell device, charge 

carrier recombination and inner resistance should be considered (Figure 2.3.1c), the 

final model to represent the equivalent circuit of the cell can be modified as [1, 87]: 

J(V) = J0 [exp (
q(V − JRs)

nkT
) − 1] − Jph +

V − JRs

Rsh
. (2.34) 

Here, 𝑅𝑠 is the series resistance caused by bulk resistance of each layer and contact 

resistance between them, including the contact with electrodes, 𝑅𝑠ℎ represents the 

shunt resistance due to manufacturing defects that provides additional current paths 

which should essentially flow through the solar cell junction.  

 

Figure 2.3.2 A typical current 

density-voltage (J-V) curve 

of a n-Si/PEDOT:PSS-based 

solar cell in dark and 

illumination condition. 

 

 

 

 

 

Figure 2.3.2 shows an example of the J-V result of a n-Si/PEDOT:PSS-based solar cell. 

During the measurement, a series of voltages are applied to the solar cell from reverse 

bias to forward bias under illumination condition and dark condition. In the dark 

condition, the solar cell has the basic properties of a diode: under the forward bias, 

from 0 V to 0.4 V, with the increasing of the voltage, the current density does not 

change a lot, but when the forward voltage (>0.4 V) exceeds the internal barrier 

voltage (here around 0.4 V), the current density increases rapidly with an exponential 

manner and the diode passes current. However, when a series of reverse voltage are 
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applied, from 0 V to -0.6 V, the current density is very low, and the diode shows a cut-

off characteristic and blocks current. Of course, when the reverse voltage exceed the 

breakdown voltage (not shown here), the current density also increases rapidly. This 

property of the diode is the so-called rectification. When irradiating the solar cell, a 

photo-generated current density 𝐽𝑝ℎ appears, which moves the whole J-V curve (in 

dark) down to the third and fourth quadrant. Under the illumination condition, when 

the sweeping voltage is zero, the whole circuit is powered only by the solar cell, and 

the current density reaches a highest value which is called short-circuit current 

density (𝐽𝑠𝑐). When the sweeping voltage is equal to the photo-generated voltage (but 

different direction), the whole circuit shows no current, and this voltage is called as 

open-circuit voltage (𝑉𝑜𝑐). The most valuable information of a solar cell’s performance 

is shown in the fourth quadrant in the Figure 2.3.2 (right bottom). To avoid the 

“negative value” of the current density under illumination, a more conventional way 

is to make a symmetry operation of the current density with respect to voltage-axes, 

as shown in Figure 2.3.3. Meanwhile, the output power is also included with respect 

to the voltage by multiplying current density (J) and voltage (V) for each sweeping 

point. Please note that current density (J) is more commonly used compared with the 

current (I) in the characterization of solar cells. In a simplified case, the current (I) 

equals to the dot product of current density (J) and the effective area (A) of the cell.  

In general, there are seven parameters to represent the device performance of the 

solar cell, which contains short-circuit current density (𝐽𝑠𝑐), open-circuit voltage (𝑉𝑜𝑐), 

the maximum output power (𝑃𝑚𝑎𝑥), current density at maximum power (𝐽𝑚𝑝), voltage 

at maximum power (𝑉𝑚𝑝), fill factor (FF), and power conversion efficiency (PCE, μ). 

In Figure 2.3.3, the first five parameters can be directly obtained. Here, Jsc =

23.57 mA/cm2 , Voc = 0.61 V , Jmp = 19.85 mA/cm2 , Vmp = 0.43 V , and Pmax =

Jmp × Vmp = 8.54 mW/cm2. For fill factor, it can be calculated by: 

FF =
𝐽𝑚𝑝 × 𝑉𝑚𝑝

𝐽𝑠𝑐 × 𝑉𝑜𝑐
. (2.35) 

In this case, FF = 0.60. 
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Figure 2.3.3 Current density-voltage (J-V) curve of a n-Si/PEDOT:PSS-based solar cell under 

illumination. Output power-voltage (P-V) curve is obtained by multiplying J and V for each 

sweeping point.  

 

The key parameter that expresses the capacity of a solar cell converting solar energy 

into electricity is the power conversion efficiency (PCE, μ). The PCE can be deduced 

by using the output electrical power to divide the input light power, which can be 

expressed as: 

PCE (μ) =
𝑃𝑜𝑢𝑡𝑝𝑢𝑡

𝑃𝑖𝑛𝑝𝑢𝑡
=

𝐽𝑠𝑐 × 𝑉𝑜𝑐 × 𝐹𝐹

𝑃𝑖𝑛𝑝𝑢𝑡
=

𝐽𝑚𝑝 × 𝑉𝑚𝑝

𝑃𝑖𝑛𝑝𝑢𝑡
=

𝑃𝑚𝑎𝑥

𝑃𝑖𝑛𝑝𝑢𝑡
. (2.36) 

Here, 𝑃𝑖𝑛𝑝𝑢𝑡  is the input light power density. This intensity is fixed for AM1.5G light 

source, which is a standard power density of 100 mW/cm2. Then the PCE of this solar 

cell is 8.54%. As can be seen from this equation, if one wants to get a higher PCE, the 

fundamental approach is to increase the three parameters 𝐽𝑠𝑐  , 𝑉𝑜𝑐   and 𝐹𝐹 . To 

increase 𝐽𝑠𝑐 , it can be achieved by increasing the adsorption efficiency and optimizing 

charge transport and extraction efficiency. To get a higher 𝑉𝑜𝑐 , one should decrease 

the charge carrier recombination rate and chose the energy level matching materials. 

For a better 𝐹𝐹, one should put more efforts to decrease the series resistance 𝑅𝑠 to 

approach zero, and increase the shunt resistance 𝑅𝑠ℎ  to approach infinite [87, 89-

91]. However, the three parameters are dependent with each other, so trade-off should 

be considered to ensure a higher PCE. 
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For each kind of solar cell, no matter for silicon solar cells, copper indium gallium 

selenide (CIGS) solar cells, perovskite solar cells, or organic solar cells, obtaining a 

high PCE is the primary task to deal with, and plenty of optimization works should be 

performed. Besides that, the solar cells stability should also be considered from a long 

term-span perspective. 
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3. Experimental details 

3.1 Characterization methods 

In this chapter, the experimental techniques involved in this work will be introduced. 

Firstly, the main characterization method of photoelectron spectroscopy (PES) is 

addressed, then comes the X-ray diffraction (XRD) and lastly, scanning electron 

microscopy (SEM). Besides that, the fabrication and preparation processes of samples 

for PES/XRD/SEM measurements are discussed. 

3.1.1 Photoelectron spectroscopy (PES) 

Photoelectron spectroscopy, which is also known as photoemission spectroscopy, is 

one of the most powerful surface analysis technique used in the field of chemical 

analysis. The physics mechanism behind the PES is the application of the photoelectric 

effect [92-93]. When a beam of light with certain energy shines on the surface of metal, 

electron has the possibility to be ejected from the surface. The ejected electron is 

called photoelectron and this process is called photoelectric effect (Figure 3.1.1a). 

Electrons can only be liberated when the photon energy (hv ) exceeds a threshold 

energy that can let the electron overcome the work function (Φs) of the metal and the 

rest energy will become the kinetic energy (Ekin) of the photoelectrons: 

Ekin = hv − Φs. (3.1) 

Depending on the photon energy of the incident light, PES can be divided into 

ultraviolet photoelectron spectroscopy (UPS) with the energy range between 10 eV to 

100 eV (Figure 3.1.1b) and X-ray photoelectron spectroscopy (XPS) with the energy 

higher than 100 eV (Figure 3.1.1c). UPS is preferably used to investigate the valence 

bands, and XPS to probe core levels. During the generation of photoelectrons, auger 

electrons will also be created. As these Auger electrons contain information of surface 

electronic properties, Auger electron spectroscopy (AES) is also an important surface 

analytical technique (Figure 3.1.1d).  
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Figure 3.1.1 (a) Illustration of the external photoelectric effect. Photoelectron spectroscopy 

category: (b) UPS, (c) XPS and (d) AES. 

 

Formula (3.1) is helpful to obtain the work function of the metal, when the photo 

energy of incident light is known and the kinetic energy of photoelectrons (here 

should be the maximum kinetic energy) is determined by the spectrometer. However, 

in order to gain more information from photoelectrons, a more universal formula is 

proposed that: 

EB = hv − Φs − Ekin, (3.2) 

where 𝐸𝐵  is defined as the energy difference between the excited energy level (core 

level region or valence region) and the Fermi level (Figure 3.1.2), Φs  is the work 

function of the sample. Incident light hv  includes ultra-violet from discharged 

helium gas, X-ray from aluminum (Al) or magnesium (Mg) or a tunable energy facility 

from synchrotron radiation. Before the measurement of PES, the sample and 

spectrometer will be well connected and grounded. In such condition, the Fermi level 

of the sample and spectrometer is aligned. It should be noticed that the work function 

of sample Φs and spectrometer ΦD can be different. If Φs <ΦD (Figure 3.1.2), the 

photoelectrons need to overcome the contact potential energy difference between 

them, and then get detected by the spectrometer. All kinetic energies Ekin
′   of 

photoelectrons are measured with respect to the work function of spectrometer ΦD. 

Then the general equation to obtain the binding energy (EB) from certain energy level 

turns to a new format: 

EB = hv − ΦD − Ekin
′ . (3.3) 
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Figure 3.1.2 Energy level diagram to demonstrate the working mechanism of photoelectron 

spectroscopy. Evac represents the vacuum level, and EF is the common Fermi level since the sample 

has been connected with the spectrometer. When monochromic incident light ℎ𝑣 impinges the 

sample surface, photons excite electrons in valence region or core level region that have binding 

energy of EB, and give enough energy for these photoelectrons to overcome the work function of 

sample 𝛷𝑆  to leave the sample surface, the rest energy will become the kinetic energies of 

photoelectrons Ekin. The detected kinetic energy E’kin will be referenced to calculate EB. 𝛷𝐷  

denotes the work function of spectrometer and 𝛷∞ denotes the work function at infinity.  

 

In the equation (3.3), ℎ𝑣 is known and Ekin
′  will be detected by spectrometer, EB is 

the key parameter that we want to obtain. Thus, the work function of spectrometer 

ΦD should be ascertained in advance. The work function of spectrometer ΦD can be 

easily determined by measuring one clean metal surface and getting the kinetic 

energy of its Fermi edge (Ekin
EF ) 

ΦD = hv − Ekin
EF  . (3.4) 

As the work function is usually different from sample to sample, when the sample 

work function ΦS  is lower than the work function of spectrometer ΦD , 

photoelectrons need to overcome this additional energy difference. In order to 
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measure the secondary electron cut-off (SECO) to get the work function of ΦS , a 

negative bias voltage Ubias  needs to be applied to the sample to stimulate these 

electrons to reach the spectrometer. The sample work function ΦS can be deduced 

by: 

ΦS = Ekin
SECO − Ubias +  ΦD . (3.5) 

Three-step model 

In principle, the whole process of one PES measurement can be interpreted by “three-

step model” that the three steps are regarded as “three independent” processes [94-

95]: (i) optical excitation that the photon is absorbed and an electron is liberated from 

an initial state to a final state inside the sample; (ii) photoelectrons propagate to the 

surface; (iii) photoelectrons escape to the vacuum from the surface. Actually, these 

three steps are not really independent and should be considered as one step, however, 

this separation facilitates the mathematical calculation to describe the 

photoexcitation process.  

The second step for the three-step model is the transport of these electrons to the 

surface. During the way to the surface, large amount of electrons encounters inelastic 

scattering and loss most of their kinetic energies that contain information of their 

initial states. These electrons become the continuous background if they have enough 

energy to overcome the sample work function and to be detected. The probability that 

an electron can reach the surface without inelastic scattering is related to the inelastic 

mean-free path (IMFP) λ. Although λ depends on the kinetic energy of electron and 

material crystallographic direction, there exists one universal curve [96] for all 

materials with respect to the kinetic energy of electrons, if the electrons in the solid 

are taken as free electron gas that the mean electron-electron distance rs [97] shows 

no large variation for different materials. The inverse of the IMFP can be given by: 

𝜆−1 ≃ √3
𝑎0𝑅

𝐸𝑘𝑖𝑛
𝑟𝑠

3
2Ιn [(

4

9𝜋
)

2
3 𝐸𝑘𝑖𝑛

𝑅
𝑟𝑠

2] , (3.6) 

where 𝑎0=0.529 Å (Bohr radius) and R=13.6 eV. Although photon can penetrate into 

the sample for few micron meter, the inelastic mean-free path (IMPF) is limited to few 
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Å [98-99] for kinetic energy in the range of 5 eV-1500 eV, which renders the PES as a 

surface sensitive technique.  

 

 

Figure 3.1.3 The UPS spectrum of 128 Å HATCN on VO2 substrate. From the spectrum, the onset of 

HOMO and work function can be directly obtained.  

 

Ultra-violet photoelectron spectroscopy (UPS)   

UPS can provide information about the valence band and work function of the sample. 

In optoelectronic devices, the onset of valence band maximum (VBM, for inorganic 

materials) or highest occupied molecular orbitals (HOMO, for organic materials) is 

the most significant parameter to determine the hole transport barriers. From UPS 

spectrum, it is very convenient to get it by using linear extrapolation, as can be seen 

from one example in Figure 3.1.3. The HOMO onset of 128 Å HATCN on VO2 is 3.96 eV, 

i.e. the hole injection barrier 𝛥ℎ  is 3.96 eV with respect to EF. For some special cases, 

such as CH3NH3PbI3 perovskite, the VBM onset should be obtained by using 

logarithmic extrapolation [100] which keeps abscissa as linear plot but changes 

ordinate to logarithmic plot.  

In order to establish the energy level alignment between two different materials, the 

work function also needs to be acquired, which can be directly obtained from SECO. 

In Figure 3.1.3, the work function of 128 Å HATCN is 5.81 eV, which is deduced by 
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Φs = hv − (EBE
SECO − EBE

EF ) = 21.22 − (15.41 − 0) = 5.80. Now, the ionization energy 

(IE) can be immediately figured out as 9.77 eV by summing 𝛥ℎ (3.96 eV) and Φs 

(5.80 eV).  

In principle, UPS can probe more fundamental information, such as charge 

reorganization energy [4, 101], adsorbate-substrate interaction [82, 85] and 

intermolecular interaction [102-104], not only the VBM (HOMO)-onset and work 

function. In addition, the band dispersion can also be exploited by applying angle-

resolved ultra-violet photoelectron spectroscopy (ARUPS) [21, 100, 105].  

X-ray photoelectron spectroscopy (XPS)   

XPS investigates the core level information of specimen. In a simplest case, just 

considering the nuclear shell model, different chemical elements have distinctive 

electron configurations, so their nuclei show different Coulomb force to these vicinity 

core-level electrons. As a result, the binding energy of these electrons should vary 

from element to element. In the real case of the XPS measurement, the binding energy 

(BE) of core level electron is not only related to specific chemical element, but also 

related to the chemical bonds and the surrounding chemical environment [106]. After 

a wide range scan, one can roughly know which elements are contained in the 

detected specimen by comparing the data with the database or handbook [106].  

Detailed chemical bonds, chemical environment and interactions with others for one 

specific element should go to a narrow scan with high resolution, see Figure 3.1.4. The 

C 1s spectrum has been fitted with a Shirley background and Voigt peaks by using 

CasaXPS (software). From the chemical structure of copper(II) phthalocyanine (CuPc), 

one can find that carbons have chemical bonds with H, C and N. As the chemical states 

of C are quite similar in C-H bonds and C-C bonds, their binding energy is same and 

peak center is located at 284.9 eV. However, when C bonds with N, the electron cloud 

will slightly shift to the N, as N has larger electronegativity. In this case, for C-N 

covalent bond, the charge center is not in the middle but N becomes slightly negative 

and C becomes slightly positive, compared with the well-matched C-C bond. As a result, 

the BE of C 1s for C-N bonds shifts to higher BE, which is centered at 286.4 eV. The 
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shift here is the so-called chemical shift. Besides the qualitative identification of 

chemical bonds, XPS can provide the quantitative information as well. It can be 

counted that CuPc has 24 C-C/C-H bonds and 8 C-N bonds from its chemical structure, 

so the atomic ratio of C for the two different bonds is 3:1. By calculating the peak area 

for C-C bonds and C-N bonds in Figure 3.1.4, the atomic ratio of two different C is 

around 2.8:1, which is rather close to the ratio obtained from the structure, indicating 

that XPS is a reliable method to deduce the atomic ratio from an unknown material 

and estimate its chemical constituents.  

 

Figure 3.1.4 XPS spectrum of C 1s of 48 Å CuPc on Ag (111). The inset is the chemical structure of 

CuPc. The plot is adapted from Ref.[102]. Due to different chemical bonds, the C 1s core-level 

derived spectrum shows two separated peaks, which belongs to C-C bonds and C-N bonds, 

respectively. At higher binding energy (BE) side, an additional peak appears, which results from 

the shake-up effect.  

 

At even higher BE region, one peak is located at 288.3 eV, which is commonly observed 

for metal-phthalocyanine molecules [23, 107-108]. This peak is caused by the shake-

up effect. During the emission process of core level electrons, electrons in the valence 

band (or occupied molecular orbitals) will be consequently excited to conduction 

band (or unoccupied molecular orbitals), as a consequence, electrons emitted from 

the core level will lose certain amount of kinetic energy, thus this shake-up peak will 
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always locate at higher BE side. If electrons in the valence band (or occupied 

molecular orbitals) gain sufficient energy, enough to leave the sample, it can be 

expected that electrons emitted from the core level will lose more kinetic energy and 

the shake-off peak will situate at even higher BE region. 

 

 

Figure 3.1.5 Illustration of 

shake-up and shake-off 

process during the XPS 

measurement. 

 

 

 

 

 

Moreover, it is also possible to use XPS to probe the depth profiling of atomic density 

by changing the take-off angle (the other way is to change X-ray photon energy) as is 

shown in Figure 3.1.6. In Figure 3.1.6a, two Si 2p signals are detected due to the 

chemical shift, in which one belongs to Si-Si bonds at lower BE region and the other 

belongs to Si-O bonds at higher BE region. 

For the angle dependence of information depth d, there exists one simple equation 

[109-110] written by: 

d = 3λsinθ, (3.7) 

where λ  is the IMFP as described in (3.6), and θ  is the take-off angle which 

represents the angle between the emergent direction of emitted electrons and the 

sample surface. 
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Figure 3.1.6 XPS spectra of (a) Si 2p measured at take-off angle 90° and (b) Si 2p measured at 

different take-off angles for n-type single crystal Si (100) wafer with native oxide (SiO2) layer on 

top. Inset shows the definition of the take-off angle, which is the angle between the emergent 

direction of emitted electrons and the sample surface. (c) Sketch of detection geometry for 

different take-off angles. Note that the angle between the incident X-ray and the 

spectrometer/analyzer is fixed at 54°. θ is the take-off angle and d is the information depth. 

 

The angle between the incident X-ray and the spectrometer/analyzer is usually fixed 

at 54°. When take-off angle is 90°, the information depth d has a maximum value, 

around 10 nm for photon energy of 1486.7 eV. When tilting the sample and decreasing 

the take-off angle, it becomes more and more surface sensitive. As can be seen from 

Figure 3.1.6b, the relative intensity of Si 2p signals derived from Si-O bonds increases 

gradually when changing the take-off angle from 90° to 20°. As the oxygen can only 

bond with silicon on the near surface, it is reasonable to get higher intensity in a more 

surface sensitive geometry. The data here is consistent with indication of the equation 

(3.7).  
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In addition to the quantitative analysis of different chemical bonds for one chemical 

element, such as C 1s in Figure 3.1.4, from XPS, one can also roughly acquire the 

relative concentrations of different elements from one homogenous sample by using 

peak area and relative sensitivity factors, except for hydrogen. The number of 

photoelectrons per second (I) in the detection area is expressed by [106]: 

I = nfσφуλAT , (3.8) 

or 

n =
I

fσφуλAT
 , (3.9) 

where n represents the number of atoms of the element per cm3 of the sample, f the 

X-ray flux in photons/cm2-sec, σ  the photoelectric cross-section for the detected 

atomic orbital in cm2, φ an angular efficiency factor depending on the angle between 

the incidence light and detected electrons, у the efficiency for the generation of the 

of photoelectrons of the normal photoelectron energy, λ IMFP, A the detected area of 

the sample and T the detection efficiency for electrons emitted from the sample. In 

(3.9), the denominator is defined as the atomic sensitivity factor S. For selected core 

level feature-peak of two elements, the concentration ratio is given by: 

n1

n2
=

I1 S1⁄

I2 S2⁄
  . (3.10) 

Even though the parameter σ and λ are different from material to material, the ratio 

(σ1 σ2⁄  and λ1 λ2⁄ ) between two elements keeps nearly constant, as a result, the ratio 

of S1 S2⁄  is matrix-independent for all materials. Normally, C 1s is used for a standard 

sensitivity factor, and all other elements are normalized to C 1s, which is produced the 

so-called relative sensitivity factors (RSF). Then, it is becoming very simple to directly 

calculate the relative atomic concentration of each element or the atomic ratio 

between two elements inside the detection area by using the corresponding peak area 

and RSF. The RSF used in this work are summarized in the Appendix A. 

XPS and UPS measurements in this work were mainly carried out in a SPECSTM 

photoelectron spectroscopy system in Soochow University at Prof. Steffen Duhm’s lab. 

The base pressures in the analysis and evaporation chambers were preceded at 2 × 

10−10 and 4 × 10−10 mbar, respectively. A monochromatized Al Kα source (1486.7 eV) 
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and a monochromatized HeI (21.22 eV) were used as XPS and UPS excitation source, 

respectively. Detailed sketch of the measurement geometry was shown in our 

previous work [111]. Kinetic energy scale in the plot of the secondary electron region 

of UPS was corrected by a -3 V bias voltage and the analyzer work function. Thus, the 

position of the secondary electron cut-off corresponded to the vacuum level above the 

Fermi-level (EF). The binding energy values for UPS valence electron and XPS spectra 

were plotted with respect to EF. 

3.1.2 X-ray diffraction (XRD) 

For condensed matter, the electronic structure and crystal structure are both 

important. Moreover, the two properties interplay with each other, such as VO2 [73, 

112]. When the crystal structure of the solid changes, its electronic structure 

simultaneously changes, and vice versa. For single crystalline solids, if the crystal 

structure is known, its electronic structure can be calculated [100]. 

In the previous section, photoelectrons resulting from the interaction between 

photons (X-ray and ultra-violet) and matter are incorporated to probe the electronic 

property of the matter. Obviously, the interactions between photons and matter are 

far more than the photoelectric effect. When X-rays impinge to the substance, several 

concomitant physical processes happen [113-114], which includes absorption of X-

rays, coherent scattering (elastic scattering) and incoherent scattering. X-ray 

diffraction (XRD) is based on the coherent scattering and provides the possibility to 

unravel the crystal structure of the solids. The investigation of crystal structure by 

using XRD is called X-ray crystallography. 
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Figure 3.1.7 (a) A unit cell in a point lattice. The six parameters ( 𝑎, 𝑏, 𝑐  and 𝛼, 𝛽, 𝛾 ) of the 

parallelepiped are called lattice parameters (or constants) of the unit cell, in which 𝑎, 𝑏, 𝑐 are the 

lengths of the edges and 𝛼, 𝛽, 𝛾 are the angles between them. There is one lattice plane (ℎ𝑘𝑙) 

shown in gray. (ℎ𝑘𝑙) is Miller index and the vector of 𝑑ℎ𝑘𝑙  is parallel to the normal of the lattice 

plane (ℎ𝑘𝑙). (b) Illustration of (020) lattice planes. The distance 𝑑 is the plane spacing and the 

plane spacing of 𝑑020 is 𝑏/2.  

 

Lattice and Miller indices 

If the constituents (atoms, molecules or ions) of a solid arrange in a highly ordered 

and periodic microscopic structure in three dimensions, it can be defined as a crystal 

[115]. The periodic structural unit of the solid is attributed as unit cell. The unit cell 

has the minimum volume, but possesses the symmetry of the crystal. The geometry of 

the unit cell can be regarded as a parallelepiped with six lattice parameters (𝑎, 𝑏, 𝑐) 

and (𝛼, 𝛽, 𝛾)  in a three-dimensional coordinate, as is shown in Figure 3.1.7a in a 

point lattice, in which the lengths of cell edges are 𝑎, 𝑏, 𝑐 and 𝛼, 𝛽, 𝛾 are the angles 

between them. Depending on the different lengths and angles of various unit cells, all 

crystals can be divided into seven crystal systems.  

An important concept for crystal is the Miller indices, which is related to the 

orientation of the planes in the Bravais lattice. When one certain plane in the lattice 

intersects with the crystallographic axes (�⃗�, �⃗⃗�, 𝑐), the Miller indices are given by the 

reciprocals of the fractional intercepts. As is shown in Figure 3.1.7a, the Miller indices 

of the gray plane is (ℎ𝑘𝑙), which means the plane makes intercepts of 𝑎 ℎ,⁄  𝑏 𝑘⁄ , 𝑐 𝑙⁄  

with each edges of the unit cell. Indices ℎ, 𝑘, 𝑙 are integers all the time. Figure 3.1.7b 
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shows an example of the set of (020) planes. There are two basic properties of (020) 

family planes: i) planes are parallel with each other and ii) plane spacing is a constant 

between two adjacent planes. Here, the plane spacing of (020) 𝑑020  plane family is 

b/2.  

 

Figure 3.1.8 Scheme of X-ray 

diffraction experiment. 

 

 

 

 

 

 

 

 

XRD instrumentation 

Figure 3.1.8 demonstrates a simplified geometry of X-ray diffraction instrument. The 

incidence X-rays strike on the sample at the angle of θ with respect to the surface plane 

and scatter by the atoms of sample. The diffracted X-rays that exit at the angle of θ 

with respect to the surface plane are monitored by the detector. The detection angle 

with respect to the original incidence is always kept at 2θ, as can be seen from the 

angle between the extension of incidence and detection direction in Figure 3.18. The 

sample is positioned on the center of the goniometer circle and should have a flat 

surface. If the sample is not well aligned or not a flat surface, errors may occur to the 

diffraction results. The X-ray spectrum is generated by the X-ray tube with known 

wavelength λ. After one scan of diffractometer, the intensity of diffraction peak against 

Bragg angle (2θ) can be obtained.  
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Figure 3.1.9 XRD pattern of CH3NH3PbI3 thin film. Taken from the Ref. [116] 

 

Figure 3.1.9 shows an example of the XRD pattern of CH3NH3PbI3 thin film. By applying 

the Bragg law (n𝜆 = 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃, here n=1), the place spacing 𝑑110 (6.23 Å) can be 

directly obtained as λ (1.54 Å for Cu Kα) and θ (7.1°) are known now. Note that the 

abscissa is 2θ, so during the calculation, all angle values from the abscissa should 

divide by 2 to get θ. While the peak position in the diffraction pattern provides the 

information of the plane spacing and gives the possibility to calculate unit cell 

parameters, the peak intensity can reflect the arrangement of atoms in the crystal and 

the peak shape indicates the information of crystallinity (grain size), defects and 

strain [114]. 

Given the fact that a crystal consists of atoms (or molecules, ions) arranged in an 

ordered and periodic way, and all the essential properties are maintained by the unit 

cell, therefore, the peak intensity in XRD pattern can be directly related to the 

scattering intensity produced by the atoms inside the unit cell. As the diffracted peak 

shape contains information about crystallinity (grain size), it is possible to estimate 

the mean particle size (τ) of small crystallites by analyzing the width of XRD peaks. 

The formula to calculate the size is called Scherrer equation [115, 117], which is 

written as:  
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τ =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
. (3.11) 

Here, K is the shape factor, which is usually used as 0.9 [117], λ is the X-ray wavelength, 

𝛽 is the line broadening (full width) at the half the maximum intensity (FWHM) in 

radians. For the modification of 𝛽 considering the instrument broaden, please refer 

to the Ref. [118]. θ is the Bragg angle. 

3.1.3 Scanning electron microscope (SEM) 

Electrons and solid interaction 

Different from that of PES and XRD, scanning electron microscope (SEM) makes use 

of electrons as the preliminary probing particle, and both electrons and photons 

signals can be collected and analyzed. When the electron beam strikes on a solid 

surface, electrons will interact with atoms in the sample. These interactions can be 

classified into two parts: elastic scatter-based interactions and inelastic scatter-based 

interactions [119-120].  

Elastic scattering arises from the deflection of the primary electrons by the atomic 

nuclei of the specimen, for which the deflection angles (with respect to the motion 

direction of the primary electrons) is larger than 90°. These electrons do not lose 

kinetic energy or only small fraction, and they can leave the specimen and go back to 

the vacuum again and be detected. These electrons are named as backscattered 

electrons (BSE). BSE signal is useful to image the sample to get the topographical and 

compositional information [119].  

However, only small amount of primary electrons undergoes the elastic scattering and 

most of them will be inelastically scattered. For the outer-shell electrons at valence 

band, the electrons are easy to be excited from the atoms. The generated electrons are 

known as secondary electrons (SE), which possess low kinetic energy, usually below 

50 eV [120-122], and travel within a limited distance (only a few nm). Only these SE 

close to the surface have the possibility to re-enter the vacuum and get detected [123]. 

Thus, SEM based on SE signal is rather surface sensitive, and the image based on SE 

signal can display the topographical information. Besides the collection of electron 
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signals for imaging, it is also possible to detect photon signals to make chemical 

analysis. More detailed descriptions of these interactions between primary electrons 

and solid, please check Refs. [120, 122-125]. 

 

 

Figure 3.1.10 Schematic diagram 

of a scanning electron 

microscope. 

 

 

 

 

 

 

 

 

SEM instrumentation 

The SEM setup consists of electron source, electromagnetic lens, scanning coil, sample 

chamber, detectors and electronic controls (Figure 3.1.10). Electrons are generated at 

the source by thermionic emission and then accelerated by the bias voltage between 

anode and electron gun. A series of condenser lenses are employed to demagnify the 

electron beam when it moves down from the source to the column. The spot size that 

strikes on the specimen surface can also be adjusted by the condenser lenses. The 

objective lens helps to focus the beam on the specimen surface. Apertures can control 

the number of probing electrons and improve the effects of aberrations [122]. One 

important unit for scanning is the scanning coils, which will alter the detection 

position of the beam on the specimen surface. The scanning coils will move the beam 

step by step and scan in a raster manner, which will perform line scan along the X-axes, 

and then move one step down along Y-axes and repeat line scan along the X-axes. To 

prevent some imperfections from the setup and keep a circular probing spot, one 

stigmator lens is incorporated into the objective lens. When the electron beam hits on 
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the specimen, different interactions produce and different detectors are utilized to 

detect the secondary electrons (SE), backscattered electrons (BSE) and characteristic 

X-rays depending on purposes.  

Topography contrast and magnification 

A basic requirement for SEM measurement is that the specimen should have a good 

conductivity in order to avoid abrupt emission of electrons due to electrostatic 

charging. Coating a conductive thin film (C, Au or Pt) on the insulator surface of 

specimen is one of the possible ways to avoid the electrostatic charging.  

 

Figure 3.1.11 SEM 

image of 

CH3NH3PbI3 

perovskite thin 

film. 

 

 

 

 

 

 

 

 

The topographical image displays the shape of particle and its size (with the help of 

the scale bar), giving a vivid impression of the surface (Figure 3.1.11). The contrast in 

the image is caused by the quantity of electrons collected for each pixel. More 

electrons are collected for the pixel, the brighter the pixel is. In the Figure 3.1.11, it 

can be seen that some surfaces are brighter than others, which means these surfaces 

are closer to the detector (or on the top surface). Far away from the surface, it looks 

gray or even black. Meanwhile, for these small particles in the Figure 3.1.11, their 

edges are much brighter than their plateau plane due to the edge effect, as the edges 

scatter more electrons and more SE are generated and collected by SE detector. In a 
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more common case, a surface faced towards the detector is brighter than one faced 

away from it; spikes and edges are brighter than plane surfaces; larger atomic number 

element located regions are brighter than that of small atomic number element [120, 

122-125]. 

Magnification of the SEM is defined by the ratio of the length of the raster on the 

viewing screen to the corresponding length of the raster on the specimen [119, 121-

122]. Normally, the length of the raster on the viewing screen is fixed. The changing of 

the magnification is achieved by changing the scanning coils current. For example, in 

Figure 3.1.11, on the specimen, the raster is 40 nm-wide, and the displayed image is 

12 cm-wide on the viewing screen, so the magnification is 30000×. When one wants 

to increase the magnification, it can be realized by decreasing the current in the 

scanning coils to decrease the deflection distance of the beam on the specimen. 

3.2 Sample preparation 

In this work, photoelectron spectroscopy (PES) is utilized as the main 

characterization method, so the prepared samples should meet two basic 

requirements. Firstly, the sample should have a flat and compact surface to avoid small 

fragments peeling from the sample and falling into the pump (which might destroy 

the turbo molecular pump), and not be too volatile. Secondly, the sample itself should 

have good conductivity to avoid the charging effect during photon illumination. Once 

the sample meets the requirements for PES, there is also no problem for SEM. For XRD, 

there are not so many requests as the measurements are usually performed in air and 

there is no need for sample to have good conductivity.  

Samples measured in this work are all thin films, with the thickness from several Å to 

few hundreds nm. They can be divided into two categories: in-situ fabricated-thin 

films and ex-situ fabricated-thin films. For in-situ fabrication process, thin films are 

fabricated in the ultrahigh vacuum (better than 10-8 mbar) or high vacuum (better 

than 10-4 mbar). There is no air exposure during the whole process. For ex-situ 

fabrication process, thin films are usually fabricated inside the glove box, and after 
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essential pre-treatments, these thin films are transferred into the load lock of the PES 

system.  

3.2.1 Thin film preparation 

The in-situ fabrication process mainly uses thermal evaporation method to grow thin 

films inside the UHV chamber. For ex-situ fabrication, thin films are mainly prepared 

by spin-coating.  

Thermal evaporation process 

 

Figure 3.2.1 (a) Sketch of the conventional construction for thermal evaporation inside UHV 

chamber. Sketch of the thermal evaporation for (b) one organic molecule and (c) two organic 

molecules (co-evaporation). 

 

In order to prevent the influences induced by ambient surroundings, several thin films 

are directly fabricated inside the UHV chamber, growing in an incremental-deposition 

manner. In this way, PES measurements can be performed after each deposition 

without breaking the vacuum. The framework of thermal evaporation instrument is 

shown in Figure 3.2.1a. As the evaporation temperature of most organic molecules is 

below 500 °C, the quartz crucible is utilized as the organic molecules container. The 

tungsten wire surrounds the quartz crucible as the heater. When external power 

supply is connected, the resistance of the tungsten wire will transfer the electricity 

into heat and the organic molecules can be evaporated. However, for inorganic 

materials, like transition metal oxides or noble metals, they need much higher 

evaporation temperature (usually higher than 700 °C), so tantalum boat (for powder) 
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or small diameter tungsten wire (for small bulk particle) should be employed instead 

of quartz crucible [126]. Depending on the investigation purposes, one can evaporate 

only one organic molecule at one time (Figure 3.2.1b) or simultaneously evaporate 

two different organic molecules at the same time, which is called co-evaporation 

(Figure 3.2.1c).  

 

Figure 3.2.2 Sketch of a 

quartz crystal microbalance 

(QCM) sensor. Taken from 

Ref. [127]. 

 

 

 

 

 

 

The nominal thickness of thin film is determined by employing the quartz crystal 

microbalance (QCM). Depending on the capacity to sense the changes in mass down 

to the sub-monolayer, the quartz crystal microbalance based on the piezoelectric 

effect has been widely used on monitoring the thin film deposition or chemical 

reaction kinetics [128]. As is shown in Figure 3.2.2, when applying alternative current 

(AC) to the quartz crystal, the QCM is forced to oscillate in the fundamental shear 

mode with specific resonant frequency. The resonant frequency (Δf) shifts when 

materials are deposited on it (mass increases Δm) or removed from it (mass decrease 

Δm).  

For the growth of thin films, it can be classified into three modes depending on the 

interaction strength between molecule and substrate surface [129-131], i.e. layer-by-

layer growth (Frank-van der Merwe mode), island-growth (Volmer-Weber mode), and 

layer-plus-island growth (Stranski-Krastanov mode). If the molecule-molecule 

interaction is weaker than that of the molecule with the surface, molecules prefer to 

form a monolayer by fully covering the substrate and then grow the second layer and 
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so on. This is the layer-by-layer growth. In contrast, if the molecule-molecule 

interaction is stronger than that of the molecule with the surface, molecules prefer to 

attach each other and form separated islands rather than form the two-dimensional 

layer at first. Hence, the final island-growth mode films have rather rough surfaces. 

Layer-plus-island growth is an intermediate process, which would form a layer at first, 

and then followed by the island growth. 

Spin-coating process 

 

Figure 3.2.3 Sketch of (a) 

spin-coating process and (b) 

annealing process. 

 

 

 

 

 

Spin-coating method is widely used in optoelectronic devices, such as organic solar 

cells [132], perovskite solar cells [133], quantum-dot light-emitting diodes [134] or 

perovskite light-emitting diodes [135]. It can be used to cast the substrates with 

organic semiconductors, transparent conductive oxides, polymers, and so on. Spin-

coating is an easy and effective way to fabricate thin films. The normal procedure is 

that: i) preparing the precursor, for which the desired molecules are dissolved into the 

solvent (one solvent or mixture of two solvents). In order to produce a high quality 

thin film, the precursor should fully dissolve into the solvent. Stirring and heating 

could help the dissolution process. An addition filtration treatment can further 

remove lager volume aggregates or undissolved materials; ii) setting the spin speed 

and coating duration time for spin coater; iii) dispensing the precursor on the 

substrate and starting spin coating or a reverse manner. When the spin-coating 

process is finished, most of the solvents have already left the final thin films due to the 

evaporating during the spin process and the desired molecules stay on the substrate 
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surface. The final thickness ℎ𝑓 of the thin film is related to the spin-coating speed 𝜔, 

solution concentration and solvent evaporation rate [136]. If keep other parameters 

same but vary spin speed only, the relationship between ℎ𝑓 and 𝜔 can be expressed 

as: 

ℎ𝑓 ∝
1

√𝜔
. (3.12) 

In general, if the precursor concentration is fixed as well as other parameters, when 

increasing the spin speed, the thickness of the thin film will decrease. If the spin speed 

is fixed as well as other parameters, when decreasing the precursor concentration, the 

thickness of the thin film will also decrease [136]. By increasing the spin speed and 

decreasing the concentration, few nanometer or even sub-nanometer thin film can be 

obtained. The precise thin film thickness can be determined by using ellipsometer, 

step profiler or atomic force microscopes [137]. 

Since the final film could still have solvents inside, which might induce potential 

influences, annealing treatment can be performed on a hot plate. By doing so, residual 

solvents can be removed. Meanwhile, thin film will become more crystallinity or 

experience a phase separation process [138-139].  

3.2.2 Surface cleaning process 

As for the surface cleaning process, it is mainly applied to the substrates. As the 

samples for PES measurement should have good conductivity, indium tin oxide (ITO), 

fluorine doped tin oxide (FTO), highly doped silicon wafer (n-type or p-type), highly 

oriented pyrolytic graphite (HOPG), metal thin film, transition metal oxide crystal 

(like ZnO, TiO2) and noble metal single crystal are frequently employed as the 

substrates for thin films growth. However, as it is inevitable to experience air exposure 

during the storage or transport, the substrate surface is vulnerable to absorb 

contaminations, such as hydrocarbons, dust and grease [140-142]. Therefore, clean 

procedures should be conducted to get rid of these contaminations in order to get an 

atomic clean surface. 
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Ex-situ cleaning process 

Solvent cleaning is commonly used during ex-situ cleaning process. The substrates (Si 

with a native oxide layer) are cleaned in an ultrasonic bath successively with the 

deionized water, detergent, isopropyl alcohol and acetone to remove visible dust and 

most soluble organic contaminants. Then, the substrates are dried under the flow of 

high purity nitrogen. Next step is the UV ozone treatment. Normally, UV ozone cleaner 

generates two kinds of UV light with wavelength of 184.9 nm and 253.7 nm [143-144]. 

The high energy UV light with the wavelength of 184.9 nm is absorbed by oxygen 

molecules, which breaks their covalent bond and generates free oxygen radicals. The 

generated radicals are easy to interact with other oxygen molecules to form ozone 

molecules. The other longer UV light (253.7 nm) is inclined to interact with organic 

chemical bonds inside the contaminants on the surface rather than oxygen molecules, 

which results in the formation of radicals of organic species. When the radicals of 

organic species interact with the erratic ozone molecules, they will be converted to 

relatively harmless volatile products, such as CO2, H2O N2, etc. These volatile 

compounds can be easily pumped from the surface. In addition, the substrate surfaces 

slightly become hydrophilic as the formation of hydrogen bonds on the surface. 

After this step, the substrates should be tightly bonded on the sample holders by using 

UHV-suitable tape (carbon or copper) or metal strip to ensure a good conductive 

connection between them. Now, the substrates are ready to be transferred into the 

load lock of the PES system. 

In-situ cleaning process 

To further clean the substrate and pursue an ultra-clean surface, sputtering in the 

vacuum chamber is a necessary step. Sputter cleaning method is based on ion beam 

bombardment, which is a physical process to wipe off the contaminations on the 

surface [145]. The argon gas is leaked directly into the discharge chamber of the ion 

gun around ~10-6 mbar and Ar+ ions are generated due to glow discharge. Since a 

controllable bias voltage is applied between the substrate and ion gun, Ar+ ions will 

be accelerated with desirable kinetic energy to hit the surface of substrate. Some 

contaminant atoms escape from the surface when they absorb enough energy from 
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the Ar+ ions, leaving a clean surface after a certain sputtering process [146-148]. 

However, surface damage can be induced when sputtering intensity is high and 

sputtering time is long. Therefore, in the first round sputter, it is better to set bias 

voltage, ions current and duration time at low values.  

In principle, sputtering not only removes the surface contaminations, but also 

removes the atoms of the substrate, leading to a rough surface. In order to keep a 

smooth surface, annealing at a certain temperature can heal the induced damage by 

giving atoms energy to reorganize. If the surface consists of multicomponent materials 

or atoms, preferential sputtering could happen [147], such as VO2 [149] and TiO2 

[150]. Oxygen atoms are more preferential to be sputtered compared with the 

transition metal atoms, so during annealing, oxygen gas can be inlet into the chamber 

to compensate the excess loss of oxygen.  

The sputtering and annealing procedures can be repeated for few rounds until an 

atomic clean surface is obtained with no contaminated carbon signal anymore. 
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4. Results and Discussions 

4.1 Heterojunction interface between MoOx and n-Si, PEDOT:PSS 

and n-Si  

4.1.1 Introduction 

For silicon solar cells, the internal built-in field is the key part to achieve photovoltaic 

function. Although the conventional p-n junction silicon solar cells are still the 

predominant candidate in the commercial market, it has to be pointed out that the ion 

diffusion process during the formation of the p-n junction needs high temperature, 

usually >1000 °C, which costs lots of energy [151]. To avoid this problem, a new type 

of silicon solar cells is put forward by employing transition metal oxides (TMOs), 

organic materials and so on [152-162], which is the so called dopant free p-n junction. 

The built-in field exists in the inversion layer of silicon surface. When the built-in 

potential Vbi exceeds a critical value that qVbi > |EF-Ei|, where Ei is the intrinsic Fermi 

level, the majority of the carriers of the silicon surface is of opposite type to that in the 

bulk, which means a p-n homojunction is formed without dopant diffusion. Strong 

inversion layer will present when the carriers concentration in the inversion layer is 

higher than the dopant concentration in the bulk, i.e. qVbi > 2|EF-Ei|. The existence of 

a p-n homojunction within the silicon itself is the fundamental disparity with a normal 

Schottky junction [163].  

To induce an inversion layer, many candidate materials can be used, such as organic 

molecules (PEDOT:PSS [164], P3HT [165], MgPc [166], NiPc [167], TPP [168], PCBM 

[169], HATCN [170]), transition metal oxides (MoOx [171], WO3 [63], V2O5 [64], NiO 

[172], TiOx [173], SnO2 [174]) and inorganic salts (LiF [175-176], Cs2CO3 [177]). Most 

of these molecules have been successfully incorporated into the real silicon devices, 

however, the detailed electronic structure of these heterojunctions is not fully 

demonstrated [178]. In this section, one transition metal oxide-MoOx and one organic 
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material-PEDOT:PSS are chosen as prototypical model to unravel the electronic 

structure of the inversion layer formed at the surface of n-Si inside the heterojunction. 

Meanwhile, solar cells utilized these two kind of heterojunctions are fabricated and 

compared to correlate the PES results with the device performance.  

Part of results have been published on Refs. [179-180]. 

4.1.2 Energy level alignment between MoOx and n-Si 

 

Figure 4.1.1 UPS spectra of incremental deposition MoOx thickness on n-Si substrate. (a) A close-

up of valence band region on linear scale with respect to EF; (b) Secondary electron cut-off region; 

the vacuum-level difference between pristine n-Si and a thick layer of MoOx is noted. (c) A close-

up of valence band region on log10 intensity scale. The black arrow points towards increasing 

thickness of MoOx. 

 

In this section, stepwise in-situ deposition of MoOx is used to explore its interaction 

with n-Si by XPS and UPS measurements. N-type Si with resistivity of 0.05-0.1 Ω·cm is 

used as substrate. All substrates were previously ultrasonically cleaned in acetone, 

ethanol and deionized water followed by UV-ozone-treated for 15 min, and then 

immersed in HF solution to remove SiO2 layer. Teng Sun (Soochow University) has 
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helped to prepare n-Si substrate. MoOx was sequentially evaporated at a rate of 1 Å 

per 50 s as controlled by the QCM. After each deposition step, the sample was 

transferred to the analysis chamber for the UPS and XPS measurement without 

breaking ultrahigh vacuum.  

Figure 4.1.1 shows thickness-dependent UPS spectra of MoOx deposited on n-Si. The 

bottom spectra are photoemissions from Si substrate, where the VBM and vacuum 

level (VL) locate at 0.93 eV (Figure 4.1.1a) and 4.25 eV (Figure 4.1.1b), respectively. 

Upon depositing nominally 2-Å-thick MoOx, the spectral features of n-Si are slightly 

attenuated, while the VL increases by 1.1 eV. Such a large VL shift points to an electron 

transfer from n-Si to MoOx. Further incremental deposition of MoOx leads to a gradual 

upward movement of the VL with respect of the EF. Finally the shift saturates for a 

thickness larger than 64 Å. For a 128-Å-thick MoOx layer, the VL and VBM locate at 

6.93 eV above EF and 2.37 eV below EF, respectively. The corresponding ionization 

energy (IE) for MoOx, as determined by the energy difference between the VL position 

and VBM onset, is thus 9.30 eV. This value is in the range of the reported IE values, 

which is ascribed to the substrate variation and different MoOx film thicknesses [35, 

181-182]. 

For a thin MoOx layer, additional gap states (G1 and G2) below the Fermi level can be 

observed, as marked in Figure 4.1.1a. Oxygen loss during MoOx deposition results in 

oxygen vacancies leading to the oxidation transitions in Mo and to generation of gap 

states by partial filling of the unoccupied 4d orbitals of molybdenum atoms [181]. G1 

is associated with singly occupied Mo 4d orbitals, while G2 feature is associated with 

doubly occupied Mo 4d orbitals [183]. Previous works have already reported that gap 

states can be induced by interaction between MoOx layer and inorganic substrates or 

organic molecules [184-188]. The gap state G1 appears at 4 Å with a rather broad peak 

width. The peak grows with MoOx thickness from 4 Å to 32 Å. When the MoOx 

thickness increases to 64 Å, the G1 peaks decrease due to the interface state will be 

concealed with bulk-like MoOx overlayers [186]. The peak marked as G1 slightly shifts 

from 1.19 eV to 0.93 eV with increasing thickness, which can be easily told in a semi-

log plot (Figure 4.1.1c). The peak attributed to gap state G2 is only visible for coverages 
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from 2 Å to 8 Å with a comparable low intensity and also shifts towards low BE. The 

gap state G2 has not been reported by other related works [156, 162], which is 

ascribed to its low concentration.  

 

Figure 4.1.2 XPS (a) Si 2p, (b) O 1s and (c) Mo 3d core-level spectra obtained from increasing 

thickness of MoOx on n-Si. In (c) the blue circles are the measured spectra and solid lines show the 

results of least-mean square fits.  

 

Overall, both G1 and G2 indicate oxidation transitions of molybdenum, implying partial 

reduction of molybdenum and sub-stoichiometric MoO3, which is further supported 

by the core-level evolution. Regarding to O 1s-derived peak in MoOx (Figure 4.1.2b), 

the peak center shifts to low BE with a similar tendency as the VBM as mentioned 

before. Figure 4.1.2c shows the Mo 3d spectra after Shirley background subtraction. A 

thick layer (128 Å) of MoOx features a doublet peak at 232.8 eV and 235.9 eV, being 

related to the Mo 3d3/2 and 3d5/2 components and demonstrates a stoichiometry Mo6+ 

oxidation state, which is consistent with previous work [162]. For lower coverages, a 

second doublet at lower BE is required in order to obtain a satisfactory fit to the 

experimental XPS data. The peak position corresponds to Mo5+, a reduced MoOx 

species caused by oxygen vacancy defects [181, 185, 188]. Close to the interface, Mo5+ 
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is the dominate states compared with fully oxidized Mo6+, which can be interpreted 

by the large density of gap states (as shown in Figure 4.1.2). Both Mo6+ and Mo5+ 

states shift in parallel with the O 1s-derived peak towards lower BE from 2 Å to 128 

Å, including O 1s-derived peaks.  

It is observed that surface charge transfer occurred between n-Si and MoOx. For a 

pristine Si, the Si 2p3/2-derived peak (Figure 4.1.2a) is centered at 99.9 eV and is 

ascribed to Si-Si bonds [189-190]. Moreover, the intensity of O 1s (Figure 4.1.2b) is 

negligible, and it indicates that the substrates are not re-oxidized in the short air-

exposure time. Upon deposition of 2Å MoOx, the Si 2p3/2-derived peak shifts about 0.4 

eV to lower BE. With further increasing MoOx thickness, the peak center position 

keeps on moving toward a lower BE, and then finally locates at 99.1 eV BE without any 

new peak appearance in high BE. The peak center shift is consistent the extraction of 

electrons from n-Si to MoOx. The absence of the new bond between MoOx and Si might 

be detrimental to the passivation Si surface. 

Combination of UPS and XPS results allows us to evaluate interface dipole and band 

bending, which is correlated with VL shift values of valence electron states and 

relevant core-levels at both sides of the interface. The results are summarized in 

Figure 4.1.3a, where the VBM positions are extracted from UPS spectra and the CBM 

positions are deduced by using the transport gaps of n-Si (1.12 eV [191]) and MoOx 

(3.24 eV [181]), respectively. Due to the lower ionization energy of Si (~5.18 eV) 

compared with the electron affinity of MoOx (~6.06 eV), electrons transfer from n-Si 

to MoOx upon physical contact to keep the thermodynamic equilibrium. Consequently, 

a remarkable interface dipole is formed in association with band bending at both sides 

of the interface. In bulk n-Si, the CBM is only 0.19 eV above EF. Due to the band bending, 

the CBM moves far away from EF. Band bending on the Si side is up to ~0.80 eV, which 

can easily sweep electrons out of depletion layer under illumination. Band bending 

also occurs at MoOx side (0.91 eV). Thereof, the total interface dipole of 0.97 eV is 

formed accordingly. In addition, an inversion layer is formed due to strong depletion 

effect in Si induced by the MoOx contact. Overall, the MoOx layer does not only form 
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depletion layer, but also can serve as hole selective layer due to the gap states G1 and 

G2 in the gap allow for hole extraction. 

 

Figure 4.1.3 (a) Energy-level diagram for MoOx on n-Si substrate. The VBM positions were 

extracted from UPS spectra and the CBM positions were estimated by using transport gaps. For 

the assignment of band bending magnitudes and the interface dipole also XPS results have been 

used (see main text for details). All values are in units of eV. (b) Capacitance−Voltage (C-V) curve 

of the device with a structure of Ag (grid)/MoOx/n-Si/Al. Taken from Ref. [179]. 

 

From the viewpoint of device physics, a dopant-free p-n junction within the 

semiconductor itself can be formed when Vbi > 2q-1|EF - Ei|, where Vbi is the built-in 

potential and Ei is the intrinsic Fermi level. This process is also described as the 

formation of strong inversion layer when Vbi exceeds a threshold value [163]. Here, 

from the analysis of UPS results, EF of n-Si is located at 4.25 eV and Ei is ~4.62 eV. 

Accordingly, 2q-1|EF − Ei| is estimated ~0.74 V. According to the results of XPS, the Si 

2p peak shifts ~0.80 eV, which also presents the VBM of Si has an upward band 

bending with the exact value. Here, Vbi of MoOx/n-Si heterojunction is ~0.80 V, which 

means a strong inversion layer formed on the n-Si surface. In that case, the 

concentration of holes is higher than that of electrons even for n-Si substrates due to 

the hole accumulation when n-Si contacts with MoOx. We can further analyze the Vbi 

of MoOx/n-Si heterojunction by Capacitance−Voltage (C-V) characteristic [170]. 

According to the following equation：1/C2=2(Vbi − V)/qεND, where V is applied bias 



Results and Discussions    

69 

voltage, ND is doping level of Si substrate, and ε is permittivity of Si, respectively. 

Through fitting 1/C2−V curve, the Vbi of MoOx/n-Si heterojunction is ~0.81 V, which 

correlates well with the energy-level diagram measured by UPS and XPS, as shown in 

Figure 4.1.3b. 

 
Figure 4.1.4 Schematic energy-level diagram of MoOx/n-Si heterojunction under (a) 

thermodynamic equilibrium condition and (b) illumination. Adapted from Ref. [179]. 

 

The energy-level diagram of MoOx/n-Si heterojunction under thermodynamic 

equilibrium condition and illumination are schematically shown in Figure 4.1.4. 

Figure 4.1.4a illustrates transmission routes of photo-generated carriers in MoOx/n-

Si heterojunction under thermodynamic equilibrium condition. A large barrier height 

is formed after depositing MoOx, which leads to the electrons are blocked to transport 

from n-Si to junction interface. Figure 4.1.4b shows the working mechanisms of 

MoOx/n-Si heterojunction under illumination, Fermi level of n-Si and MoOx will split 

up into two quasi-Fermi energies with the increasing concentration of carriers. The 

gap states originating from the oxygen vacancies can also play an important role to 

ensure hole transport to the electrode in the device.  

4.1.3 Energy level alignment between PEDOT:PSS and n-Si 

In a typical Al/n-Si/PEDOT:PSS/Ag grid solar cell, light illumination generates 

electron-hole pairs in Si. The holes are transported by the PEDOT:PSS layer to the Ag 

electrode and the electrons are collected at the Al electrode [29, 192]. The most pivotal 
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part of such a solar cell is the PEDOT:PSS layer, which fulfills four main tasks [178]: 1) 

it induces an inversion layer in n-Si (i.e., a dopant-free Si p-n junction is formed) to 

block electrons and extract holes, 2) it transports holes to the anode, 3) it acts as a 

surface passivation layer to reduce interfacial recombination, 4) it increases the light 

harvest by decreasing the reflection. Therefore, a high quality PEDOT:PSS layer and a 

well formed interface with Si are the key aspects to achieve high performance 

heterojunction solar cells (HSCs) [28-29, 178, 193]. However, despite numerous 

approaches, like improving the conductivity of the PEDOT:PSS layer [194-195], 

nanostructured Si surfaces [193, 196], deposition of interlayers [197-198] and so on 

[170, 199-200], the PCEs still have space to be improved [151, 201].  

The properties of PEDOT:PSS thin films are well investigated and can explain the 

above mentioned points 2) to 4) [30, 202-206]. However, point 1) is not 

straightforward as the work function of commonly used PEDOT:PSS films spreads 

from ~4.65 eV to 5.20 eV [207-208] and is thus -assuming Schottky-contact 

formation- not large enough to induce a strong inversion layer in n-type Si [163]. The 

surface chemical composition and core level (S 2p) evolution of PEDOT:PSS on n-Si 

with or without solvent treatment [29, 195, 209-211] as well as the energy-level 

alignment [200, 212-213] have been reported. However, a direct observation of the 

most fundamental property, i.e., the inversion layer, is still missing. The inversion layer 

has only been assumed based on capacitance-voltage measurements or by comparing 

the work function differences between PEDOT:PSS and n-Si, without unraveling the 

information of core level (Si 2p) shift [170, 213-215]. On the other hand, for the 

related interface MoOx/n-Si, the inversion layer has been evidenced by the shift of Si 

core level upon incremental deposition of MoOx [179] and the formation of the strong 

inversion layer could be easily explained by the large work function (around 6.90 eV) 

[35] of MoOx [163]. Such incremental deposition from the sub nm to the several tenth 

nm region is unpractical for PEDOT:PSS due to its aqueous property. Therefore, few 

works are addressing Si core-level evolution [83, 198, 216], which could provide 

information to directly calculate the band bending in the n-Si side.  

In this work, incremental deposition of PEDOT:PSS on n-Si is mimicked, by adjusting 
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the solution concentration and spin speed. A series of PEDOT:PSS thicknesses ranging 

from 5 nm to 50 nm (thickness determined by ellipsometry) with a continuous 

PEDOT:PSS film on the n-Si surface is obtained (Table 4.1). The electronic properties 

of these interfaces are investigated by using photoelectron spectroscopy.  

 

Table 4.1 The detailed information of all involved films can be seen in the following 
table.  

sample  substrate 
thickness 

(nm) 
solution 

spin-coating 

condition 

S1 n-Si 5 
PH1000 (1 wt% Triton and  

5wt % DMSO): H2O=1:1.5 (ml:ml) 

8500 rpm/ 

60s  

S2 n-Si 7 
PH1000 (1 wt% Triton and  

5 wt% DMSO): H2O=1:1.5 (ml:ml) 

8000 rpm/ 

60s 

S3 n-Si 9 
PH1000 (1 wt% Triton and  

5 wt% DMSO): H2O=1:1 (ml:ml) 

8500 rpm/ 

60s  

S4 n-Si 12 
PH1000 (1 wt% Triton and  

5 wt% DMSO): H2O=1:1 (ml:ml) 

8000 rpm/ 

60s 

S5 n-Si 50 
PH1000 (1 wt% Triton and  

5 wt% DMSO) 

4000 rpm/ 

60s 

S6 n-Si 12 
PH1000 (1 wt% Triton): H2O=1:1 

(ml:ml) 

8000 rpm/ 

60s 

S7 n-Si 50 PH1000 (1 wt% Triton) 
4000 rpm/ 

60s 

S8 n-Si 12 
Al4083 (1 wt% Triton and  

5 wt% DMSO): H2O=1:1.5 (ml:ml) 

8500 rpm/ 

60s 

S9 n-Si 50 
Al4083 (1 wt% Triton and  

5 wt% DMSO) 

4000 rpm/ 

60s 

S10 SiO2 12 PH1000: H2O=1:1.5 (ml:ml) 
8000 rpm/ 

60s 

S11 n-Si 9 PSSNa 
8500 rpm/ 

60s 

S12 n-Si 7 DMSO 
3000 rpm/ 

40s 

S13 n-Si 7 Triton 
3000 rpm/ 

40s 

S14 n-Si 9 1 wt% Triton and 5 wt% DMSO 
4000 rpm/ 

40s 

S15 n-Si 7 PSSNa and 1 wt% Triton 
8500 rpm/ 

60s 

S16 n-Si 12 
PSSNa and 1 wt% Triton and  

5 wt% DMSO 

8000 rpm/ 

60s 
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N-type (100)-oriented, one single-side polished and 300 µm thick single crystal Si 

wafers (0.05-0.1 Ω cm) with a native oxide layer were used for all samples. Two 

different PEDOT:PSS solutions were used: PH1000 with a PEDOT:PSS mass ratio of 

1:2.5 and Al4083 with a mass ratio of 1:6. By removing the oxide layer of Si using HF, 

the surface becomes hydrophobic due to the H-termination and it is necessary to add 

Triton as wetting agent into the PEDOT:PSS aqueous solution to ensure a proper 

interface formation on Si. After spin-coating, all films were annealed for 20 min at 

125°C. Film thickness measurements were carried out by using spectroscopic 

ellipsometer (J.A. Woollam Corporation, Alpha-SE). Chen Wu (Soochow University) 

and Yusheng Wang (Soochow University) have helped to prepare the n-Si substrate, 

PEDOT:PSS thin films and measure the film thickness. To compare the element atomic 

ratio from XPS, the spectra were fitted with a Shirley background and Voigt peaks. The 

peak areas were divided by the respective relative sensitivity factors (RSF) [217]. For 

the fitting of Si 2p and S 2p, the energy differences between Si 2p1/2/Si 2p3/2 and S 

2p1/2/S 2p3/2 were kept at 0.60 eV and 1.20 eV, respectively, and the peak area ratio 

for both cases was kept at 1:2 [29, 198].  

We start with the XPS data of the commonly used PH1000 (PEDOT:PSS mass ratio of 

1:2.5) with DMSO, which has a high conductivity [30, 218-219]. The Si 2p3/2-derived 

peak of the reference sample (pristine HF-treated n-Si) is centered at 99.89 eV (Figure 

4.1.5a) and can be ascribed to Si-Si bonds [198, 220], with no detectable SiOx species 

at higher binding energy (BE) region. For the 5 nm PEDOT:PSS layer, the Si 2p3/2-

derived is centered at 99.27 eV BE and thus much lower in energy than that of pristine 

n-Si. Meanwhile, on the higher BE region, a weak Si 2p signal can be ascribed to Si-O 

bonds [221], indicating the presence of SiOx on the Si surface. For thicker PEDOT:PSS 

layers (7 nm to 12 nm), the Si 2p-derived peak gradually shifts to lower BE and the 

intensity of the SiOx-derived peak increases. The Si 2p3/2-derived peak is centered at 

99.18 eV BE for the 12 nm PEDOT:PSS film, giving an energy difference of 0.71 eV with 

respect to pristine n-Si. The shift might not be completely saturated, but for further 

thicker PEDOT:PSS layers the intensity of the Si 2p derived peak becomes too small to 

be detected. Similar Si 2p core-level shifts or band bending of n-Si has also been 
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founded for coating Si with other polymers [165] or with small organic molecules [83, 

222]. 

 
Figure 4.1.5. XPS of (a) Si 2p and (b) S 2p core-level from n-Si and PEDOT:PSS layers (PH1000+1wt% 

Triton+5wt% DMSO) with different thicknesses. (c) Chemical structure of PEDOT and PSS. Taken 

from Ref. [180]. 

 

The S 2p XPS spectra (Figure 4.1.5b) show two major contributions, one from PSS-

related components at the high BE region and one from PEDOT at the low BE region 

[207, 223]. Since some of the sulfite units in PSS gain electrons from PEDOT, charged 

and neutral species (PSS- and PSSH) [224] contribute to the S 2p core-levels. The 

positive charges are delocalized over the PEDOT chains, resulting in a broad 

asymmetric tail on the high BE side of the PEDOT S 2p peaks [224-225]. With 
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increasing nominal PEDOT:PSS thickness, the atomic ratio of S 2p to Si 2p increases 

(Table 4.2), which confirms the ellipsometry data. 

 
Figure 4.1.6. UPS spectra 

of (a) SECO and (b) 

valence band region near 

Fermi level. Taken from 

Ref. [180]. 

 

 

 

 

 

 

 

 

 

Figure 4.1.6 shows the corresponding UPS spectra of samples S1 to S4. The work 

function of pristine n-Si is 4.18 eV, and after deposition of PEDOT:PSS the work 

function increases to 4.58 eV-4.66 eV. This small variation can be ascribed to the small 

fluctuation of the ratio between PEDOT and PSS on the surface [226]. The ratio of PSS 

and PEDOT in each film was determined by the atomic ratio of its respective S 2p peaks 

and can be found in the Table 4.2. The valence band near Fermi level of all four layers 

shows no noticeable changes and the density of valence band states is almost same. 

The Si 2p and S 2p core-levels spectra obtained from 12 nm PEDOT:PSS 

(PH1000+Triton) with and without DMSO, and 12 nm PEDOT:PSS (Al4083+Triton) 

with DMSO are illustrated in Figure 4.1.7. The spectra of pristine n-Si and 1.6 nm MoOx 

on n-Si serve as reference. Compared with the Si 2p3/2-derived peak of pristine n-Si, 

the largest shift occurs for the 1.6 nm MoOx layer (ΔSi2p= 0.83 eV), and the second 

largest shift (ΔSi2p = 0.71 eV) occurs for the already discussed 12 nm PEDOT:PSS 

(PH1000) with DMSO. Without DMSO the film shows the smallest (ΔSi2p= 0.30 eV). 
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Figure 4.1.7. (a) XPS of Si 2p core-levels spectra obtained from n-Si, 1.6 nm MoOx on n-Si, 12 nm 

PEDOT:PSS (PH1000+Triton) on n-Si with and without DMSO, and 12 nm PEDOT:PSS 

(Al4083+Triton) with DMSO on n-Si; (b) XPS of S 2p core-levels spectra obtained from 12 nm and 

50 nm PEDOT:PSS (PH1000+Triton) on n-Si with or without DMSO, and 12 nm PEDOT:PSS 

(Al4083+Triton) on n-Si with DMSO. Taken from Ref. [180]. 

 

For another type of PEDOT:PSS (Al4083+ Triton) with DMSO, ΔSi2p is 0.57 eV. Besides 

that, for all PEDOT:PSS thin films, a weak SiOx signal appears on the Si surface, which 

has also been found upon deposition of TiOx [173] or 3-glycidoxy-propyltrime-thoxyd-

-silane (GOPS) [198] on Si. For the 1.6 nm MoOx film, on the other hand, no SiOx signal 

can be detected. This can be explained by the large number of oxygen vacancies in the 

ultrathin MoOx layer, so the n-Si surface has negligible chance to form the Si-O bonds 

with the MoOx [179]. 

The atomic ratios of S/Si (Table 4.2) of the nominally 12 nm PEDOT:PSS films with 

and without DMSO are 2.40 and 1.21, respectively. This demonstrates that DMSO leads 

to compact films and decreases the fraction of uncovered or barely covered Si surface. 

As for the ratio of PSS and PEDOT, the PEDOT:PSS films without DMSO have more PSS 
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on the surface compared with the ones with DMSO. Meanwhile, the Al4083 films have 

less PEDOT on the surface compared with respective PH1000 films. This is reasonable 

because the original mass ratio between PSS and PEDOT for Al4083 is 6.0, but for 

PH1000 it is just 2.5. 

The PSS/PEDOT ratio variation also influences the valence electron features close to 

the Fermi-level (Figure 4.1.8). In general, the intensity of these features increases with 

increasing PEDOT concentration on the surface. In particular, the AI4038 films with a 

RPSS/PEDOT of ~6 (Table 4.2) have the lowest intensity. Within the PH1000 films, the 

addition of DMSO decreases RPSS/PEDOT only slightly from ~3 to ~2.5, but the intensity 

of the valence features is increased substantially. A similar phenomenon has been 

found for another additive, diethylene glycol, to the PEDOT:PSS solution [227].  

 

Figure 4.1.8. UPS spectra of (a) SECO and (b) valence band region near Fermi level. Taken from 

Ref. [180]. 

 

For all three different PEDOT:PSS films, the nominal thickness has almost no impact 

on the valence electron features. However, for the two PH1000 films without DMSO, 

the work functions are 4.49 eV and 4.80 eV for the 12 nm and the 50 nm film, 

respectively. This difference cannot be just explained by the difference of the RPSS/PEDOT. 

The work function of PEDOT:PSS films can be affected by many aspects, such as 

annealing temperature, water residual, solvent treatment and surface composition 
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variation [207-208, 226, 228]. Moreover, without DMSO, small coiled conformation of  

 

Table 4.2. Detailed information for all films and substrates based on XPS and UPS 
results.  

* with SiO2 substrate as reference 

 

Samples 

Thick-

ness 

(nm) 

BE of 

Si 2p3/2 

(Si-Si 

bond) 

(eV) 

Atomic 

ratio of 

S(PSS) 

/S(PEDOT

) 

Atomic 

ratio of 

S(S2p) 

/Si(Si2p) 

WF 

(eV) 

Δ
BE

 w.r.t 

n-Si  

Si 2p
3/2     

(eV) 

Δ
WF

w.r.t 

n-Si 

(eV) 

n-Si - 99.89 - -- 4.18 -- -- 

S1 PH1000 

Triton+DMSO

/n-Si 

5 99.27 2.36 1.23 4.58 0.62 0.40 

S2 PH1000 

Triton+DMSO

/n-Si 

7 99.24 2.38 1.41 4.59 0.65 0.41 

S3 PH1000 

Triton+DMSO

/n-Si 

9 99.20 2.50 2.26 4.63 0.69 0.45 

S4 PH1000 

Triton+DMSO

/n-Si 

12 99.18 2.48 2.40 4.66 0.71 0.48 

S5 PH1000 

Triton+DMSO

/n-Si 

50 -- 2.37 -- 4.70 - 0.52 

S6 PH1000 

Triton/n-Si 
12 99.59 2.78 1.21 4.49 0.30 0.31 

S7 PH1000 

Triton/n-Si 
50 -- 3.00 -- 4.80 -- 0.62 

S8 Al4083 

Triton+DMSO

/n-Si 

12 99.32 5.98 4.99 4.66 0.57 0.48 

S9 Al4083 

Triton+DMSO

/n-Si 

50 -- 6.01 -- 4.83 -- 0.65 

SiO
2
 (Si with 

a native oxide 

layer ) 

-- 99.64 -- -- 4.43 0.25 0.25 

S10 

PH1000/SiO
2
 

12 99.29 2.71 5.70 4.90 
0.60 

(0.35)* 

0.72 

(0.48)* 
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PEDOT:PSS cores surround by excess PSS shells and the hydrogen bonding of 

interchain interaction is very weak [30], resulting in the incompact film, which could 

also account for the lower work function of this film [137, 229-230].   

 

 
Figure 4.1.9. XPS spectra of Si 2p for (a) 

12 nm PEDOT:PSS (PH1000) on SiO2 

without adding Triton and DMSO, and 

(b) clean SiO2. Taken from Ref. [180]. 

 

 

 

 

 

 

 

Table 4.3. Comparison between clean SiO2 substrate and 12 nm PEDOT:PSS (PH1000) 
film on SiO2. 

 

BE of Si 2p
3/2

 

(Si-Si bond) 

(eV) 

BE of Si 2p 

(Si-O bond) 

(eV) 

Work 

Function 

(eV) 

Δ
BE

 between 

Si 2p
3/2

 (Si-Si) and 

Si 2p (Si-O) (eV) 

Atomic ratio 

between 

Si (Si-O) and Si 

(Si-Si) 

SiO
2
 99.64 103.66 4.42 4.02 0.17 

12 nm 

PH1000 on 

SiO
2
 

99.29 103.08 4.93 3.79 0.23 

Δ 0.35 0.58 -0.51 0.23 -0.06 

 

To exclude effects of the wetting agent Triton and solvent DMSO on the band bending 

in Si, hydrophilic SiO2 [231] was used as substrate for PH1000 deposition. The Si 2p-

derived core level peaks are shown in Figure 4.1.9 and the main parameters are 

summarized in Table 4.3. For the PEDOT:PSS film on SiO2, the shift of the Si-Si bond 

derived peak is 0.35 eV compared with pristine SiO2. In contrast, the Si-O bond derived 

peak shifts by 0.58 eV. This non-rigid shift implies that, in addition to inducing band 
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bending in Si, PEDOT:PSS also further oxidizes the substrate, which is corroborated 

by the intensity increase of the Si-O derived peak by PEDOT:PSS deposition. It can be 

thus inferred that PEDOT:PSS itself (and not Triton) induces also the majority of the 

band bending of the HF-treated n-Si and generates most of the SiOx species on top. 

However, it still remains an open question which component is most preferable to 

form Si-O bonds with Si and passivate the surface. Therefore, in several reference 

experiments PSSNa, Triton and DMSO as well as combinations of them have been spun 

on n-Si substrate. For all these films, only the PSSNa does not show a detectable SiOx 

species. Consequently, PEDOT can be treated as the dominate compound to form the 

Si-O bonds and passivate the surface, and residues of the solvent or the wetting agent, 

which are supposed to desorb during annealing [29], play a minor role. 

 
Figure 4.1.10. Schematic energy level diagram of PEDOT:PSS layers on n-Si. The room temperature 

band gap of Si (1.12 eV) is taken from literature [221]. All other values are based on the XPS and 

UPS results of this work (also summarized in Table 4.2). In each case, the lower limit of the band 

bending is taken from the Si 2p core-level shift (ΔBE). The vacuum-level shift (ΔWF) is taken from 

UPS measurements. Dotted lines in vacuum-level indicate that the evolution of the potential 

energy with the PEDOT:PSS layer could not be deduced (for details see text). All values are in units 

of eV. Taken from Ref. [180]. 
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The XPS and UPS results are summarized in energy-level diagrams in Figure 4.1.10. 

For the 12 nm PH1000+Triton film (Figure 4.1.10a), the binding energy shift of the Si 

2p-core level (ΔBE=0.30 eV) is almost the same with the work function difference 

between n-Si and the PEDOT:PSS layer (ΔWF =0.31 eV), which can be explained by 

Schottky-contact formation [5]. For the 50 nm film (Figure 4.1.10d), it is not possible 

to measure the Si 2p signal with XPS anymore, thus only a lower limit of the band 

bending is shown in the Si side. However, it can be expected the lower limit of band 

bending value is the same as ΔWF (at least), i.e., 0.62 eV. For several other thin films, 

ΔBE is larger than ΔWF with respect to the bare n-Si substrate, i.e., the band bending 

magnitude exceeds the energy difference between the work function of both sides. 

This happens in particular for the 12 nm PH1000+Triton+DMSO film (Figure 4.1.10b) 

and the 12 nm Al4083+Triton+DMSO film (Figure 4.1.10c). This cannot be explained 

with simple Schottky contact formation [5, 179, 232]. Unfortunately, the PEDOT:PSS 

film cannot be constructed layer by layer from ultrathin range (< 1 nm) to obtain the 

real evolution condition. Nevertheless, based on our data, we can propose two 

possible scenarios for the buried interface. We use the 50 nm PH1000+Triton+DMSO 

film (Figure 4.1.10e) as the model system. The lower limit of the band bending 

magnitude is 0.71 eV and ΔWF is 0.52 eV. The difference of 0.19 eV can be either due to 

a drop of the electrostatic potential (i) at the Si-PEDOT:PSS interface, or (ii) at the 

surface (facing vacuum) of the PEDOT:PSS film (compare the energy-level diagrams 

in Figure 4.1.11). Given the complex process of PEDOT:PSS film formation, it is 

plausible that (on average) the vertical distribution of PEDOT versus PSS differs at the 

bottom (interface to Si) and top of the film. Since the WF of PEDOT:PSS is significantly 

impacted by the surface dipole (PPS-enrichment at the surface increases the WF; see 

above), it could thus well be that this dipole is different at the bottom compared to the 

top surface, thus yielding different local electrostatic potentials, as indicated in Figure 

4.1.10. However, the evolution of the potential energy within the PEDOT:PSS layer 

does not play a crucial role for device performance, as potential variations do not 

impact charge transport in the valence levels. 
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Figure 4.1.11. Energy level alignment between n-Si and 50 nm PEDOT:PSS (PH1000+Triton) with 

DMSO. (a) assumption i: the downward shift of the vacuum level is induced by the substrate; (b) 

assumption ii: there is a downward dipole formed at the surface of the PEDOT:PSS film. All values 

are in units of eV. Taken from Ref. [180]. 

 

The XPS data shows that PEDOT:PSS can induce band bending for both, n-Si and SiO2. 

For the magnitude of the shift, two main aspects play important roles: i) the type of 

PEDOT:PSS and ii) whether DMSO is involved or not. The first aspect determines the 

amount of the PEDOT which is available to contact with the silicon. For PH1000 and 

Al4083, the mass ratio between PEDOT and PSS is 1:2.5 and 1:6, respectively. As 

shown in Figure 4.1.10, the 12 nm PH1000 film (with Triton and DMSO) has a larger 

band-bending magnitude than that of the 12 nm Al4083 film. The second aspect 

dominates how the PEDOT:PSS contacts with the silicon. Many reports have shown 

that by adding DMSO into the original PEDOT:PSS aqueous solution, the post-grown 

film after annealing has thinner outside PSS-shell and extended-coiled PEDOT:PSS 

core compared with the non-solvent adding film, meanwhile, the improvement of the 

conformation will greatly increase the conductivity of the film [29-30, 216, 219]. The 

thinner outside PSS-shell, on the other side, relatively enhances the contact possibility 

between PEDOT and Si. Then more electrons can transfer from n-Si to PEDOT (or 

PEDOT:PSS), leading to a large shift of the Si 2p-core level peaks. Indeed, by comparing 

the two 12 nm PEDOT:PSS (PH1000) film with or without DMSO, it becomes apparent 

that adding DMSO more than doubles the band-bending magnitude. In such a way, 
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DMSO can improve the quality of the PEDOT:PSS film, and at the same time, help to 

enlarge the band bending of the silicon due to the improved interface contact. The 

better conformation of the interface provides superior pathway for the electrons 

transfer from the silicon to PEDOT, thus the energy shift for the Si 2p-core level is such 

high. 

4.1.4 Solar cells performance based on the two kinds of heterojunctions 

Based on the photoelectron spectroscopy (PES) results discussed already, we used 

three different PEDOT:PSS films to make Al/Si/PEDOT:PSS/Ag solar cells: 

PH1000+Triton, PH1000+Triton+DMSO and AI4083+Triton+DMSO, meanwhile, 

one Al/Si/MoOx/Ag solar cell was also added, in order to check the inner correlation 

between the PES results and device performance. Chen Wu (Soochow University) and 

Yusheng Wang (Soochow University) have helped to prepare these solar cells and 

characterize their performance. 

The corresponding device structures are shown in Figure 4.1.12. For n-Si/PEDOT:PSS 

solar cells, the PEDOT:PSS layers were spin-coated at 4000 rpm for 60 s and annealed 

at 125°C for 20 min. For n-Si/MoOx solar cells, 25 nm MoOx layer was thermally 

evaporated on n-Si. Finally, 200 nm-thick Ag grid front electrodes with a finger width 

of 100 μm and 200 nm-thick Al rear electrodes were deposited by thermal 

evaporation (NANO 36, Kurt J. Lesker), respectively. The solar cells were characterized 

by a Newport solar simulator with air mass (AM) 1.5 G conditions at an illumination 

intensity of 100 mW/cm2.  

 

Figure 4.1.12 Schematic diagram of PEDOT:PSS/n-Si and MoOx/n-Si solar cell. 
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Figure 4.1.13. The J-V curves under AM 1.5 illumination of 100 mW cm-1 of Al/Si/PEDOT:PSS 

(PH1000+Triton+DMSO)/Ag, Al/Si/PEDOT:PSS (PH1000+ Triton)/Ag, Al/Si/PEDOT:PSS 

(AI4083+Triton+DMSO)/Ag and Al/Si/MoOx/Ag silicon solar cells. Taken from Ref. [180]. 

 

Table 4.4. Electrical output characteristics of the devices, band bending magnitude 
deduced from XPS and density of valence states obtained from UPS. 

Device 
Voc  

(V) 

Jsc 

(mA/cm2) 
FF 

PCE  

(%) 

Band 

Bending 

(eV) 

Density 

of 

valence 

states 

Al/Si/MoOx/Ag 0.58 18.49 0.42 4.45 0.83 -- 

Al/Si/PEDOT:PSS 

(PH1000+Triton+DMOS)/Ag 
0.64 23.01 0.70 10.23 0.71 high 

Al/Si/PEDOT:PSS 

(PH1000+Triton+DMSO)/Ag 
0.62 12.29 0.40 3.03 0.30 medium 

Al/Si/PEDOT:PSS 

(Al4083+Triton+DMSO)/Ag 
0.45 11.54 0.45 2.34 0.57 low 

 

The current density-voltage curves and the electrical output characteristics of these 

are shown in Figure 4.1.13 and Table 4.4. From all four devices, the 

PH1000+Triton+DMSO solar cell shows the best power conversion efficiency (PCE). 

The PCE of the MoOx device is less than half, which is, as the open circuit voltage (Voc) 

is only slightly decreased, mainly due to the dramatically decreased fill factor (FF) and 

lower short circuit current (Jsc). Although the MoOx layer can induce a desirable band 

bending in n-Si (~0.80 eV [179]), the low conductivity and inferior passivation not 
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only decrease the hole extraction and transport efficiency, but also increase the 

recombination rate at the interface [178]. For the PH1000 device without DMSO, the 

PCE is further decreased, which is mainly due to a rather low Jsc, consistent with 

previous data [29]. The last device (Al4038) has the lowest PCE of all devices, which 

is mainly due to a rather poor Voc. 

The photoelectron spectroscopy data allows explaining the device data. In particular, 

the Voc is related to the band bending magnitude [165] and Jsc and FF to the density of 

states close to EF [233]. The PH1000+Triton+DMSO film, which has the largest band-

bending magnitude (Figure 4.1.7) and the largest UPS density close to EF (Figure 4.1.8) 

compared with other PEDOT:PSS films, has also the largest Voc, Jsc, FF and, 

consequently, PCE (Table 4.4). For AI4083+Triton+DMSO, XPS indicates that the 

band bending is 0.57 eV (Figure 4.1.7) and UPS unravels the low density of valence 

states (Figure 4.1.9), as a result, the Voc and mainly Jsc and FF are largely decreased. A 

paradox seems to appear for PH1000+Triton as the qVoc (0.62 eV) is larger than the 

band bending value (0.30 eV) obtained by XPS. Most likely, with increasing thickness 

of the PEDOT:PSS layer, an improved interface is formed, which induces a larger band 

bending compared with that of the low coverage of 12 nm film. Intriguingly, the Jsc of 

the three PEDOT:PSS/Si devices do follow the intensity of the density of valence states, 

giving proof that the density of valence states correlates with the conductivity of the 

PEDOT:PSS film. 

Overall, a small band bending will lead to a small Voc, however, a large band bending 

will not necessarily lead to a high Voc. Moreover, the hole extraction and transport 

efficiencies of the overlaid layer also need to be taken into account. In a heterojunction 

silicon solar cell, the overlaid layer itself and the interface with the silicon are the most 

important parts to determine the device performance [173, 195, 234]. The 

optimization of the device should follow the listed two point: first of all, a sufficiently 

large band bending at the silicon side is required in order to achieve efficient hole 

extraction and prevent the transport of electrons to anode [179, 199]; secondly, this 

layer should also have good conductivity to sufficiently transfer the holes to the anode 

and simultaneously reduce the recombination rate at the interface [178, 196]. 
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4.1.5 Conclusions 

In this part, two heterojunctions, i.e. MoOx/n-Si heterojunction and PEDOT:PSS/n-Si 

heterojunction, are investigated by using photoelectron spectroscopy. For MoOx/n-Si 

heterojunction, the inversion layer is demonstrated by comparing the Si 2p core level 

shift after in-situ deposition of MoOx with that of the pristine n-Si. The shift is about 

0.80 eV corresponding to the band bending magnitude of the n-Si surface, which 

provides a direct proof of the formation of the strong inversion layer at n-Si surface. 

For PEDOT:PSS/n-Si heterojunction, due to the aqueous property, ex-situ preparation 

of a series of ultra-thin PEDOT:PSS films on n-Si is proposed by increasing the spin 

speed and decreasing the solution concentration. A large Si 2p core level shift (0.71 

eV) is also observed for PH1000+Triton+DMSO film. Since this value is the lower limit 

of the Si 2p shift due to the detection depth capacity of XPS, it can be speculated that 

there could be a strong inversion layer formed at the surface of the n-Si as well. 

Additionally, it is also shown that adding DMSO or increasing the PEDOT to PSS ratio 

will increase the band-bending magnitude. This is a special case for DMSO, as it is 

usually used to increase the conductivity of PEDOT:PSS films, here, it can boost the 

band-bending magnitude. 

By comparing these PEDOT:PSS/n-Si solar cells with MoOx/n-Si cells, it becomes 

apparent that a large band bending does not necessarily lead to a high Voc. A better 

passivation of the silicon surface to decrease the recombination loss and a better 

conductivity to efficiently transport holes to anode are also needed for getting a high 

PCE. As has been found in the PES, without adding of the DMSO, the band bending 

volume and the density of valence states for PEDOT:PSS/n-Si films are inferior, as a 

result, the Voc is small as well as the Jsc. Further optimization of PEDOT:PSS/n-Si solar 

cells should go into pursuing a well-formed interface between PEDOT:PSS and n-Si by 

increasing the PEDOT concentration, meanwhile, ensuring the high conductivity of 

PEDOT:PSS film for efficient charge transport. It is also possible to combine MoOx and 

PEDOT:PSS together to fabricate the solar cells [158, 199]. However, to further 

promote the PCE, detailed electronic structures of involved heterojunctions need to 
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be investigated.  

 

The low temperature and easy preparation procedures with low cost are the merits of 

inversion layer based silicon solar cells. There are still large spaces for these kinds of 

cells to pursue to catch up the state-of–art conventional cells, for which the 

photoelectron spectroscopy could provide powerful supports to make it. 

4.2 Heterojunction interface between CH3NH3PbI3 and NPB 

4.2.1 Introduction 

Thin film CH3NH3PbI3 can be fabricated by various techniques, such as solution 

synthesis like spin-coating, physical synthesis like thermal evaporation, or a 

combination of both chemical and physical synthesis [44, 235-240]. All of them 

involve the use of two precursors, CH3NH3I and PbI2. The major difference is the 

physical state (solution or vapor) of the precursors when producing CH3NH3PbI3. The 

following fabrication methods are frequently used for devices: (1) one-step spin-

coating method (Spin-1): a precursor solution containing stoichiometric amount of 

CH3NH3I and PbI2 is spin-coated on the desired substrate followed by mild annealing 

[44, 241]; (2) two-step spin-coating method (Spin-2): a PbI2 film is first spin-coated 

on the substrate and then exposed to a solution of CH3NH3I [235, 238]; (3) dual-source 

physical evaporation (Evap-1), mimicking one-step spin-coating: simultaneously 

evaporating precursor molecules under vacuum [236]; (4) sequential evaporation 

(Evap-2), mimicking two-step spin-coating: evaporating PbI2 first, followed by 

CH3NH3I [242]; (5) a combination of spin-coating and physical evaporation (Evap-

spin): Spin-coating PbI2 layer first, followed by evaporating the organic component 

CH3NH3I [237], or evaporating PbI2 layer first, followed by spin-coating CH3NH3I [243].  

Although all the above-mentioned methods are able to produce crystalline thin films 

with a perovskite structure confirmed by XRD, the film uniformity, grain size, 

crystallinity and surface coverage are different, leading to diverse optoelectronic 
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properties and device performances [57, 236, 244]. Since the performance of devices 

varies among different researchers [239, 245], it is worthwhile raising the question 

whether the difference in device performance is due to an improved fabrication 

technique or fundamental differences in CH3NH3PbI3 itself [57]. Although there are a 

few papers addressing this problem [236, 241, 246-247], a comprehensive study 

involving all five methods is still lacking. A better surface morphology with larger 

grains can enhance the device performance [248-249]. However, the device 

performance is not only affected by the morphologies of the perovskite films but also 

influenced by their chemical compositions (e.g. impurity phase, presence of defects or 

byproducts) [250] and electronic structure (e.g. work function, valence/conduction 

band, chemical states of the key element) [251]. The change in chemical composition 

often does not lead to a noticeable impact on the overall morphology and crystal 

structure of the film [251-252], but will cause dramatic difference in their electronic 

structure evidenced by photoelectron spectroscopy (XPS and UPS) should be 

employed to obtain these information [250].  

Moreover, energy level alignment (ELA) at the interface between the perovskite and 

organic hole/electron transport layers also determines the performance of devices 

[253-255]. For instance, the power conversion efficiency (PCE) of a solar cell depends 

critically on its charge transport barriers and the open-circuit voltage of [256-257]. In 

the ideal case the VBM of the perovskite is almost aligned with HOMO level of the 

organic hole transport layer and no band-bending like behavior occurs in the hole 

transport layer [257-258]. The perovskite surface work function, which is an 

important parameter for ELA [253, 259], depends critically on the morphology and 

surface defects of the film [62, 260-261]. Even for weak interfacial coupling, poor 

structural ordering in the organic layer can induce gap-states and band-bending like 

behavior [11, 22], which can be detrimental to the formation of a preferred ELA. 

However, the effects of surface composition [62, 252], especially type of organic 

cations and preparation method, on the work function and subsequent impacts on 

ELA with other charge transport layers are less addressed [251, 262]. 

In the following part, PES is used to investigate the electronic structure evolution 
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during the formation of the CH3NH3PbI3 (CH3NH3PbIxCl3-x) by in situ sequentially 

evaporation (Evap-2) CH3NH3I on PbI2 (PbCl2). After that, CH3NH3PbI3 thin films 

fabricated using the above mentioned five methods are compared. The surface 

morphology, crystal structure and electronic structure are investigated using SEM, 

XRD, and PES to get a comprehensive view of this material. In addition, the ELA of 

heterojunctions between these films and a prototypical organic charge transport layer, 

namely N,N′-di(1-naphthyl)-N,N′-diphenylbenzidine (NPB), are examined.  

Part of results have been published in Refs. [242, 263-264]. 

4.2.2 Electronic structure evolution during the formation of CH3NH3PbI3 

(CH3NH3PbIxCl3-x) 

Thermal evaporation (Evap-2) is used to probe the “real time” electronic structure 

evolution during the formation of CH3NH3PbI3 (CH3NH3PbIxCl3-x) perovskite inside 

the ultra-high vacuum (UHV) chamber.  

 

PbI2 and CH3NH3I 

Firstly, the electronic structure of thermally evaporated PbI2 and CH3NH3I precursor 

are investigated, as shown in Figure 4.2.1 and 4.2.2. Si wafers (111, n-doped) with a 

native oxide layer (SiO2, hereafter we call it as SiO2 substrate) were used as substrates 

for both. CH3NH3I was synthesized following the strategy used in the literature [265]. 

QCM was used to determine the film thickness. For PbI2, the evaporation rate (7.5 

Å/min) was rather stable, and the final yellow film (200 Å) could fully cover the 

substrate as the signal of O 1s from substrate was not detectable anymore. However, 

for CH3NH3I, it is difficult to maintain a stable evaporation speed, since its growth 

mode is not layer-by-layer. Instead, the nominal thickness is replaced by the 

deposition time. The quantity of latterly deposited CH3NH3I approximately doubles 

with the former spectrum.  
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Figure 4.2.1 UPS and XPS spectra of PbI2 with increased thicknesses on SiO2. (a) SECO, (b) VB and 

(c) VB zoom region, and (d) Pb 4f and (e) I 3d XPS spectra. 

 

 
Figure 4.2.2 UPS and XPS spectra of CH3NH3I with increased thicknesses on SiO2. (a) SECO, (b) VB 

and (c) VB zoom region, and (d) C 1s, (e) N 1s and (f) I 3d XPS spectra. 

 

In Figure 4.2.1a, when 5 Å PbI2 is deposited, the work function increases from 4.29 eV 

to 4.69 eV. When the thickness of PbI2 is above 20 Å, the work function becomes 

saturated and remains at 5.16 eV. The VBM of 200 Å PbI2 thin film is 1.59 eV. In the 
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XPS spectra, no gradual shift is observed for Pb 4f core level or I 3d core level in the 

film of thicknesses above20 Å. The UPS and XPS results suggest a flat band is present 

at both PbI2 and SiO2 side with an interface dipole of 0.87 eV. In contrast, deposition 

of CH3NH3I on SiO2 is more complicated because CH3NH3I undergoes decomposition 

during evaporation. CH3NH3I can decompose to CH3I and NH3 or C2H6 and NH3 [242]. 

Shown in Figure 4.2.2, although the SECO of the first four layers gradually decreases 

with the increase of deposition of CH3NH3I, an additional feature, marked by the 

asterisk symbol, appears around 4.40 eV and 4.80 eV, due to the incomplete coverage 

of SiO2 substrate. Thorsten et al. have shown that for a periodic combination of high 

work function and low work function molecules, the average work function is 

depending on how these two molecules combine [137]. Since the first four layers 

cannot fully cover the substrate, an average work function appears. With the increase 

of the evaporation time, the work function saturates and the characteristic features of 

CH3NH3I become clear. The work function and VBM of CH3NH3I are 3.91 eV and 2.23 

eV, respectively.  

In Figure 4.2.2d, for very thin films with shorter deposition time, two C 1s peaks 

labelled as peak A and peak B appear. One N 1s peak immediately emerges from the 

initial deposition stage and gradually gain intensity with the increase of the deposition 

time. A similar increasing-tendency is also shown for the peak A of C 1s. Taking 

together with the N 1s spectra (Figure 4.2.2e), peak A in Figure 4.2.2d can be attribute 

to CH3NH3
+ species and peak B to CH3

+ species [242]. This attribution of peak A and 

peak B will be discussed later. After sufficient deposition of CH3NH3I, the core level 

peaks of C 1s, N 1s and I 3d become stable for the top three spectra. Further deposition 

will only increase the intensity of these peaks and furtherly bury the signal from the 

SiO2 substrate.  
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Figure 4.2.3 XPS spectra of (a) C 1s, (b) N 1s, (c) Pb 4f and (d) I 3d with respect to the increasing 

evaporation time of CH3NH3I on a 20 nm PbI2 film. 

 

 

Figure 4.2.4 (a) SECO, (b) VB and (c) VB zoom region of UPS spectra with respect to the increasing 

evaporation time of CH3NH3I on a 20 nm PbI2 film. 

 

CH3NH3PbI3 

After the measurements of two precursors (PbI2 and CH3NH3I) on the bare SiO2 
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substrate, the electronic structure evolution during the formation of CH3NH3PbI3 

perovskite is studied by evaporating CH3NH3I on a 20 nm PbI2 film. Core-levels (Figure 

4.2.3), VB and work function (Figure 4.2.4) are measured periodically after each 

deposition of CH3NH3I without breaking vacuum. The initial PbI2 film (Figure 4.2.3a 

and b) is completely free from carbon (or nitrogen) contamination, so the entire C and 

N 1s XPS signals are attributed to deposition of CH3NH3I. As shown in Figure 4.2.3, 

there is only a single carbon species present during the initial stage of CH3NH3I 

deposition, with a binding energy of 285.3±0.1 eV. A second carbon species is present 

only after a substantial amount of CH3NH3I has been evaporated, with a binding 

energy of 286.6±0.1 eV. Similar C 1s XPS spectra have been reported in the literature 

for films prepared by different methods [259, 261, 266], and these spectra indicate 

that deposition of CH3NH3I involves more carbon species than simply cationic 

CH3NH3
+. The N 1s XPS, shown in Figure 4.2.3b reveals that there are negligible 

nitrogen species on the PbI2 film during deposition until a substantial amount of 

CH3NH3I has been evaporated, after which there is a single species with the binding 

energy of 402.7±0.1 eV. The appearance of the nitrogen species occurs at roughly the 

same time with the second carbon species. The nitrogen species can only be from 

CH3NH3; the N 1s feature and the corresponding C 1s feature are labeled as peak A in 

Figure 4.2.3a. The second carbon species, labeled (peak B), is more mysterious. Taken 

together, the C and N 1s XPS spectra reveal that initially a carbon species other than 

CH3NH3
+ is incorporated in PbI2. It is not until the film is relatively thick that CH3NH3

+ 

is incorporated into the lattice.  

The low-energy feature at 285.3 eV in the C 1s XPS has previously been attributed to 

C-C bonding [266], but based on data shown here, it is more likely that this is due to 

CH3
+. As noted above, there is initially no detectable carbon contamination on the PbI2 

substrate, so all carbon species must come from the evaporated CH3NH3I. On the other 

hand, a single CH3NH3I cluster may dissociate into CH3I and NH3. The relatively non-

reactive NH3 remains in the gas phase, while the CH3I can deposit on the PbI2 film. 

Since CH3I is smaller than CH3NH3I, it can intercalate the layered PbI2 more easily than 

CH3NH3I, therefore the CH3I signal is detected before the appearance of CH3NH3I 
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signal. Furthermore, the literature value of C 1s binding energy of CH3I is 285 eV [267], 

which is in good agreement with our measured XPS. Note that any CH3I present will 

probably be retained in the final perovskite structure, as it has already contributed its 

iodine to the PbI3-network. The final product could therefore have a mixture of 

CH3NH3
+ and CH3

+. The second carbon species (peak B) is created either in CH3NH3I 

vapor (but does not deposit unless a suitable substrate is present), or is created as a 

surface reaction upon contact with PbI2.  

The Pb 4f and I 3d XPS spectra are also shown in Figure 4.2.3. The position of the main 

Pb 4f peak remains the same throughout the deposition process, and is attributed to 

the Pb2+ species. A small amount of Pb0 is also detected, which is often observed in 

CH3NH3PbI3 produced by others [259, 266, 268-269]. Generally, the elemental lead 

has a detrimental effect on the photoluminescence quantum efficiency [270]. The 

occurrence of Pb0 is due to the decomposition of CH3NH3PbI3 or PbI2 [271]. The 

presence of Pb0 here likely indicates an incomplete transition of PbI2 by sequential 

evaporation, since the reaction takes place on the already-formed PbI2, and there is 

only limited contact area for CH3NH3I to react. The peak positions of I 3d are also 

similar in all films. Although there is presence of multiple I-containing species with 

different chemical environments, measurements show that in PbI2 and subsequent 

CH3NH3I evaporated film, the I 3d binding energy is basically the same (within 

experimental error). Therefore very little difference is expected from I 3d XPS of 

CH3NH3PbI3 and CH3PbI3. 

With successive deposition of CH3NH3I, the work function (Figure 4.2.4a and Figure 

4.2.5b) of the film gradually decreases from 5.16 eV to 4.35 eV. In VB region (Figure 

4.2.4b and c), the characteristic peaks of PbI2 between binding energy of 1 eV to 6 eV, 

also show a similar shift tendency as work function. These sharp peaks become 

obscure and finally transfer to a broaden peak without distinct features as the 

thickness increases. Another feature at higher binding energy (6-11 eV) progressively 

gains intensity and becomes to a distinct peak in the last spectrum. Based on the 

calculation results [252], it is related to the C and N-derived VB. The increasing 

intensity here is consistent with the relative concentration evolution trend (Figure 
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4.2.5a). For the final film, the work function is 4.35 eV, and VBM is 1.62 eV (linear) and 

1.50 eV (semi-logarithmic). The polycrystal structure with (110), (202), (220) and 

(310) peaks for the final product is confirmed by XRD [242] without further annealing 

treatment. 

 

Figure 4.2.5 (a) Relative elemental concentration deduced from XPS core-level and (b) evolution 

of the atomic ratio between peak A (CH3NH3+) and peak B (CH3+), and work function with respect 

to the increasing evaporation time of CH3NH3I on a 20 nm PbI2 film. 

 

From the relative elemental concentration evolution analysis (Figure 4.2.5a), with 

increasing the evaporation time of CH3NH3I, the C and N concentrations gradually 

increase, and Pb and I concentrations gradually decreases. Meanwhile, the 

concentration ratio between peak A (CH3NH3
+) and peak B (CH3

+) increases when 

more CH3NH3I is deposited. These evolutions represent that CH3NH3
+ cations 

intercalate into layered PbI2 step-by step and the surface turns from PbI2 into 

CH3NH3PbI3 when sufficient CH3NH3I is deposited. There are two competitive 

processes: one is the intercalation of CH3NH3Iinto PbI2 to drive the transition from 

PbI2 into CH3NH3PbI3; the other one is the dissociation of CH3NH3I into CH3I and NH3. 

These two competitive processes co-exist during the whole thermal evaporation 

period. For a stoichiometric CH3NH3PbI3, the atomic ratio between C and N should be 

1:1, which means the relative concentration ratio should also be around 1:1. However, 

since there is another carbon species (CH3
+), the relative concentration of carbon is 

higher than nitrogen.  
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In summary, together with XPS and UPS results, apparent changes happen during the 

initial evaporation of CH3NH3I (4 min), and Pbl2 begins to experience a transition in 

this period with the intercalation of CH3NH3I. When sufficient CH3NH3I is evaporated, 

the transition process will be accelerated and CH3NH3PbI3 gradually forms in the film. 

 
Figure 4.2.6 XPS spectra of (a) C 1s, (b) N 1s core levels and (c) the energy shifts for Cl 2p3/2, I 

3d5/2 and Pb 4f7/2 core level peaks position; (d) relative elemental concentration evolution 

deduced from XPS core-level intensities; (e) secondary electron cut-off region and (f) valence 

band region of UPS spectra with respect to the increasing evaporation time of CH3NH3I on a 20 nm 

PbCl2 film. Taken from Ref. [263]. 

 

CH3NH3PbIxCl3-x 

The formation process of CH3NH3PbIxCl3-x perovskite is similar to that of the 

CH3NH3PbI3, however, there are also differences due to the mixture of halide 

components. An in situ XPS and UPS study on a step-wise evaporated film is 
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performed to investigate the formation mechanism of CH3NH3PbIxCl3-x perovskite 

from the precursors by evaporating CH3NH3I on a 20 nm PbCI2 film. As shown in 

Figure 4.2.6a and b, there is almost no C 1s or N 1s signal from the PbCl2 layer. 

Evaporation of CH3NH3I for up to 2 min results in a C signal (peak B) centered at 285.0 

eV BE but no N 1s signal. A second C feature (peak A) centers at 286.7 eV BE and a N 

1s peak emerges simultaneously for longer evaporation times. This phenomenon is 

very similar to step-wise deposition CH3NH3I on PbI2 film, implying that regardless of 

halide species, the cations behave similarly during the formation of CH3NH3PbI3 and 

CH3NH3PbI3-xClx. Appearance of such CH3I feature is also observed in solution-

processed CH3NH3PbI3-xClx films [272], and in fact, deliberately adding CH3I in the 

precursor could enhance the solar cell performance [273]. In terms of the inorganic 

components, in contrast to CH3NH3PbI3 discussed before, in which no noticeable shifts 

are observed in core levels of Pb and I [274], Cl 2p, Pb 4f and I 3d peaks all exhibit 

some degree of chemical shift, as illustrated in Figure 4.2.6c. With increasing CH3NH3I 

thickness the Cl 2p and the I 3d peaks shift towards higher BE and the Pb 4f-derived 

peak shifts to lower BE. This points to a gradual breaking of Pb-Cl bonds during the 

evaporation process of CH3NH3I and Cl- is replaced by I- which finally bonds with Pb. 

Since I is less electronegative than Cl, replacing Cl with I leads to an increase in the Pb 

charge density and consequently to the observed shift to lower BE. As discussed 

frequently in literature [239, 242, 266], most of the Cl during the perovskite formation 

escape from the PbCl2 lattice as CH3NH3Cl.  

Further support for I gradually replacing Cl comes from the evolution of relative 

concentration changes for the element inside the film as a function of evaporation 

time of CH3NH3I (Figure 4.2.6d). It is very apparent that the relative concentration of 

I increases dramatically by CH3NH3I deposition whilst Cl decreases. As CH3NH3I 

decomposes into CH3I and NH3 during evaporation, the relative concentration of C 

species is higher than N species from the initial deposition to final. The UPS results 

(Figure 4.2.6e and f) are in line with XPS: The PbCl2 layer shows a superposition of 

several peaks with the low BE onset at 2.10 eV. During deposition of CH3NH3I, these 

peaks and the valence band becomes broad and featureless. The VBM first shifts 
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towards EF and stays then constant at 1.65 eV for evaporation times of 16 min and 

higher. Moreover, two peaks (centered at 3.73 eV and 4.83 eV, respectively) emerge 

and gain more intensity with subsequent evaporation of CH3NH3I molecules. These 

peaks can be related to the replacement of Cl by I and the gradual formation of 

CH3NH3PbI3-xClx.  

In summary, together with XPS results, apparent changes happen during the initial 

evaporation of CH3NH3I (~4 min), and PbCl2 begins to experience a transition in this 

period with the replacement of Cl by I and presence of some intermediate species, 

such as CH3-PbI2 [272] or other complexes comprised by C, H, Pb and I (or mixed with 

Cl). When sufficient CH3NH3I is evaporated, the transition process will be accelerated 

and CH3NH3PbI3-xClx gradually forms in the film. 

4.2.3 Comparison of CH3NH3PbI3 fabricated by different methods and 

their energy level alignment with NPB 

As has been discussed in the introduction, several different methods can fabricate 

CH3NH3PbI3 perovskite. Since different fabrication methods will lead different device 

performances, and device performances are also different from lab to lab even same 

preparation procedures are used, a question is rising that whether the differences in 

device performances are due to an improved fabrication technique or fundamental 

differences in CH3NH3PbI3 itself. In order to answer this question, CH3NH3PbI3 thin 

film were fabricated by five methods. The surface morphology, crystal structure and 

electronic structure were investigated by using SEM, XRD and PES. In addition, the 

ELA between these films and a prototypical organic charge transport layer (NPB) was 

examined. 

Si (111, n-doped) with a native oxide layer (SiO2, hereafter we call it as SiO2 substrate) 

was cleaned in an ultrasonic bath with acetone and ethanol successively, and dried 

under nitrogen flow, used as the substrate for all thin films. Following is a brief 

introduction of the preparation condition of these CH3NH3PbI3 thin films. For ELA 

study, NPB was deposited on only one perovskite film for each method at a rate of 1 
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Å/20 s. PES measurements were conducted in between to examine the as-prepared 

perovskite films as well as the NPB growth.  

a. One-step spin-coating (Spin-1): the synthesized CH3NH3I (0.200 g) was mixed 

with PbI2 (0.578 g) in anhydrous DMF (1 mL) at 60 °C for 12 h under stirring 

to produce a clear precursor solution (molar ratio 1:1) with concentration of 

45 wt%. The solution was then spin-coated on the SiO2 substrate at 3000 rpm 

for 20 s, followed by annealing at 40 °C for 3 min and 100 °C for 20 min to 

produce a CH3NH3PbI3 film [241]. 

b. Two-step spin-coating (Spin-2): PbI2 was first spin-coated onto the substrate 

(3000 rpm for 5 s) from a PbI2 solution in DMF (462 mg ml-1) and dried at 70°C. 

The film was subjected to a ‘pre-wetting’ by dipping in 2-propanol for 2 s, 

followed by dipping in a solution of CH3NH3I in 2-propanol (10 mg ml-1) for 20 

s. Finally the film was rinsed with 2-propanol, and annealed at 100 °C for 20 

min [238].  

c. Dual source co-evaporation (Evap-1): both Pbl2 and CH3NH3I were 

simultaneously evaporated at a rate ratio of 1:2.9 (measured by two separated 

quartz-crystal microbalances) which is equivalent to the molar ratio (1:1) used 

in the solution synthesis [246]. The nominal thickness of the co-evaporated 

film was ∼50 nm. The film was annealed at 100 °C for 20 min in a glove box. 

d. Sequential evaporation (Evap-2): PbI2 was first evaporated on the SiO2 

substrate to a thickness of 40 nm. CH3NH3I was then evaporated on top [246]. 

The resulted film was annealed at 100 °C for 20 min.  

e. Evaporation followed by spin-coating (Evap-spin): PbI2 was first thermally 

evaporated on the SiO2 substrate and then transferred into the glove box 

without air exposure. The CH3NH3I solution (10 mg mL-1 in 2-propanol 

solution) was first spread to cover the whole substrate, followed by 

immediately starting the spin (500 rpm for 3 s, then 4000 rpm for 40 s) [243]. 

The film was then annealed at 100°C for 20 min on a hot plate to induce the 

crystallization of perovskite. 

All perovskite films made by using different fabrication methods were transferred 
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from the glove box to the load-lock chamber of photoelectron spectrometer using a 

home-made transfer box (vacuum sealed with pressure ~0.01 mbar) to keep the films 

from air and humidity exposure. Mingpeng Zhuo (Soochow University) and Jitao Li 

(Soochow University) had helped to prepare these thin films. 

In order to minimize the discrepancy of samples, each perovskite film was divided into 

three pieces for using in various characterization techniques (i.e. one for XRD, one for 

SEM and one for UPS/XPS). The morphologies of the films were examined by SEM (FEI 

Quanta 200FEG) and the crystal structure of the perovskite films were examined by 

XRD (PANalytical Empyrean) with Cu Kα radiation under ambient condition. PES 

measurements were performed at room temperature. To compare relative element 

concentrations from XPS, the spectra were fitted with a Shirley background and Voigt 

peaks. The peak areas were divided by the respective relative sensitivity factors (RSF) 

[217, 246].  

 
Figure 4.2.7 XRD patterns of all perovskite films, with Pbl2 and CH3NH3I as reference. Taken from 

Ref. [264]. 
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Figure 4.2.8 SEM images of 

(a) PbI2, perovskite film 

prepared by (b) Evap one-

step (Evap-1), (c) Evap tow-

step (Evap-2), (d) Evap-spin, 

(e) Spin one-step (Spin-1) 

and (f) Spin two-step (Spin-

2). Scale bar is 500 nm. 

Taken from Ref. [264]. 

 

 

 

 

 

 

 

 

XRD measurements were conducted for all perovskite films and related compound 

films (Pbl2 and CH3NH3I) to evaluate the crystallinity (Figure 4.2.7). Their 

morphologies measured by SEM are shown in Figure 4.2.8. All films (Figure 4.2.7) 

exhibit the (110)-series peaks of a perovskite structure[44] and no traces of CH3NH3I 

residue. The Evap-1 film show the lowest number of diffraction peaks, while Spin-1 

film gives largest number of diffraction peaks. This implies that the crystallization 

speed of the solution preparation process is faster than that of the thermal 

evaporation process, and more crystal planes simultaneously form during the 

crystallization [57, 238, 242]. For the “two-step” methods, both Evap-2 film and Spin-

2 film show diffraction peaks of unreacted PbI2, which is reasonable, because PbI2 was 

first deposited and then brought in contact with CH3NH3I. The reaction starts from the 

interface between the two materials, and depending on the diffusion ability of 

CH3NH3I, there might not be enough CH3NH3I to react with the PbI2 at the bottom. The 

perovskite films made by thermal evaporation show a smooth and dense surface with 

small grain size, but other films involved solution have rather large grain size with 

rough surfaces (Figure 4.2.8).   
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Figure 4.2.9 XPS spectra of (a) C 1s, (b) N 1s, (c) Pb 4f7/2, and (d) I 3d5/2 core levels of perovskite 

films prepared by different processes. Thermally evaporated Pbl2 and CH3NH3I films are included 

as references. (e) Relative concentration of C, N, Pb and I for each perovskite film. Taken from Ref. 

[264]. 

 

The XPS spectra of all perovskite films are shown in Figure 4.2.9, with PbI2 and 

CH3NH3I films as references. The core levels of all four key elements C, N, Pb, and I are 

examined. The major difference among these films comes from the carbon component. 

All perovskite films show two carbon peaks; in contrast, for the precursor CH3NH3I, it 

exhibits only one C 1s peak. While the peak positions remain constant in all perovskite 

films (binding energy at 286.6 eV for peak A and 285.3 eV for peak B), their intensity 

ratios (ratio between peak A and B) change from sample to sample. These two C 1s 

peaks have been commonly observed in many perovskite thin films containing 

CH3NH3
+ cations [242, 263, 266, 275]. Based on previously discussed results using 

XPS/UPS, and previous works using X-ray absorption and emission spectroscopy, it 

has confirmed that peak A is from CH3NH3
+, and peak B is assigned to a CH3

+-type 

species [242, 272]. This is further supported by other related reports [276-277]. The 

Evap-1 film exhibits the lowest CH3
+-type defect density, while the Evap-2 film has the 

highest defect density.  

The Pb 4f7/2 peak in all perovskite films as well as in PbI2 is located at a binding energy 

(BE) of 138.7 eV, consistent with other reported Pb 4f7/2 binding energy [270]. 

Similarly, all perovskite films, including Pbl2 and CH3NH3I, show the same BE for I 

3d5/2 peak, which is 619.7 eV. This implies there is no intense change (or beyond the 

detection limit of XPS) in the chemical surroundings of Pb or I atoms from original 
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precursors to the final perovskite. However, after transforming into perovskite, the C 

1s peak shifts to lower binding energy and N 1s peak shifts to higher binding energy, 

both around 0.2 eV compared to CH3NH3I. This could point to CH3NH3
+ cations 

insertion into the interstice of PbI6
- octahedral crystal [57, 278]. Additionally, for the 

Evap-2 film, a metallic lead (Pb0) peak centered at 137.0 eV BE is observed on the 

surface. The presence of Pb0 is not uncommon and several other works have reported 

that Pb0 can appear at both the surface and the bulk of perovskite films [268, 270-271, 

279-280]. It was suggested that the occurrence of Pb0 is due to the unreacted 

precursor (PbI2) or decomposition of CH3NH3PbI3 [271, 280]. The presence of Pb0 

here likely indicates an incomplete transition of PbI2 by sequential evaporation, since 

the reaction takes place on the already-formed PbI2, and there is only limited contact 

area for CH3NH3I to react, which is also consistent with the XRD spectrum of Evap-2 

film. 

The elemental concentration analysis was also performed based on the XPS results, 

shown in Figure 4.2.9e. It can be seen that the film composition is highly dependent 

on the preparation method. This can be explained using our previously proposed 

dissociation model for CH3NH3PbI3: the CH3NH3
+ can dissociate into CH3

+ and NH3, 

and the latter escape from the surface. These results demonstrates that although there 

are always competing reactions between CH3NH3
+ dissociation and the production of 

perovskite [272, 281], the reaction rates differ significantly, leading to different film 

compositions. It is interesting that although Evap-2 is intended to mimic the two-step 

spin-coating method (Spin-2 film), it has the highest amount of CH3
+ concentration 

and the lowest N concentration. Likely, the diffusion rate of CH3NH3I in the solution 

phase is fast enough and does not affect the kinetics of CH3NH3I + PbI2 reaction, while 

it is too volatile to be adsorbed and diffuse into a PbI2 film at gas phase. It can also be 

seen that the Evap-spin film has a low N concentration. Since the perovskite is 

prepared by diffusing solution-phase CH3NH3I in the dense PbI2, the dissociation 

product NH3, once formed can easily escape from the surface during spin-coating [242, 

281]. In the Spin-2 film, however, although it contains a large amount of CH3
+-type 

defects, the N content is similar to the films made from a precursor mixture. We have 
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previously calculated models of possible dissociation paths and products, and trapped 

NH3 could be present in the perovskite film [272]. Here the result is in agreement with 

our model. 

Figure 4.2.10 illustrates the UPS spectra of all perovskite films. The VBM, which is 

estimated using logarithmic extrapolation [252, 282], is summarized in Table 4.5, 

including the work functions as well. The VBM of all perovskite films shows lower 

binding energy than PbI2, so the photoemission intensity from the perovskite can be 

distinguished from that of PbI2. The work function of the Evap-2 film is the highest 

one. Since there is no large shift for the core levels, the change of work function can be 

related to the surface component disparity of each thin film [9, 246, 263], especially 

the disparity of carbon species on the surface. 

 

Figure 4.2.10 (a) SECO and (b) 

valence band region near EF of UPS 

(He I) spectra of perovskite films, 

and Pbl2, CH3NH3I, and SiO2 as 

reference. Taken from Ref. [264]. 

 

 

 

 

 

 

 

Table 4.5 Comparison of VBM and work function of CH3NH3I, Pbl2 and perovskite films. 

Sample Name VBM (eV) Work Function (eV) 

CH3NH3I 2.23 3.91 

Pbl2 1.59 5.16 

Evap-2 1.48 4.43 

Spin-1 1.46 4.31 

Evap-spin 1.40 4.22 

Spin-2 1.43 4.20 

Evap-1 1.45 4.12 
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Apart from that, as shown in Figure 4.2.10b, the valence bands (VB) (between 1.5 and 

5 eV BE) are very similar among all solution-based films, i.e. Spin-1, Spin-2 and Evap-

spin perovskite films, and VB of the two evaporated films are similar. It is interesting 

that the VB features of the films made by Spin-1 and Evap-1 are significantly different, 

although both methods involve mixing the two precursors at once. The Evap-spin film 

contains PbI2 from vapor phase and CH3NH3I from solution phase, but the VB shape 

of the resulted film is similar to the other solution-based films. It becomes obvious 

that the valence band close to the Fermi level is influenced by the composition and 

preparation method (involving the effect induced by the solvent) [246]. In addition, 

the valence band of Evap-1 and Evap-2 film has more characteristic features and is 

closer to the reported calculated results by density functional theory (DFT) [242, 282].  

 

 
Figure 4.2.11 Energy-level diagrams of NPB on the different perovskite films: (a) Evap one-step 

(Evap-1) film, (b) Evap two-step (Evap-2) film, (c) Evap-spin film, (d) Spin one-step (Spin-1) film 

and (e) Spin two-step (Spin-2) film. All values are in units of eV. For the NPB layers, the values for 

the highest coverage (nominally 128 Å) are shown. Taken from Ref. [264]. 

 

Finally, the energy-level alignment between each perovskite film and NPB was 

investigated. NPB was incrementally evaporated on the perovskite film with nominal 

thicknesses ranging from 4 Å to 128 Å. After each deposition, UPS and XPS 

measurements were conducted to get the evolution of the electronic structure 

(Appendix B). Figure 4.2.11 illustrates the ELA at all NPB/perovskite interfaces and 

the HOMO onset of NPB is determined by using logarithmic extrapolation as well. For 

all perovskite films flat band conditions prevail at the perovskite side since there are 
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almost no core-level shifts after NPB deposition; similar flat band cases for perovskite 

films have also been previously reported [253, 259, 263, 283]. On the NPB side no new 

peaks of NPB-derived C1s and N1s core levels could be observed (Appendix B), 

showing that NPB is physical absorption on all these perovskite films. On the Evap-1 

film, NPB is vacuum-level aligned and no band-bending like behavior of the NPB layer 

could be observed. For the other four films, the vacuum level and the NPB-derived 

core levels and valence levels shift rigidly (ranging from 0.10 eV to 0.24 eV) with 

increasing thickness of the NPB layer, which is a band-bending like behavior. On the 

Evap-2 film, an additional interface dipole (evidenced by a sole shift of the VL) is 

formed. The interface dipole can have various reasons [284-286]. It can be speculated 

that it is due to NPB induced cation rearrangement [263], as it only appears at the 

perovskite film with the highest density of CH3
+ at the surface. 

The transport gap of NPB is 3.1 eV [34] and in all cases the HOMO onset can be found 

around 1.4 eV below EF, the Fermi-level is thus rather in mid-gap position. As the 

charge carrier concentration in wide-gap organic thin films is notoriously low [287], 

energy-level bending can be ascribed to filling of gap-states [22, 288], mainly induced 

by structural disorder [84, 289]. For NPB, this can most likely be due to increasing 

conformational variation of the molecules (i.e., the intramolecular twist angle can 

sample more values) [38, 232] close to the interface. This shows that the smooth 

surface of the Evap-1 film also allows for smooth NPB growth. Moreover, for this 

perovskite film, the offset between the VBM of CH3NH3PbI3 and the onset of the HOMO 

of NPB is only 0.05 eV. This makes the interface, in conjunction with the absence of 

energy-level bending, ideal for charge extraction in a solar cell device. 
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Figure 4.2.12 Plot of (a) work function and (b) VBM (perovskite)-HOMO (NPB) offsets as a 

function of concentration ratio between CH3NH3+ and CH3+ as measured by XPS.  

 

Figure 4.2.12 demonstrates the relationship between the work function, the VBM 

(perovskite)-HOMO (NPB) offsets and the ratio of the two C species, i.e., the ratio of 

CH3NH3
+ (peak A): CH3

+ (peak B) from the XPS results. The work function increases 

with increasing CH3
+ concentration. As the work function of perovskite films is an 

important parameter for ELA, the CH3NH3
+:CH3

+ ratio impacts also the contact 

formation with NPB, resulting in the discrepancy of offsets between the VBM of 

perovskite and HOMO of NPB (Figure 4.2.12b). However, the VBM-HOMO offsets do 

not simply scale with the work function as could be expected by simple vacuum-level 

alignment and the absence of energy-level bending. Thus, these results show that the 

surface component of perovskite film will determine its energetics and define the ELA.  

To summarize, the work function of the perovskite films shows a stronger dependence 

on the CH3NH3
+:CH3

+ ratio, although the fabrication methods could also affect it. For 

perovskite films, the surface morphology is thus not the sole aspect that affects the 

device performance. Surface composition (here is the CH3NH3
+:CH3

+ ratio on the 

surface) will also influence the electronic structure, the ELA with charge transport 

layers and, consequently, the device performance [251, 290]. Considering our results, 

the differences of work functions and VBMs, especially the CH3NH3
+:CH3

+ ratio, in 

conjunction with the different surface morphologies, leads to the disparities in ELA 

with the hole transport material NPB. This suggests the physical state of the reactant, 
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instead of how they are mixed, play a more important role in determining the 

electronic structure near the band gap of the resulted film, which will finally affect the 

charge carrier separation and transport at the interface. In addition, the proposed 

differences in solution- and vacuum-processing are indeed due to the processing and 

not due to the specific conditions in individual laboratories. The fabrication method 

plays a major role in determining the crystallinity and the resulting surface 

morphology of perovskite thin films, due to the disparities of physical state of 

precursors.  

 

4.2.4 Conclusions 

In this part, the detailed chemical state changes and energy-level evolutions during 

the formation of CH3NH3PbI and CH3NH3PbI3-xClx are investigated in situ by using XPS 

and UPS. In both cases, at the initial period of deposition of CH3NH3I (≤ 4 min), there 

is only one C 1s peak (peak B) without N 1s signal. When sufficient CH3NH3I is 

evaporated, a second C 1s peak (peak A) which belongs to CH3NH3
+ appears with the 

present of N 1s signal. Thus, perovskite formed by vapor deposition can involve 

unexpected chemical reactions and competing processes. During thermal evaporation, 

a significant quantity of CH3NH3I reacts-either in vacuum or on the PbI2 substrate-to 

form an additional carbon species, which is readily incorporated into the final product. 

The first peak (peak B) is attributed to CH3
+ species. The presence of these organic 

defects in CH3NH3PbI3 (or CH3NH3PbI3-xClx) can have impact on the electronic 

properties of the material, especially the work function of the perovskite films. This is 

unraveled by comparing CH3NH3PbI (or CH3NH3PbI3-xClx) thin films fabricated by 

different procedures (like solution-based or thermal vapor-based methods) or 

different treatments (air exposure or no air exposure).  

 

Additionally, the surface morphology, surface composition, electronic structure and 

energy-level alignment with a hole-transport layer (NPB) were also compared for 
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CH3NH3PbI3 perovskite films fabricated by five different methods, with intended 

molar ratios of 1:1 between PbI2 and CH3NH3I. All perovskite films show (110)-series 

diffraction peaks and similar surface composition although the surface morphologies 

and grain sizes are diverse. The two C 1s species (CH3NH3
+ and CH3

+) on the surface 

can affect the work function of perovskite thin film. Moreover, the offsets between the 

VBM of perovskite and the HOMO of NPB are correlated with the CH3NH3
+:CH3

+ ratio. 

The valence band near Fermi level can be affected by the physical state of precursors, 

i.e. in a solution or as vapor, during the formation of perovskite. The energy levels of 

NPB match quite well with that of Evap one-step (Evap-1) film, and other perovskite 

films will encounter certain amount of energy losses during hole transports. Generally, 

a low defect density, which has been achieved by the dual co-evaporation(Evap-1) 

method, is highly recommended to fabricate planar, compact and higher quality 

perovskite film. 

4.3 Heterojunction interface between VO2 and NPB 

4.3.1 Introduction 

At room temperature (RT), undoped VO2 is in the insulating state and for most VO2 

thin films the work function is moderately high (up to 5.55 eV) [291-292]. Thus, VO2 

has not been considered as a suitable hole injecting electrode as for related hole 

injecting transition metal oxides, the work function is usually > 6.0 eV [64, 293]. 

However, this work shows that the work function of VO2 can reach up to 6.70 eV and, 

moreover, even in the insulating state at RT, the conductivity is sufficient to allow for 

adequate charge transport [232]. It is thus essential to have a comprehensive 

understanding of the electronic properties of VO2 thin film in order to use it in 

practical devices [294-295]. 

In many studies, PES has been utilized to determine the vanadium oxidization state at 

the surface and near-surface bulk [296] as well as work function [292], and core level 

shifts [297] and valence band evolution have also been studied [298-300]. However, 
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for VO2 a comprehensive correlation work function, valence band structure, and 

surface oxidation species with post-growth thin film treatment is still missing.  

In the following part, three issues will be addressed. Firstly, the way to get a clean and 

stoichiometric VO2 is provided. The correlation of surface composition, valence 

electronic structure, and work function, is studied by using XPS and UPS, after 

different sputtering and annealing procedures, with and without low-pressure oxygen 

atmosphere (during annealing). Secondly, the evolution of electronic structure during 

the metal-insulator transition for a clean- stoichiometric VO2 and carbon-

contamination VO2 surface is addressed and compared. Lastly, the energy level 

alignment between high work function-VO2 and NPB is investigated to check the 

suitability of VO2 as a hole injection contact for organic semiconductors.  

Part of results have been published in Refs. [149, 232]. 

4.3.2 Characterization of VO2 surface 

VO2 epitaxial film (120 nm) on )0211(  α-Al2O3 is fabricated by using pulsed laser 

deposition (PLD) method [74, 232, 301]. The VO2 samples have been made at the 

laboratory of Prof. Hiromichi Ohta (Hokkaido University) by Prof. Takayoshi Katase 

(now Tokyo Institute of Technology). In general, the VO2 epitaxial film has been 

treated by annealing (A), Ar-ion sputtering (S) and annealing in oxygen (AO). Keke Fu 

(Soochow University) has helped these surface treatments of the thin film and PES 

measurements. Two sets of experiments have been performed with the specific 

parameters given below.  

First set of preparation processes:  

ASA: Annealing of VO2 at 423 K for 20 min followed by sputtering for 20 min (with a 

bias voltage of 570 V and a sample current of 6 µA) and a second annealing step. After 

cooling down to RT (typically after 2 hours), the sample was transferred from the 

preparation chamber to the analysis chamber without breaking UHV conditions. One 

cycle of UPS and XPS measurement took around 2 hours to complete. 

ASA+AO: After UPS and XPS measurements of the sample treated by ASA, the sample 
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was annealed at 423 K with an oxygen pressure of 6.8 x 10-4 mbar for 20 min in the 

preparation chamber. The oxygen pressure was kept until the substrate cooled down 

to RT. For ASA+AO+A, ASA+AO+A+ASA and ASA+AO+A+ASA+ASAO the conditions 

of each step have been the same as described above. 

Second set of preparation processes: 

The parameters for each preparation process in the second set of experiments have 

been the same as in the first set. Furthermore, a new procedure (ASAO+A+S+A+O) 

was added: For the last step (O) the sample was exposed to oxygen (at a pressure of 

6.8 x 10-4 mbar) for 40 min at RT. All measurements have been performed at room 

temperature (296 K). In order to get the relative atomic concentration from XPS, the 

spectra were fitted with a Shirley background and Voigt peaks and the peak area was 

divided by the corresponding sensitivity factors. The XPS detection depth is around 

10 nm based on the inelastic mean free path calculation [98]. 

First set of preparation processes 

 
Figure 4.3.1 UPS and XPS spectra for bare VO2 substrate without any cleaning process. UPS spectra 

of (a) Secondary electron cut-off, (b) wide range of valence band, (c) valence band near Fermi 

level, XPS spectra of (d) O 1s and V 2p core level and (e) C 1s core level for bare VO2 substrate. 

Taken from Ref. [149]. 
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The initial surface treatment in the first set of processes comprised continuous 

annealing-sputtering-annealing (ASA) cycle. This is already sufficient to remove most 

of the carbon surface contamination due to ambient exposure; for all other processes, 

the residual carbon concentration was below 2.5 % (see spectra of untreated VO2 in 

Figure 4.3.1 and residual carbon concentration after all processes in Figure 4.3.2).  

 

Figure 4.3.2 The relative atomic concentration of C on the probed surface after each process, based 

on the XPS results. Taken from Ref. [149]. 

 

Table 4.6 Fitting parameters for O 1s and V 2p. 

Peak center Energy difference (Δ) 

O(O-V)1s → V5+ 2p3/2 12.7±0.2 

O(O-V)1s → V4+ 2p3/2 14.0±0.2 

O(O-V)1s →V3+ 2p3/2 15.0±0.2 

O(O-V)1s → V* 2p3/2 17.0±0.2 

V 2p1/2 → V 2p3/2 7.3 

V4+ 2p3/2 Satellite → V4+ 2p3/2 10.6±0.2 

V3+ 2p3/2 Satellite → V3+ 2p3/2 11.6±0.2 

V4+ 2p1/2 Satellite → V4+ 2p1/2 8.2±0.2 

V3+ 2p1/2 Satellite → V3+ 2p1/2 9.2±0.2 

  

The binding energy of the V 2p core levels depends on the oxidation state of the V 

cation, and indeed different vanadium oxidation states could be identified by 

appropriate fitting of the spectra, as shown in Figure 4.3.3. Due to the quite small 

binding energy difference of O 1s and V 2p core levels, the fitting routine thus has to 

involve simultaneous consideration of the entire spectral range, including the V 2p 

and O 1s regions [296]. Moreover, in addition to the oxidation of atoms, the binding 

energy (measured with respect to the sample Fermi level, EF) of core levels also 
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depends on variations of the surface potential [302-304]. To overcome this issue, we 

fixed the energy difference (Δ) between V 2p3/2 and O 1s (O-V) core level peaks for 

each oxidation state of vanadium, i.e., for V5+, V4+, V3+ and V* (V2+ and V0) [296, 305]. 

The respective values of Δ are summarized in Table 4.6. 

 

Figure 4.3.3 O 1s and V 2p core-level XPS 

spectra of VO2 after different treatment 

processes (first set). The blue curve 

corresponds to V4+ species (V 2p1/2 and V 

2p3/2) and the orange curve to V3+ species 

and the pink curve to other lower state V* 

(2+ and 0). Due to the strong hybridization 

between V 3d and O 2p levels, broaden 

satellites peak (in dark-cyan) has been 

added for V 2p3/2. For simplicity, satellites 

peak is put together for different species 

(V4+, V3+ and V*). Similarly, satellites peak 

for V 2p1/2 (in dark-cyan) is also added at 

higher binding energy of O 1s main peak. For 

comparison all spectra are plotted without 

vertical offset in Appendix C.1. Taken from 

Ref. [149]. 

 

 

 

 

 

 

 

After the first treatment (ASA), besides the expected oxidation state for VO2, V4+, also 

substantial contributions of V3+ and V* are present in the spectra (Figure 4.3.3). In 

contrast, the lower oxidation states are almost completely suppressed after additional 

annealing in oxygen (ASA+AO), as most of the lower oxidation state cations (V3+ and 

V*) gain oxygen atoms and turn to V4+ state. While the V* species completely 

disappear, a small amount of V3+ is left, and V4+ becomes predominant. After ASA+AO, 
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the sample is thus almost stoichiometric VO2. Also for other transition metal oxides, 

annealing in oxygen is an imperative procedure to obtain the respective stoichiometry 

[81, 150, 306].  

Continuing the first set of processes, further annealing without oxygen (ASA+AO+A) 

leads to oxygen loss and the re-appearance of V3+ states. However, no distinct lower 

oxidation states (V*) arise. After an additional ASA cycle (ASA+AO+A+ASA), also V* 

appears again, and we conclude that these states are induced primarily by sputtering, 

and not just annealing alone. A final annealing-sputtering-annealing cycle in oxygen 

(ASA+AO+A+ASA+ASAO) yields virtually perfect stoichiometric VO2. After this 

process, only one well-defined and symmetric V4+ 2p3/2 peak is obtained and no traces 

of other oxidation states can be found (Figure 4.3.3). The O 1s-derived and V4+ 2p3/2-

derived peaks are centered at 530.2 eV and 516.2 eV, respectively, and the energy 

difference (Δ) is 14.0 eV, well in the range of reported values [296]. 

The UPS spectra after each surface treatment process are shown in Figure 4.3.4. For 

samples treated with Ar+ sputtering and annealing, but without oxygen atmosphere, 

(ASA, and ASA+AO+A+ASA), the work function can be as low as 4.39 eV (Figure 

4.3.4a). Annealing in oxygen atmosphere after sputtering (ASA+AO) increases the 

work function to 6.16 eV, and subsequent annealing without oxygen (ASA+AO+A) 

reduces the work function to 5.85 eV. For stoichiometric VO2 after the final ASAO 

process, the work function is very high, i.e., 6.56 eV. In combination with the XPS 

results discussed above, this implies that the abundance of different V oxidation states 

affects the work function, which is further supported by the valence band region data 

(Figure 4.3.4b). This region for VO2 can be divided into two parts: the density-of-states 

(DOS) in the binding energy (BE) range from 0 eV to 2.50 eV is derived mostly from V 

3d and the DOS in the BE range mostly from 2.50 eV to 9.00 eV from O 2p orbitals [67, 

112, 307]. The O 2p-derived band exhibits a fine structure: in the energy region of the 

band labelled A in Figure 2b, the DOS is dominated by nonbonding O 2p π-orbitals and 

the V 3d contribution is negligible; in the energy region of the B band, the bonding O 

2p σ-orbitals dominate, which also have a notable contribution from V 3d components 

[67, 308]. It has been observed that the A band has more spectral weight for samples 
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with higher work function. The apparent evolution of O 2p bands upon different 

treatment processes is consistent with earlier work [67].  

 

Figure 4.3.4 First processes set UPS spectra of (a) SECO, (b) full-scale valence band region, and (c) 

a close-up of valence band region near Fermi level after each preparation process. Taken from Ref. 

[149]. 

 

Notably, a finite DOS at the Fermi level (EF) is visible in the spectra after the ASA 

process (Figure 4.3.4c) although the measurements were performed at room 

temperature, and thus in the insulating state of VO2. However, the DOS at EF and the 

pronounced increase of the V 3d-derived band intensity is not due to the phase 

transition of VO2, but due to presence of oxygen vacancies [232, 309] as evidenced by 

the high abundance of lower oxidation state V (Figure 4.3.3). In contrast, for 

stoichiometric VO2 after ASAO process the intensity at EF is not visible and V 3d band 

appears as well-defined peak, similar to previous VO2 single crystal [67, 310-311] and 

thin film results [307]. The final annealing step in oxygen leads, moreover, to a 

homogenous sample surface as can be seen by the high similarity of UPS spectra 

measured at different spots of the sample (Figure 4.3.5). In contrast, after the ASA 

treatment the surface is comparably inhomogeneous, especially the V 3d-derived 

photoemission intensity at and close to EF depends critically on the sample spot.  
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Figure 4.3.5 UPS spectra of valence band near Fermi level for each preparation process. Three 

different spots were measured on the surface, as labeled as zoom 1, zoom 2 and zoom 3, to check 

the surface uniformity. Taken from Ref. [149]. 

 

Second set of preparation processes 

To further related sample stoichiometry, abundance of different V oxidation states, 

and work function with the individual surface treatment effects, another set of 

preparation processes was investigated. As shown in Figure 4.3.6, stoichiometric VO2 

(top and bottom spectra), exhibiting only V4+ species, can be obtained by applying the 

ASAO procedure. By annealing stoichiometric VO2 without oxygen (ASAO+A), V3+ 

species are induced owing to oxygen deficiency. After subsequent sputtering 

(ASAO+A+S), V* species appear, in addition to the V4+ and V3+ components. A further 

annealing (without oxygen) process (ASAO+A+S+A) essentially removes the V* 

species again, but substantial V3+ amount remains. Exposing the sample to oxygen at 

RT (+O) increases the relative intensity of V4+, but VO2 is still being far from being 

stoichiometric.  
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Figure 4.3.6 O 1s and V 2p core-level XPS spectra of 

VO2 after different treatment processes (second 

set). The blue curve corresponds to V4+ species (V 

2p1/2 and V 2p3/2) and the orange curve to V3+ 

species and the pink curve to other lower state V* 

(2+ and 0). Due to the strong hybridization 

between V 3d and O 2p levels, broaden satellites 

peak (in dark-cyan) has been added for V 2p3/2. For 

simplicity, satellites peak is put together for 

different species (V4+, V3+ and V*). Similarly, 

satellites peak for V 2p1/2 (in dark-cyan) is also 

added at higher binding energy of O 1s main peak. 

For comparison, all spectra are plotted without 

vertical offset in Appendix C.2. Taken from Ref. 

[149]. 

 

 

 

 

 

 

 

 

 

Similar to the first set of preparation processes, the surface composition affects the 

work function and valence band, as shown in Figure 4.3.7. As noted above, 

stoichiometric VO2 has a high work function, 6.50~6.70 eV (ASAO). Annealing without 

oxygen (ASAO+A) brings the work function down to 6.05 eV, and subsequent 

sputtering even to 4.61 eV (ASAO+A+S). When the sample is annealed afterwards 

(ASAO+A+S+A), the work function increases to 5.55 eV, and to 5.95 eV after oxygen 

exposure at RT (ASAO+A+S+A+O). In analogy to the observations made for the first 

set of processes (Figure 4.3.4), we observe for the second set (Figure 4.3.7b and c) 

that oxygen loss (evidenced by the appearance of V in oxidation states lower than 4+) 
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goes in hand with a reduction of the A band in the valence spectra [after sputtering 

(ASAO+A+S) or after annealing (ASAO+A)], while B band barely changes. As well, 

the V 3d band intensity increases and a clear DOS at EF becomes visible. Upon 

annealing in oxygen or just oxygen exposure at RT, the A band intensity increases, the 

B is mostly unaffected, and the V 3d band intensity decreases. However, only after a 

continuous ASAO process, the DOS at EF is not visible anymore and the V 3d band well 

defined. From this set of processes, we also find that sputtering (S) is the main driving 

force to cause inhomogeneity of the surface and annealing (A) can help to recover the 

damage made by sputtering (Figure 4.3.8). 

 

 
Figure 4.3.7 Second processes set UPS spectra of (a) SECO, (b) full-scale valence band region, and 

(c) a close-up of valence band region near Fermi level after each preparation process. Taken from 

Ref. [149]. 
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Figure 4.3.8 UPS spectra of valence band near Fermi level for each preparation process. Three 

different spots were measured on the surface, as labeled as zoom 1, zoom 2 and zoom 3, to check 

the surface uniformity. Taken from Ref. [149]. 

 

The relationship between surface composition and work function  

Figure 4.3.9 summarizes the results above by correlating the overall atomic ratio of 

oxygen and vanadium (O/V) with the work function. Intriguingly, the work function is 

very well correlated with the atomic ratio of O/V, proving that, in fact, the ratio of O/V 

(and with it the abundance of low oxidation state V) is the prominent factor 

determining the electronic properties. In general, sputtering (S) as last treatment step 

leads to oxygen vacancies due to the preferential sputtering of oxygen compared to 

vanadium atoms [296]. Sputtering impacts predominantly the sample surface and the 

experimental techniques employed here are rather surface sensitive [312], thus also 

atom diffusion from the bulk to the surface has to be considered [313-315]. Indeed, 

temporally well separated A+S+A process yields different results compared to the 

continuous ASA process, which induces also V* states (Figure 4.3.3 and 4.3.6). This is 

likely due to the longer time available during A+S+A for oxygen diffusion to the 
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surface after sputtering. It remains subject of further studies, whether the 

temperature-dependent timescale of diffusion depends also on the phase (monoclinic 

or rutile) of VO2.  

 
Figure 4.3.9 The evolution of (a) the atomic ratio between oxygen and vanadium on the surface 

and (b) the work function after different preparation processes. Taken from Ref. [149]. 

 

 

Figure 4.3.10 

Correlation of work 

function and atomic 

ratio (O to V). Taken 

from Ref. [149]. 

 

 

 

 

 

 

 

Based on Figure 4.3.10, it can be classified the O/V ratio and work function correlation 

into three regions: (i) Low region (O/V~1.6) with large amount of oxygen vacancies, 

which is produced by ASA processes and a +S process, with the presence of V* species. 

(ii) Medium region (O/V between 1.8 and 1.9) with medium amount of oxygen 

vacancies, which is induced by +A and +O processes, with large amounts of V3+ 
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besides V4+ species. (iii) High region (O/V~2.0) without oxygen vacancies, which is 

obtained by the ASAO process, showing a stoichiometric or near stoichiometric VO2 

surface. In this classification, the corresponding work function values are (i) ~4.50 eV, 

(ii) ~5.80 eV, and (iii) ~6.50 eV, respectively, which actually covers the range of 

reported work function values from V metal to V2O5 [63, 316]. Taking together the XPS 

and UPS results, after sputtering, oxygen is dramatically reduced at the surface with 

the appearance of low oxidation state V species (V3+ and V*), and the A band in the O 

2p-dominated valence region decreases substantially compared with stoichiometric 

VO2. In contrast, the B band only shows slight changes, since V 3d orbitals are 

hybridized with O 2p ones in this region, which compensates the loss of oxygen. 

Likewise, during annealing without oxygen, oxygen desorbs and the amount of V3+ 

states increases, and as a result, the A band loses intensity and the B band remains 

almost unchanged. Finally, we note that the expected insulating character of the VO2 

surface at room temperature is only warranted in the absence of low oxidation state 

V, whose presence turns the surface metallic, as evidenced by the observed DOS at EF 

for such samples. 

4.3.3 Electronic structure evolution of VO2 during the metal-insulator 

transition 

At room temperature, pristine VO2 shows insulator states with a monoclinic structure, 

due to the dimerization of vanadium ions, d// band will split and π* will shift up, thus 

leading an energy gap appearance between the fully occupied lower d// and the empty 

π* band [70], as shown in Figure 4.3.11a. When the temperature is higher than ~343K, 

VO2 changes from a monoclinic structure to a tetragonal rutile structure and 

dimerization of vanadium ions disappears, then d// will not split, and π* and d// will 

be overlapped and partially filled, showing the metallic state. Recently, it was shown 

that highly oxygen deficient VO2-δ (with δ=0.2) is even metallic at 1.8 K [309], with 

the electronic structure of VO2-δ being slightly different from that of stoichiometric 

VO2, see Figure 4.3.11a.  
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Figure 4.3.11 (a) Band structure sketch of stoichiometric VO2 (insulating and metallic state) and 

VO2-δ, drawn after Ref [309]. In the insulating states the V-3d orbitals are split into three bands 

usually termed 𝑑∥, 𝑑∥
∗  and 𝜋∗. In the metallic states the 𝑑∥ and 𝜋∗ bands are partially filled 

and for oxygen-deficient VO2-δ the Fermi-level is shifted up. (b, c) Valence region UPS spectra of 

VO2 after “process A” and “process B”, measured at the indicated temperature. (d) SECO spectra 

measured at room temperature immediately after process A/B. Taken from [232]. 

 

With the assistance of treatment procedures as have been discussed in section 4.3.2, 

a clean and stoichiometric VO2 surface is accessible to obtain. It is interesting to 

investigate the evolution of electronic structure of VO2 during the metal-insulator 

transition (MIT) by using XPS and UPS. Two treatment processes were employed, ASA 

(process A) and ASAO (process B). For “process A” the sputter ion current was 0.5 mA, 

while it was 5.4 mA for “process B”. 

The temperature dependent valence spectra of VO2 after “process A”, i.e., Ar-ion 

sputtering at low ion current and annealing only in UHV, reveal the MIT by the 
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increased density of states (DOS) close to EF and the evolution of a characteristic 

Fermi-edge with increasing temperature (Figure 4.3.11b). However, after “process 

A”, it is still found carbon contamination on the VO2 surface (Figure 4.3.12a), and the 

O 1s and V 2p core levels evidence the presence of V5+, in addition to V4+ expected for 

stoichiometric VO2 (Figure 4.3.11b and c).  

 

Figure 4.3.12 XPS spectra of (a) C 1s, (b) O 1s and (c) V 2p core levels of VO2 film after the substrate 

was subjected to “process A” (green curves) or “process B” (black curves). Taken from Ref. [232]. 

 

As indicated in Figure 4.3.11a, also oxygen vacancies can lead to a metallic sample. 

Moreover, the V 3d-derived peak [67, 69, 73, 112, 317] (dǁ) centered around 1 eV 

binding energy (BE) is not very well resolved after “process A”, which also supports a 

non-uniform and non-stoichiometric surface. In contrast, after “process B”, i.e., 

sputtering with ten-fold higher ion current and the final annealing step done in 

oxygen (6.8 × 10-4 mbar), barely any carbon contamination can be detected (Figure 

4.3.12a). The V 2p3/2 core level (Figure 4.3.13a) is centered at 516.2 eV BE, in 

accordance with reported values for VO2 [305, 318-319], and the spectrum shows 

only V4+ contributions; VO2 is thus stoichiometric after “process B”.  
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Figure 4.3.13 Impact of heating in UHV on a VO2 sample (initially prepared by “process B”): (a) to 

(c) show the O 1s and V 2p core-levels measured at room temperature (295 K), 403 K and again 

at 295 K after cooling down in UHV. (d) compares the O 1s core level spectra. (e) show the SECO 

and (f) the valence band region of the same sample.  

 

This is further supported by valence band spectra, as the V 3d-derived peak at ~1 eV 

BE is well developed over the entire temperature range with the MIT apparent 

(Figure 4.3.11c). Figure 4.3.11d shows the SECO spectra (measured at 295 K) of VO2 

films after the two treatments. Notably, while the work function is only 5.1 eV after 

“process A”, it increases to 6.7 eV after process “B”, which is substantially higher than 

hitherto reported VO2 work function values, which range from 4.80 eV to 5.65 eV [292, 

320-321]. The likely cause for lower work function values obtained earlier is residual 

surface contamination, most commonly carbon-based, the proper removal of which 

was not commented on in these reports. It is known that adsorbed molecules lower 

the work function of many surfaces, particularly metals and metal oxides, due to the 

“push-back” effect, i.e., Pauli-repulsion of electron density between the two materials 

in contact [81, 322-324]. In addition, Kelvin-probe based work function 

measurements [292, 321] have an uncertainty due to the fact that only the contact 
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potential difference between tip and sample is measured [325], and proper 

calibration in air is demanding. For comparison, Greiner et al. [63] have reported the 

work function for V metal (0), V2O3 (+3), and V2O5 (+5) to be 4.0 eV, 5.0 eV and 7.0 

eV, respectively. There appears to be a correlation between the metal oxidation state 

and the work function, and our work function values of 6.7 eV for VO2 (4+) is in line 

with this. One should, however, not expect a simple or linear relationship. As seen 

from Figure 4.3.13a, b and e, when heating VO2 from 295 K to 403 K, the work function 

decreases with the presence of small amount of V+3 (or the presence of O vacancies), 

consistent with the above tendency. 

To further investigate the role of oxygen vacancies, stoichiometric VO2 prepared by 

“process B” was subjected to heating without oxygen atmosphere, i.e., in UHV. The V 

2p core levels measured at T=403 K (Figure 4.3.13b) shows clear contributions of 

V3+, and the area ratio of V4+ and V3+ yields that the sample becomes VO2-δ with 

δ=0.06. The V 2p levels remain virtually constant after cooling the sample to room 

temperature (Figure 4.3.13c). Likewise, the O 1s signal (Figure 4.3.13d) changes after 

initial heating in UHV but does not further change upon cooling to RT. This implies 

that heating stoichiometric VO2 in UHV just mildly above the MIT temperature leads 

to the formation of oxygen vacancies, as evidenced by the reduction of some V ions 

from V4+ to V3+. After cooling down to room temperature the oxygen loss cannot be 

recovered due to the lack of an oxygen reservoir in UHV, and no diffusion of oxygen 

from the bulk to the surface occurs. Figure 4.3.13f shows the impact of oxygen 

vacancies and the metal-insulator transition on the DOS close to EF. For stoichiometric 

VO2 measured below the transition temperature (black curve), the V 3d-derived DOS 

is pinned at EF, but no Fermi-edge is visible. As heating the sample in UHV above the 

transition temperature induces oxygen vacancies and UPS measurements under O2 

atmosphere are not possible in our setup, no spectra of stoichiometric VO2 above the 

transition temperature could be acquired. For VO2-δ measured above the transition 

temperature (at 403 K, red curve), the Fermi-edge is well pronounced. For the non-

stoichiometric VO2-δ measured below the transition temperature (after heating in 

UHV) of VO2 (blue curve) the oxygen vacancies lead to the persistence of the Fermi-
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edge. However, there is less spectral weight close to EF compared to the spectrum of 

VO2-δ measured at 403 K. Overall, these UPS results agree with the model suggested 

in Ref. [309] schematically shown in Figure 4.3.11a. However, the pronounced 

differences in the DOS near EF of VO2-δ measured at 403 K and 295 K shows that the 

MIT still contributes substantially to the DOS also for non-stoichiometric VO2-δ. 

Moreover, in the RT spectra the V 3d-derived peak is centered at ~1 eV BE for both, 

VO2 and VO2-δ. Consequently, it can be speculated that for our samples, in contrast to 

the proposed model [309], the additional DOS at EF is not due to an upward shift of 

the occupied d-band but due to oxygen-vacancy-derived gap states. This proposition 

is supported by the shift of the maximum of the d-derived photoemission intensity 

towards EF upon measuring VO2-δ at elevated temperature (403 K, red spectrum in 

Figure 4.3.13f), but detailed theoretical modeling should help clarifying this issue in 

subsequent work. Within this experimental sequence just discussed above, the 

sample work function (Figure 4.3.13e) changes hardly from stoichiometric insulating 

(6.50 eV) to non-stoichiometric VO2-δ measured at 403 K (6.28 eV), but it decreases 

notably to 5.75 eV for VO2-δ measured at RT. This substantial work function decrease 

upon cooling in UHV to RT is ascribed to surface contaminations, as the C 1s signal 

becomes rather notable.  

4.3.4 Energy level alignment between VO2 and NPB 

To substantiate that the ultrahigh work function of stoichiometric VO2 makes it 

indeed a suitable hole injection/extraction contact in electronic devices, the organic 

hole transport material NPB was deposited stepwise on VO2 conditioned by “process 

B (ASAO)”, but kept at room temperature thereafter throughout. After deposition of 

submonolayer NPB (nominal coverage: 2 Å) the SECO shifts to lower kinetic energy 

considerably (Figure 4.3.14a) and continues shifting with increasing NPB coverage. 

In total, the work function decreases from the bare VO2 value of 6.70 eV to 4.50 eV for 

multilayer NPB coverage (nominal coverage: 160 Å). With increasing coverage the 

NPB valence features, most notably the HOMO and HOMO-1 related peaks centered at 
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~1.0 eV BE and ~1.5 eV BE, become apparent and shift to higher BE. The broadening 

of the NPB HOMO and HOMO-1 features beyond 96 Å coverage are indicative of 

increased energetic disorder, most likely due to increasing conformational variation 

of the molecules in multilayers, e.g., as the intra-molecular twist angle can sample 

more values[38, 326].  

 
Figure 4.3.14 UPS spectra of (a) SECO, (b) valence band region and (c) HOMO region near Fermi 

level (VB zoom) during the step-wise evaporation of NPB on VO2 substrate (prepared by “process 

B”).  

 

Upon NPB deposition the V and O core levels (Figure 4.3.15) become attenuated by 

the molecular overlayer, but their BE stays constant, i.e., no adsorption-induced band 

bending occurs in VO2. In contrast, the NPB related N and C core levels exhibit a 

gradual shift of 0.4 eV to lower BE with increasing the NPB coverage from nominally 

4 Å to 160 Å. The magnitude of this shift is the same as observed for the HOMO and 

HOMO-1 features in the valence region. Apparently, all molecular electronic levels 

shift in parallel, indicative of an electrostatic origin. 



Results and Discussions    

127 

 
Figure 4.3.15 XPS spectra of (a) O 1s and V 2p core-levels of for VO2 and (b) C 1s and (c) N 1s core-

levels of NPB during the step-wise evaporation NPB on VO2 substrate. 
 

In line with the present understanding of interfacial level alignment of organic 

semiconductors on electrodes, observations can be explained by strong Fermi level 

pinning at the HOMO level manifold of NPB (Figure 4.3.16).  

 

 

Figure 4.3.16 Energy-level diagram of 

NPB on VO2 based on the XPS and UPS 

results. All values are in units of 
eV. 

 

 

 

 

 

As the work function of VO2 (6.7 eV) is substantially higher than the ionization energy 

of NPB (ca. 5.4 eV [34]) electron transfer from NPB to VO2 must occur to establish 

electronic equilibrium at the interface. The positive charge density thus induced 

within the NPB layer leads to a diffusion-driven density profile away from the 
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interface, resulting in extended energy level bending into multiple layers[11, 22], i.e., 

the discretized analog of band bending in covalent semiconductors. Since this energy 

level bending amounts to 0.4 eV in the present case (inferred from UPS and XPS 

above), 1.8 eV of the total work function change (2.2 eV) upon interface formation 

remain to be explained. Since no band bending within VO2 occurs, the 1.8 eV is due to 

an interface dipole, i.e., localized right at the interface between the two materials. This 

interface dipole has most probably two contributions, one due to the charge transfer 

from VO2 into the first layer of the organic semiconductor [327-328], and a second 

due to the “push-back” effect [34, 329] due to molecule-induced Pauli-repulsion at the 

VO2 surface.  

 

The presence of positively charged NPB molecules at the interface, inferred from the 

observation energy level bending within the NPB layer, can be evidenced from an 

analysis of the C 1s and N 1s core levels. These levels are indicative of the charge state 

of the molecules, i.e., those of cations are shifted towards higher BE comparted to 

those of neutral NPB. The thick-film C 1s spectrum (160 Å NPB coverage and topmost 

curve in Figure 4.3.17) is from neutral NPB only (energy level bending has saturated 

by that thickness and the density of charged NPB can reasonably be assumed to be 

zero or negligible), and exhibits a double-peak, the larger peak from carbon atoms 

bound to other carbons (CC) and the smaller one from carbons bound to nitrogen 

atoms (CN). Assuming that only the BE of both species changes rigidly upon NPB 

cation formation, spectra of thinner NPB films require a second double-peak for 

adequate fitting, as shown for 2 Å, 4 Å, 8 Å, and 16 Å NPB coverage in Figure 4.3.17. 
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Figure 4.3.17 XPS (a) C 1s core level spectra and their fits of NPB up to ca. monolayer coverage (2-

16 Å) and thick film (160 Å), as indicated next to each spectrum. The CC peaks (higher blue peak) 

were aligned to zero, to remove binding energy shifts due to energy level bending as function of 

film thickness. CC and CN with superscript “+” are from positively charged NPB molecules. XPS (b) 

XPS N 1s core level spectra and their fits of NPB up to ca. monolayer coverage (8-16 Å) and thick 

film (160 Å), as indicated next to each spectrum. The NC peaks (higher red peak) were aligned to 

zero, to remove binding energy shifts due to energy level bending as function of film thickness. NC 

with superscript “+” is from positively charged NPB molecules. (c) Chemical structure of NPB. 

 

From the relative area of the two double-peaks, it can be directly inferred the fraction 

of positively charged NPB molecules in the monolayer coverage range (diameter of 

one molecule ca. 10 Å), which amounts to little over 30%. An analogous fit made for 

the N 1s spectra results in a slightly smaller fraction of 26% (see Figure 4.3.17 b), but 

due to the lower overall signal from N 1s the evaluation is less robust than that for the 

C 1s spectra. We refrain from also evaluating further intermediate film thicknesses, 

as due to the superposition of a few molecular layers in the signal additional 



Results and Discussions 

130 

broadening due to energy level bending would yield less reliable evaluations. Both, 

the substantial energy level bending within NPB and the estimation of positive NPB 

fraction close to the VO2 interface, evidence a hole concentration at the interface that 

is markedly beyond the intrinsic free carrier concentration of the wide-gap organic 

semiconductor at RT, i.e., the interface is ohmic and thus well suited for hole injection 

and extraction, as required in numerous electronic and optoelectronic devices. In 

practical applications, VO2 would probably be employed as thin film on a highly 

conductive substrate, such as (polycrystalline) metals or transparent conductive 

oxides, likely resulting in structurally less ordered vanadium oxide films as studied 

here. However, it can be expected that annealing under oxygen (maybe even higher 

pressure than applied here) will as well restore the VO2 composition after sputter 

cleaning, and thus the high work function. For instance, MoO3 thin films grown on 

indium tin oxide (ITO) [330] or Au [104, 331] exhibited a work function (or slightly 

higher) comparable to that of a MoO3 single crystal [332]. 

 

In a summary, Fermi-level pinning of the organic semiconductor NPB shows that VO2 

is probably suitable to achieve ohmic contacts with organic semiconductors that have 

ionization energies as high as 6 eV, provided that the “push-back” effect is not 

exceedingly strong. Furthermore, even in the insulating state at room temperature 

the charge carrier density is relatively high and allows for charging-free UPS 

measurement, making VO2 a superior hole-injecting electrode in organic electronics 

devices. 

4.3.5 Conclusion 

In this section, the electronic structure of VO2 surface and related heterojunction with 

NPB are investigated by PES.  

Firstly, the evolution of the electronic structure of VO2 thin films by applying 

sputtering and annealing, with and without low pressure oxygen atmosphere (during 

annealing) is investigated. Through two sets of preparation procedures, it could be 
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obtained a clean and stoichiometric VO2 surface, and assessed the correlation 

between the atomic ratio of oxygen and vanadium on the surface, the abundance of 

lower oxidation state V species, the valence band shape, and the work function. In 

addition, it can be disentangled that the effects caused by i) sputtering, ii) annealing 

in UHV, iii) oxygen exposure at RT, and iv) annealing in oxygen. i) Bombardment of 

VO2 with Ar+-ions leads to the preferential detachment of oxygen atoms and an 

inhomogeneous surface. The presence of lower V oxidization states (V* and V3+) 

decreases the work function and increases the V 3d-derived photoemission intensity 

compared with the stoichiometric surface. ii) Annealing after sputtering cannot 

compensate the damage since oxygen diffusion to the surface to fill up the vacancy 

sites is slow. On the contrary, by annealing, the density of oxygen vacancies increases. 

One positive effect is that the surface becomes more uniform upon annealing. iii) 

Oxygen exposure at room temperature helps to reduce vacancies but on the timescale 

of the experiment, a stoichiometry surface could not be obtained. iv) Annealing in 

oxygen allows obtaining a stoichiometric VO2 surface. However, continuous 

annealing-sputtering-annealing in oxygen (ASAO) is the most recommended solution 

to obtain a clean and stoichiometric VO2 surface. Throughout these processes, the 

work function of VO2 films can be tuned over an extremely wide range, i.e., from 4.39 

eV to over 6.60 eV, which could be of interest for applications where a material with 

vastly varying – yet controllable – work function is needed. 

Secondly, as the pristine VO2 will change from an insulator state to a metallic state 

when temperature is higher than 343K, a series of measurements have been 

performed during this period from 293K to 413K. From UPS, it is very clear to see that 

at RT, the VBM is below Fermi level, but with the increasing of the temperature, VBM 

will gradually cross the Fermi level and a new peak appears at the 0-0.5 eV BE region, 

consistent with the model of overlapping between d// band and π* band.  

Lastly, to demonstrate the suitability of the clean and stoichiometric VO2 (WF=6.7 eV) 

as hole injection contact for organic semiconductors, the energy-level alignment with 

the prototypical organic hole transport material NPB is investigated. Evidence for 

strong Fermi-level pinning and the associated energy-level bending in NPB is found, 
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rendering an Ohmic contact for hole transport. It can be speculated that VO2 could be 

of interest for applications where a material with vastly varying – yet controllable – 

work function is needed, since the work function can be tuned from 4.39 eV to 6.70 eV 

by controlling the oxygen and vanadium ratio of the surface. 
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5. Summary and outlook 

This thesis has shown the application of photoelectron spectroscopy (PES) on the 

investigation of the electronic structure of the interfaces at different heterojunctions, 

i.e. MoOx/n-Si, PEDOT:PSS/n-Si, NPB/CH3NH3PbI3 and NPB/VO2. 

 

With the assistance of X-ray photoelectron spectroscopy (XPS) and ultraviolet 

photoelectron spectroscopy (UPS), it is possible to explain the working mechanism of 

MoOx/n-Si- and PEDOT:PSS/n-Si-based photovoltaic cells: Both, MoOx and PEDOT:PSS, 

can induce a large band bending at the surface of n-Si, i.e., a dopant free p-n junction 

at the surface of the n-Si. This band bending prevents the transport of electrons from 

the conduction band of n-Si to the MoOx or PEDOT:PSS layer, but drive the electrons in 

the other direction to be collected by the cathode. In addition, the large band bending 

will finally benefit the open circuit voltage. However, as unraveled by XPS, there is no 

distinct evidence to show the generation of new bonds at the interface between MoOx 

and n-Si, indicating a poor passivation of Si surface. As a result, the open circuit voltage 

of MoOx/n-Si cell is small (0.58 V), which is significantly smaller than the induced 

band bending (0.80 eV). Moreover, as the conductivity of MoOx film is also lower, its 

device performance is inferior compared with the PEDOT:PSS 

(PH1000+Triton+DMSO)/n-Si-based cell, although the band bending magnitude for 

PEDOT:PSS(PH1000+Triton+DMSO)/n-Si heterojunction is just 0.71 eV. Thus, the 

further work to get a high PCE device should meet the latter three requirements: i) a 

large band bending magnitude at the n-Si induced by overlaid layer, ii) a better 

passivation of n-Si surface to reduce the recombination loss, iii) a good conductivity 

of holes to the anode. Furthermore, additional works can be done to investigate the 

energy level alignment between the silicon and the cathode in order to optimize the 

electron extraction efficiency. 

Considering the work of CH3NH3PbI3 perovskite thin films prepared by different 

methods, the main issue is related to the two C 1s peak at the surface, for which one 
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peak at higher binding energy (BE) is attributed to the CH3NH3
+ and the other one at 

lower BE is attributed to the CH3
+. The two C 1s peaks are also observed even for 

perovskite thin films prepared in an ultra-high vacuum (UHV) chamber. In such a way, 

it could be shown that the lower BE-C 1s peak does not belong to contaminations from 

the ambient. The ratio of the two carbon peaks (CH3NH3
+: CH3

+) at the surface 

correlates with the work function of perovskite films, which increases with the 

concentration of CH3
+ species. The disparity of the work function concomitantly 

affects the ELA with the NPB layer. The XPS and UPS results also provide the possible 

pathways of the energy loss and give predictions of the hole transport efficiency for 

NPB/CH3NH3PbI3 heterojunctions that could eventually affect the performance of 

devices. Future work can turn to verify the accuracy of predictions based on PES 

results by fabricating corresponding solar cells.  

The last part shows an intriguing result that by changing the oxygen and vanadium 

ratio on the surface, the work function of VO2 can be tuned from 4.40 eV to 6.70 eV. 

The analysis of the energy level alignment at NPB/VO2 heterojunction proves that VO2 

(clean and stoichiometric surface with high work function of 6.70 eV) is suitable to 

act as a hole transport layer. For further work, the large variation of work function of 

the VO2 could be used to study the hole transport barrier height with one certain 

organic conjugated molecule. The insulating and metallic phase transition property of 

VO2 could be employed to probe the electron coupling strength with organic 

conjugated molecules and check the electron transfer mode. 

 

The knowledge of the electronic properties of the materials and heterojunctions can 

help the primary design and subsequent optimization of the optoelectronic devices. 

PES can provide powerful and necessary assistances to pave the way to further 

promote their performances.  
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Abbreviation 

 

ELA energy level alignment 

SECO secondary electron cutoff 

UPS ultraviolet photoelectron spectroscopy 

HOMO highest occupied molecular orbital 

LUMO lowest unoccupied molecular orbital 

EA electron affinity 

IE ionization energy 

CBM conduction band minimum 

VBM valence band maximum 

PES photoelectron spectroscopy 

XPS x-ray photoelectron spectroscopy 

FWHM full width at half maximum 

PCE power conversion efficiency 

OLED organic light emitting dioxide 

OPV organic photovoltaic cell  

OFET organic field effect transistor 

XRD X-ray diffraction  

SEM scanning electron microscope  

DMSO dimethyl sulfoxide  

SCLC space-charge-limited current  

HTL hole transport layer 

ETL electron transport laye 

PSCs perovskite solar cells 

c-Si crystalline silicon 

WF work function 

DOS density of states 

AM air mass 

BE binding energy 

BSE backscattered electrons 

SE secondary electrons  

QCM quartz crystal microbalance 

RSF relative sensitivity factors 

VB valence band  

RT room temperature  

A annealing 

S sputtering 

AO annealing in oxygen 

IMFP inelastic mean-free path (IMFP) 
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Appendices 

Appendix A 

Relative sensitivity factors (RSF) for the angle of 54° between the x-ray source and the 
analyzer (SPECS PIOS) when using Aluminum X-ray source. All parameters are 
normalized to carbon C1s 

 

Element Core levels  RSF 

C  1s 1 

O 1s 2.77 

N 1s 1.76 

Si 2p 0.85 

Si 2p1/2 0.29 

Si 2p1/3 0.57 

S 2p 1.73 

S 2p1/2 0.58 

S 2p1/3 1.14 

V 2p 9.22 

V 2p1/2 3.13 

V 2p3/2 6.09 

I 3d 31.29 

I 3d3/2 12.78 

I 3d5/2 18.50 

Pb 4f 23.59 

Pb 4f5/2 10.38 

Pb 4f7/2 13.21 
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Appendix B 

The evolution of electronic structure during the deposition of NPB on different 
CH3NH3PbI3 thin films 

 

Appendix B.1 HeI UPS spectra of increasing NPB thickness on Evap one-step (Evap-1) perovskite 

film. (a) Secondary electron-cutoff region; (b) Large valence band region; (c) A close up of the 

region near to the Fermi-level (EF). Fermi-level (EF) is referred as zero binding energy. Taken from 

Ref. [264]. 

 

Appendix B.2 XPS spectra of (a) C 1s, (b) N 1s, (c) Pb 4f, (d) I 3d core levels obtained with 

increasing NPB thickness on Evap one-step (Evap-1) perovskite film. Taken from Ref. [264]. 
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Appendix B.3 HeI UPS spectra of increasing NPB thickness on Evap two-step (Evap-2) perovskite 

film. (a) Secondary electron-cutoff region; (b) Large valence band region; (c) A close up of the 

region near to the Fermi-level (EF). Fermi-level (EF) is referred as zero binding energy. Taken from 

Ref. [264]. 

 

 
Appendix B.4 XPS spectra of (a) C 1s, (b) N 1s, (c) Pb 4f, (d) I 3d core levels obtained with 

increasing NPB thickness on Evap two-step (Evap-2) perovskite film. Taken from Ref. [264]. 
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Appendix B.5 HeI UPS spectra of increasing NPB thickness on Evap-spin perovskite film. (a) 

Secondary electron-cutoff region; (b) Large valence band region; (c) A close up of the region near 

to the Fermi-level (EF). Fermi-level (EF) is referred as zero binding energy. Taken from Ref. [264]. 

 

 

Appendix B.6 XPS spectra of (a) C 1s, (b) N 1s, (c) Pb 4f, (d) I 3d core levels obtained with 

increasing NPB thickness on Evap-spin perovskite film. Taken from Ref. [264]. 
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Appendix B.7 HeI UPS spectra of increasing NPB thickness on Spin one-step (Spin-1) perovskite 

film. (a) Secondary electron-cutoff region; (b) Large valence band region; (c) A close up of the 

region near to the Fermi-level (EF). Fermi-level (EF) is referred as zero binding energy. Taken from 

Ref. [264]. 

 

 

Appendix B.8 XPS spectra of (a) C 1s, (b) N 1s, (c) Pb 4f, (d) I 3d core levels obtained with 

increasing NPB thickness on Spin one-step (Spin-1) perovskite film. Taken from Ref. [264]. 
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Appendix B.9 HeI UPS spectra of increasing NPB thickness on Spin two-step (Spin-2) perovskite 

film. (a) Secondary electron-cutoff region; (b) Large valence band region; (c) A close up of the 

region near to the Fermi-level (EF). Fermi-level (EF) is referred as zero binding energy. Taken from 

Ref. [264]. 

 

 
Appendix B.10 XPS spectra of (a) C 1s, (b) N 1s, (c) Pb 4f, (d) I 3d core levels obtained with 

increasing NPB thickness on Spin two-step (Spin-2) perovskite film. Taken from Ref. [264]. 
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Appendix C 

Comparison of XPS spectra of O 1s and V 2p  

 

Appendix C.1 A more clear comparison of O 1s and V 2p core levels after different preparation 

processes. Taken from Ref. [149]. 

 

 

Appendix C.2 A more clear comparison of O 1s and V 2p core levels after different preparation 

processes. Taken from Ref. [149]. 
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