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Abstract 

This thesis focuses on the investigation and characterization of the surfaces and interfaces of 

chalcopyrite-based Cu(In,Ga)Se2 (CIGSe) thin film solar cells using various x-ray and electron 

spectroscopies. In particular, the impact of alkali post deposition treatments (PDT) on the chemical 

and electronic surface and interface structure of CdS/CIGSe absorbers is studied.  

The structure of “real world” CdS/CIGSe interfaces and how they are impacted by different alkali 

PDTs was investigated by a combination of different x-ray spectroscopies. The interface formation 

is characterized by studying sample sets with different CdS thicknesses. The chemical environment 

for indium and cadmium is revealed by deriving the modified Auger parameter α'(In) and α'(Cd) 

using the kinetic energy of most prominent Auger line together with the binding energy of the 

chosen core level. A more complex situation is found for CdS/CIGSe samples that underwent 

NaF+KF PDT, where a K-In-Se compound is initially present on top of the chalcopyrite absorber. 

The conversion of the K-In-Se type species into a Cd-In-(O,OH,S,Se) interface compound is 

recorded at short CBD-CdS deposition times. It appears the majority of K that is present at the 

surface of the NaF+KF PDT CIGSe absorber is dissolved in the CBD and partially re-deposited as 

K-O type species. The Cd/S ratio clearly deviates from the stoichiometry expected for CdS, and a 

Cd(O,OH,S)-like compound is likely formed. The electronic structure of CdS/CIGSe interface is 

similarly more complex for the NaF+KF PDT compared to the NaF PDT case, where only 

Cd(O,OH,S) buffer was formed. 

In an attempt to shed more light into this complex situation, the impact of evaporated alkali metals 

(K, Rb, Cs) on the surface structure of CIGSe was studied in-system by synchrotron-based hard x- 

ray photoelectron spectroscopy (HAXPES), aiming at understanding the underlying mechanism of 

the interfacial effect of alkalis on the performance of CIGSe devices. In the case of K deposition, 

two K species are observed by x-ray absorption near-edge structure (XANES) and HAXPES, one 

of which species disappears at high annealing temperature. Furthermore, three new In contributions 

(In-O and K-In-Se, metallic In species) can be observed after K evaporation. The evolution of 
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chemical contribution supports the formation of a K-In-Se and Cu-poor CIGSe (1:3:5) bilayer 

structure that is similar to what was reported for “real world” NaF+KF PDTs. Deposition of heavy 

alkali metals (Rb, Cs) induced the formation of alkali selenide phases after alkali evaporation and 

during low temperature annealing. Similar chemical changes as seen for the K composition (i.e. 

presence of metallic In, In-O, and alkali-O) are observed. However, detailed analysis of the Alk/Se 

ratio and composition provide direct evidence for the formation of a Alk-(In)-Se and (Cu,Alk)(In, 

Ga)Se2 bilayer. 

The insights from these studies promise to provide crucial aid to fully exploit alkali pre-treatments 

in scientific and industrial CIGSe production, and will deliberate use of this means of 

surface/interface tailoring to push efficiencies even further. 
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Zusammenfassung 

Diese Dissertation konzentriert sich auf die Untersuchung und Charakterisierung der Ober- und 

Grenzflächen in Chalkopyrit-basierten Cu(In,Ga)Se2 (CIGSe) Dünnschicht-Solarzellen mit 

verschiedenen Röntgen- und Elektronenspektroskopien. Insbesondere werden die Auswirkungen 

von Alkali-Nachbehandlungen (post deposition treatments, PDT) auf die chemischen und 

elektronischen Oberflächen- und Grenzflächenstrukturen in CdS/CIGSe Schichtstapeln untersucht. 

Die Eigenschaften von “realen” CdS/CIGSe Grenzflächen und wie verschiedene Alkali-PDTs 

diese beeinflussen, wurde durch eine Kombination verschiedener Röntgenspektroskopien 

untersucht. Die Ausbildung der Grenzfläche wurde mittels einer CdS-Dickenserie untersucht. Die 

chemische Umgebung von Indium und Cadmium wurde durch die Betrachtung der modifizierten 

Auger-Parameter α'(In) und α'(Cd) identifiziert. Für CdS/CIGSe-Proben bei denen der CIGSe 

Absorber vor der CdS Abscheidung einer NaF+KF PDT unterzogen wurde finden wir eine 

komplizierte Grenzflächenstruktur. Die K-In-Se-Verbindung die sich durch das PDT zunächst auf 

dem Chalkopyritabsorber ausbildet wandelt sich in der Anfangsphase der CdS Abscheidung im 

chemischen Bad in eine Cd-In-(O,OH,S,Se) Grenzflächenverbindung um. Zudem scheint es, dass 

die Mehrheit des vorhandenen Kalium, sich im chemischen Bad löst und teilweise als K-O 

Verbindung wieder auf dem CIGSe Absorber abgelagert wird. Das Cd/S Verhältnis weicht deutlich 

von der für CdS erwarteten Stoichiometrie ab, und es bildet sich wahrscheinlich eine Cd(O,OH,S) 

ähnliche Verbindung für lange Abscheidezeiten aus. Die elektronische Struktur der CdS/CIGSe 

Grenzfläche ist für den NaF+KF PDT Fall ähnlich komplexer als im NaF PDT-Fall, wo wir quasi 

eine abrupte Grenzfläche zwischen Absorber und Cd(O,OH,S) Puffer finden. 

Um mehr Licht in diese komplexe Situation zu bringen, wurden entsprechende Modelsystem 

unterscucht. Hierfür wurden .die Alkalimetalle (K, Rb, Cs) direkt auf die Oberflächenstruktur von 

CIGSe aufgedampft und im gleichen Vakuumsystem mittels synchrotron-basierter Hart-Röntgen-

Photoelektronenspektroskopie (HAXPES) untersucht. Nach der Abscheidung von Kalium konnten 

wir zwei K Spezies identifizieren, von denen eine bei hohen Temperaturen thermischer 

Nachbehandlung verschwindet. Darüber hinaus können drei neue In-Verbindungen (In-O und K-
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In-Se, metallisches In) nach der Abscheidung von K beobachtet werden. Die Entwicklung der 

chemischen Struktur mit höher werdenden Temperaturen während der thermischen 

Nachbehandlung unterstützt das Bild einer K-In-Se/Cu-arme CIGSe (1:3:5) Doppelschicht-

Struktur – ist also ganz ähnlich was für “reale” NaF+KF PDT CIGSe Proben berichtet wird. Die 

Abscheidung von schweren Alkalimetallen (Rb, Cs) induziert die Bildung von Alkaliselenidphasen. 

Ähnliche chemische Veränderungen wie im K-Experiment (d.h. Vorhandensein von metallischem 

In, In-O und Alkali-O) werden auch hier beobachtet. Eine detaillierte Analyse des Alk/Se-

Verhältnisses und der Zusammensetzung liefert jedoch direkte Beweise für die Bildung einer Alk-

(In)-Se/(Cu,Alk)(In, Ga)Se2 Doppelschicht. 

Die Erkenntnisse aus dieser Arbeit können dazu beitragen, Alkali-Vorbehandlungen auch in 

der industriellen CIGSe-Produktion einzusetzen und voll auszuschöpfen. Ein bewusstes 

Nutzen der identifizierten Oberflächen-/Grenzflächenanpassung könnte die Wirkungsgrade 

entsprechender Solarzellen sogar noch steigern. 
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1. Introduction 

 

 

 

The growing energy demand of human society is forcing us to seek new, reliable energy sources. 

It is well-known that greenhouse gas emissions will lead to significant global warming. Solar 

energy is clean and safe for the environment and can produce energy at low costs without producing 

carbon dioxide (CO2) emissions. Photovoltaics (PV) convert sunlight directly into electricity using 

solar cells. In the last few decades, it is a rapidly growing and increasingly important renewable 

alternative to conventional fossil and nuclear electricity generation. Since the discovery of a p–n 

junction Si PV device was reported in 1950s[1], the solar cell technologies have undergone 

revolutionary developments. The most important factor in determining the cost of silicon products 

is the cost of the Si wafer used for the fabrication of solar cells. It has been recognized that cheaper 

solar cells can be produced only if cheaper materials and lower cost technologies are utilized[2]. 

The I–III–VI chalcopyrite materials have some very desirable properties for photovoltaic 

application. CuInSe2 (bandgap: 1.0 eV) has been proved to be a leading candidate for photovoltaic 

applications because of the excellent absorption coefficient of 3~6×105/cm and the ability to form 

high-quality junctions. Superior performance of photovoltaic devices can be achieved when the 

optical absorption properties at the junction is matched to the solar spectrum by increasing the 

bandgap. Alloying with Ga and/or S increases the CuInSe2 bandgap allowing for high-efficiency 

devices. The efficiency and stability of these devices are very promising, but there are several 

parameters limiting large-scale production of such devices.  
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When manufacturing thin film solar cells based on Cu(In,Ga)Se2 (CIGSe) absorber layer, one of 

the critical components is the buffer layer which is positioned between CIGSe absorber and ZnO 

window layer. CdS buffer layers prepared by chemical bath deposition (CBD) generally resulting 

in the highest-performing CIGSe solar cells. CIGSe and CdS buffer layers result in efficient 

heterojunction solar cells because they have compatible lattice structures with acceptable lattice 

mismatches and favorable differences in electron affinities, resulting in favorable energy 

alignments. The recent laboratory-scale record efficiencies for CIGSe thin-film solar cells have 

been realized using alkali fluoride postdeposition treatments (PDT) after the deposition of the 

CIGSe absorber layer, reaching 22.6%[3] power conversion efficiency for co-evaporated CIGSe, 

22.9%[4] for a sequential absorber deposition process. Recently, a 23.35% conversion efficiency 

was achieved for a 1cm² cell[5].  

The goal of this dissertation is to reveal the impact of alkali treatments on the chemical and 

electronic structure of the absorber surface, and how it influences the buffer/CIGSe interface 

formation. 

The work is presented in the following order: 

Chapter 2 discusses the physical principles behind the operation of solar cell devices. The 

configuration of thin film chalcopyrite-based solar cell devices and the function of the various 

layers based on chalcopyrite solar cells are further explained.  

Chapter 3 covers the working principles behind the different spectroscopic techniques in this 

dissertation. Details of the data evaluation applied to characterize the surfaces and interfaces are 

also included. 

Chapter 4 focuses on the effect of alkali post-deposition treatment on the chemical and electronical 

structure of a “real world” buffer/CIGSe interface. 

Chapter 5 discusses the impact of evaporated alkali metals on the surface structure of CIGSe 

studied on in-system prepared model systems, aiming at understanding the underlying mechanism 

of the interfacial effect of alkalis on the performance of CIGSe devices.   
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Figure 2.1. Schematic diagrams showing changes across a p-n junction predicted by the depletion 
approximation model. 
 

Solar cells are made of semiconductor materials which can produce a "photoelectric effect" when 

exposed to sunlight. In practice, almost all photovoltaic energy conversion devices use 

semiconductor materials to form a p-n or p-i-n junction. 

Normally p-n junctions are formed by joining p-type and n-type semiconductor materials. Since 

the p-type region has a high hole concentration and the n-type a high electron concentration, both 

majority carrier types diffuse over the junction driven by the concentration difference at the p-n-

contact. After electrons diffuse from the n region, positively charged donor atoms are left behind. 

Similarly, as holes diffuse from the p region, they uncover negatively charged acceptor atoms. The 

net positive and negative charges in the n and p regions induce an electric field in the region, in the 

direction from the positive to the negative charge, or from the n to the p region, this region is called 

the space charge region (SCR). The charged regions are shown in Figure 2.1. 

2.1.2 Characterization of solar cell devices  

 
Figure 2.2. Exemplary J-V curve of a solar cell under sun/light illumination. 



5 

 

 

One important characterization used to describe a solar cell is electrical current density versus 

voltage (J-V) relationship, which is shown in Figure 2.2.  

From the J-V curves, the cell’s short circuit current density Jsc, and open-circuit voltage Voc can be 

identified. Solar cell parameters like the current density Jmax and voltage Vmax at the maximum 

power point Pmax and the fill factor (FF) are related according to the formulae: 

𝑃𝑚𝑎𝑥 = 𝑉𝑚𝑎𝑥𝐽𝑚𝑎𝑥 = 𝐹𝐹𝑉𝑜𝑐𝐽𝑠𝑐    (2.1) 

FF =
𝑃𝑚𝑎𝑥

𝑉𝑜𝑐𝐽𝑠𝑐
    (2.2) 

The most important solar cell performance parameter is the conversion efficiency, which can be 

defined as the ratio between the Pmax and the power of the sunlight at which the solar cell is 

illuminated (Pin). According to equation 2.1: the efficiency can be expressed as: 

η =
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛
=

𝐹𝐹𝑉𝑜𝑐𝐼𝑠𝑐

𝑃𝑖𝑛
    (2.3) 

The performance parameters of a photovoltaic cell can be affected by many factors, like the incident 

solar radiation spectrum, the resulting operating temperature of the cell, and so on. The standard 

reference spectrum for standard measuring conditions is an air mass 1.5 global (AM 1.5G) solar 

spectrum with a total irradiance of 1000 W/m2 [6], and the standard reporting conditions (SRC) 

specified device operating temperature is 25 ºC[7]. 

 

2.2 Device structure 

The most common structure for CIGSe solar cells usually consists of the substrate, back contact, 

the p-type absorber, the n-type buffer layer, the transparent front contact, anti-reflective coating 

(ARC), and metal-grid. Each layer and the respective interfaces influence the performance of a 

such solar cell. A schematic diagram of a CIGSe based solar cell is shown in Figure 2.3. 

In this cell configuration, MgF2 acts as an anti-reflective coating layer and light enters the cell 

through transparent conduction oxide (TCO). Typically, a bilayer of TCO consists of a thin 

(50~100 nm) intrinsic ZnO layer and a thick (200~400 nm) Al: ZnO layer. A heterojunction is 
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formed between CdS buffer layer and the CIGSe absorber layer. Mo back contact is deposited on 

the substrate. 

The working principle of the CIGSe solar cell can be described as follows: the n-type CdS 

buffer/window layer transmits light to the absorber where electron–hole pairs are generated. Due 

to a built-in electric field across the p–n junction interface between absorber and buffer/window 

layer: photogenerated electrons move from the p-type absorber to the n-type buffer layer and are 

collected by the n-type electrode; holes are swept away from the n-type buffer layer to the p-type 

absorber layer and collected by the p-type electrode, which is the Mo back contact. Each layer of 

the CIGSe solar cells will be shown in detail next. 

2.2.1 Substrates 

Glass is the most commonly used substrate since the first report on CIGSe in 1974[8], but efforts 

are being made to develop flexible solar cells on metal foils and polyimide (PI) foils. The 

difficulties with metal foils are their rough surfaces and the diffusion of impurities into the absorber 

layer. The limitation of PI foils is their thermal stability; the cells on this substrate must be 

processed below 500 oC. Therefore, glass is still the first option for a CIGSe solar cell substrate. It 

is well known that a small amount of sodium incorporated into absorber layer is needed to enhance 

the cell efficiency[9-10]. The traditional way to introduce sodium into CIGSe absorber layer is to 

allow the Na diffusion from the substrate (e.g. SLG glass) through the back contact[9]. To block the 

Na diffusion, an additional layer (e.g. Al2O3) can be coated on the glass substrate to serve as a 

diffusion layer for alkali atoms; this is done so that the alkali can be introduced in a controlled 

manner during absorber formation. 

2.2.2 Back contact 

Molybdenum (Mo) is the most common metal used as a back contact for chalcopyrite-based solar 

cells. Normally the Mo is deposited by sputtering or e-gun evaporation. The most common 

techniques are direct current (DC) sputtering and radio frequency (RF) sputtering. DC sputtering 

is a well-established industrial process with high throughout capability and requires a cheaper set 

up cost, whereas RF sputtering can deposit a more reflective Mo thin films but with additional 

expense on RF power supplies and impedance matching network.[11] DC sputtered Mo films have 
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more favorable physical properties while RF sputtered Mo films have more favorable electrical 

properties. An intermediate MoSe2 layer is generally formed during CIGSe deposition, the 

CIGSe/Mo hetero contact including the MoSe2 layer leads to a favorable Ohmic-type contact by 

the evaluation of dark I-V measurement at lower temperature[12-13]. This interfacial layer doesn't 

appear to degrade the device performance. 

 

 
Figure 2.3. Schematic cross-section of a chalcopyrite-based thin film solar cell. The approximate thickness 
of each layer is also included. 
 

2.2.3 Absorber layer 

Different deposition methods can be used to deposit CIGS thin films. The most promising 

deposition methods for the commercial manufacture of modules can be divided into two approaches 

to get solar cells with high performance. The first one is “co-evaporation”: simultaneous 

evaporation of all the elements to the heated substrate from multiple sources where selenium (Se) 

is supplied during the whole deposition process. The primary advantage of co-evaporation is the 

good control over film composition and the band gap by changing In-Ga ratios[14-15]. However, the 

Se evaporation source is not easy to control at high temperature. 
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The second approach[16] is a two-stage deposition process where Cu/In/Ga elements are sputtered 

onto the substrate and then annealed in a chalcogen-containing (Se and/or S) atmosphere for the 

formation of CIGS or Cu(In,Ga)(S,Se) (CIGSSe) films. Normally, sputtering for the first step is 

suitable for industrial production and large area deposition. During the second stage, a chalcopyrite 

material (CIGS, CIGSSe) is formed by annealing/reactive annealing or rapid thermal processing 

(RTP) of the metal (Cu/In/Ga) precursor stack using the selenization/sulfurization process. The 

two-step process will take longer than the absorber preparation by co-evaporation due to diffusion 

kinetics.  

2.2.4 Buffer layer 

CdS is the most widely employed buffer layer, usually deposited by chemical bath deposition (CBD) 

technique. In comparison to physical vapor deposition (PVD) techniques, it provides a superior 

device performance, partly due to the improvement in the interface chemistry. CdS layers are 

processed in an alkaline aqueous solution of the following constituents[17]: a complexing agent 

(normally ammonia), a cadmium salt (e.g. Cd(CH3COO)2) and a sulfur precursor (thiourea). The 

role of ammonia is to supply the ligand for the metal ions and to control the hydrolysis of thiourea 

via PH. The absorber film is immersed in the bath solution with three constituents for a few minutes 

at a deposition temperature of 60-80oC. The reaction formula[18] is given by 

𝐶𝑑(𝑁𝐻3)4
2+ + 𝑆𝐶(𝑁𝐻2)2 + 2𝑂𝐻− → 𝐶𝑑𝑆 + 𝐻2𝑁𝐶𝑁 + 4𝑁𝐻3 + 2𝐻2𝑂    (2.4) 

However, because of the common CdS layer with a band-gap energy of about 2.42 eV[19] limits the 

level of optimum performance of the cells, one of the major objectives in the field of CIGS 

technology remains the development in the production line of Cd-free alternative buffer layers. 

As an alternative to the traditional CdS buffer, films based on Zn compounds or In compounds[20-

24] are studied with the aim to replace the heavy metal compared CdS with a non-toxic, non-

hazardous material. 

2.2.5 Front contact  

Conductivity (for the transportation of the photo-generated current to the external circuit with 

minimum resistance losses) and transparency (transmission of light to the underlaying layer) are 

two conditions which need to be considered for the electronic front contact layer. A transparent 
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conducting oxide (TCO) is the best choice for good device performance, three main materials are 

used for front contact layers: SnO2, In2O3:Sn (ITO), and ZnO. High deposition temperatures are 

needed for SnO2 which can damage the underlaying CIGSe device layer. Considering the lower 

cost for the whole device, ZnO is the most common material used. 

 

2.3 Chalcopyrite absorber properties 

Compared to crystalline silicon (c-Si) wafer based solar cells, CIGS technology is highly 

competitive and involves less raw materials, cost, and time. CIGSe module production requires a 

lower thermal budget (550 °C) than c-Si (1100 °C), and CIGSe solar cells can be monolithically 

integrated during cell processing, whereas in Si-wafer based solar cells, monolithic integration is 

not possible.  

Chalcopyrite semiconductors have direct band gaps (Eg) leading to large absorption coefficients 

α>104 cm−1 above the band gap. This fact makes these materials very suitable as absorber materials 

in thin-film solar cells, as only thicknesses of about 1-2 μm (almost 100 times less than the 

thickness of the c-Si wafer[16]) are needed to absorb most of the band gap light from the solar 

spectrum, without the need for light trapping. The variable band gap of CuIn1−xGaxSe2 

monotonically with Ga content can be described by[25]: Eg(x)=0.13x2+0.55x+1.0. The high 

efficiencies with chalcopyrite solar cells have been achieved with a Ga content around 0.35[26]. It 

has been found[27-28] that alloying with Ga mainly reduces the electron affinity of Cu(In1−x,Gax)Se2 

leading to an upward shift of the conduction band whereas the valence band stays at the same 

energetic position. This fact is important to consider when constructing band diagrams of CIGSe 

heterojunction devices. 

 

2.4 Sample preparation 

The chalcopyrite absorbers with alkali fluoride PDT studied in chapter 4 of this thesis were 

prepared at the Laboratory for Thin Films and Photovoltaics of the Swiss Federal Laboratories for 

Materials and Science Technology (Empa) as described in Ref.[26] using a low-temperature 

multistage process (i.e. suitable CIGSe for PI substrates, although glass was used). They are grown 
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on a glass substrate coated with an Al2O3 diffusion barrier and 600 nm thick molybdenum back 

contact. The glass substrates have a diffusion barrier so that sodium diffusion into the absorber 

from the glass is avoided. The roughly 2 μm thick CIGSe absorber layers are grown by co-

evaporation in a high-vacuum chamber equipped with Cu, In, Ga, and Se effusion cells. 

In order to study the impact of alkalis, an in-situ NaF-PDT was applied after the CIGSe growth 

(→CIGSeNaF) as in Ref. [26] to fully exploit the impact of Na. Additionally, half of CIGSeNaF 

samples were subsequently treated with a KF-PDT (→CIGSeNaF+KF) after the NaF-PDT in the 

presence of selenium. A bare sample of both was retained, and then different thickness CdS buffer 

layers were grown on the remaining absorbers by a CBD method according to Ref.[26]. The 

deposition temperature was 70C, and the samples were immersed in the solution for different 

deposition times: 5s, 30s, 1min, 2 min, 4min, 8min (only for NaF+KF PDT), 15min, and 24 min 

(only for NaF PDT). All samples prepared at EMPA were sealed in a N2-filled glove bag which 

was attached to the deposition chamber and opened in glovebox attached to ultra- high vacuum 

(UHV) system at HZB. 

The chalcopyrite samples studied in chapter 5 of this thesis were prepared at PVcomB Laboratory 

in Helmholtz-Zentrum Berlin für Materialien und Energie (HZB). They are grown on a glass 

substrate coated with a diffusion barrier and molybdenum back contact. The CIGSe absorber layers 

are grown by co-evaporation in a high-vacuum chamber equipped with Cu, In, Ga, and Se effusion 

cells at high temperature.  

 

2.5 Motivation and background 

Recently, (heavy) alkali fluoride postdeposition treatments (PDTs) led to a boost in power 

conversion efficiencies for Cu(In,Ga)Se2 (CIGSe) – based solar cells, now being well above 20%.[3, 

5, 26, 29] After it was discovered that the incorporation of sodium – which usually diffuses from the 

commonly used soda-lime glass (SLG) substrate into the absorber during the absorber preparation 

at elevated temperature – into the CIGSe absorber improved solar cell performance,[9-10] the PDT 

was developed to deliberately incorporate sodium into CIGSe films deposited on alkali-free 

(flexible) substrates.[30] Recently, PDTs have also been used to incorporate other alkalis (heavier 
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than Na) into CIGSe.[3, 26, 31] A combined, sequential NaF+KF PDT of CIGSe absorbers prepared 

at low temperature (to facilitate the use of flexible, e.g. polyimide, substrates) leads to an 

improvement of solar cell performance; mainly due to an increase of the short-circuit current.[26] 

This is explained by the fact that the NaF+KF PDT enables a significant reduction of the CdS layer 

thickness – the standard buffer layer in CIGSe – based solar cells – without compromising interface 

quality preventing the commonly observed losses in open-circuit voltage and fill factor.[32] As a 

consequence, the parasitic absorption in the UV regime due to the CdS is dramatically reduced, 

benefitting the short-circuit current. Furthermore, a pronounced NaF+KF PDT – induced 

modification of the CIGSe surface was observed: Several groups report on the presence of K[26, 29, 

33] accompanied with significant Cu[34-35] and Ga[26] depletion, the formation of a K−In−Se type 

surface species[33, 36-38], and a related pronounced band gap widening at the absorber surface[39-41]. 

However, only little is known about how this NaF+KF PDT induced absorber surface modification 

impacts the interface formation between CdS (the standard buffer layer in CIGSe-based solar cells) 

and the absorber. Reinhard et al. [29] show that the K signal at the surface of a NaF+KF PDT CIGSe 

surface is significantly reduced upon rinsing in diluted aqueous ammonia and that the Cd signal 

after a respective partial electrolyte treatment is significantly higher for NaF+KF PDT CIGSe 

surfaces compared to similarly treated CIGSe absorbers that only underwent a NaF PDT or no PDT 

at all. While the CdS/CIGSe interface was not specifically addressed, the findings related to the 

aqueous ammonia rinse and the Cd partial electrolyte treatment could be relevant for the processes 

dominating the early stages of the CdS chemical bath deposition (CBD) process. Nicoara et al. 

study the impact of a KF-PDT on the aging of CIGSe surfaces and its interface with CdS, focusing 

on very short (1 min) CBD times[42]. Together with Lepetit et al.,[36] they speculate on the formation 

of an interface layer with a Cd−In−(S,O/OH)4 composition. 

Considering the importance of the CdS/CIGSe interface for the device performance, it is crucial to 

study the interface formation between CdS buffer and CIGSe absorber and how e.g. this is 

influenced by a KF PDT. This will be important to gain a detailed insight in the underlying 

mechanism of the apparent beneficial role of performing a KF PDT on the solar cell performance, 

i.e., enabling a significant reduction of the CdS buffer layer thickness. Consequently, we studied 
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the structure of the CdS/CIGSe interface and how it is impacted by different alkali PDTs by a 

combination of different x-ray spectroscopies. The interface formation is investigated by studying 

sample sets with different CdS thicknesses. 

Moreover, heavy alkali elements (eg. Rb, Cs) were also introduced to the solar cell to modify the 

solar cell performance recently[3]. T. Kodalle [43] reported the effect of RbF PDT on the material 

and device properties of CIGSe, which show strong evidence that an Rb/Na-containing In-Se layer 

is formed at the surface during the RbF-PDT. N. Nicoara[44] investigate the early stages of the CdS 

growth on RbF-PDT CIGSe absorbers which suggest that different CdS-CBD times( 2 min and  

3min) lead to a complete different interface region. The study of the impact of RbF PDT on the 

electrical structure[31] indicate that the RbF-PDT leads to an additional downward band bending in 

the CIGSe absorber upon interface formation with the CdS buffer. The formation and migration 

energies of the alkali metal impurities was calculated [45] and several secondary phases could be 

formed during the PDT process. The results show that the theoretical impact of light alkali metal 

and heavy alkali metals could be different for the structure of absorber layer. To study the chemical 

structure and derive insights into the mechanism for underlying the formation of the heavy 

alkali/CIGSe surface, we investigated the impact of evaporated potassium/rubidium/cesium metal 

on the structure of CIGS studied on in-system prepared model systems in comparison with alkali 

fluoride treated CIGSe absorber surface to gain detailed insight. 
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3. Experimental methods 

 

 

In this chapter, the theoretical descriptions and explanations of the various measurement techniques 

used in this thesis are explained. Photoelectron spectroscopy (XPS, HAXPES) with soft and hard 

X-rays is the principal characterization technique used, through which the surface chemical and 

electronic structure of semiconductor surfaces can be determined. Furthermore, the chemical 

properties of samples in the surface near-bulk region are probed via soft x-ray emission 

spectroscopy (XES) and x-ray absorption spectroscopy (XAS). The data evaluation and analysis 

methods are also described in this chapter.  

Measurement techniques with the corresponding depth sensitivity and the probed electronic states 

are shown in Table 3.1. More details about different techniques are shown in the following. 

Table 3.1 Overview of x-ray spectroscopic methods 

Measurement technique Detection 

of 

Probed 

electronic states 

Depth  

sensitivity 

X-ray Photoelectron 

spectroscopy (XPS)  

Electrons Core levels + 

Occupied valence levels 

Surface 

X-ray excited Auger 

Electron Spectroscopy 

(XAES) 

Electrons Auger transitions Surface 

Hard X-ray Photoelectron 

Spectroscopy (HAXPES) 

Electrons (Deep) Core levels +  

Occupied valence levels  

Near-surface bulk 

 

X-ray Absorption 

Spectroscopy (XAS) 

X-ray photons 

(fluorescence yield) 

/electrons (electron yield) 

Unoccupied  

states 

(Near-surface) 

bulk 

 

X-ray Emission 

Spectroscopy (XES) 

X-ray photons Occupied states Near-surface bulk 

 

 



14 

 

3.1 Photoelectron spectroscopy (PES) 

Photoelectron spectroscopy is based on the external photoelectric effect, in which electrons are 

removed by electromagnetic radiation from a surface. The phenomenon of photoemission was first 

discovered by Hertz in 1887[46] and in 1905 Einstein provided a theoretical description that involved 

the quantum nature of light[47]. 

During the photoemission process, an electron gets excited from the initial states 𝜓𝑖 to final states 

𝜓𝑓 . The transition probability 𝑃𝑖−𝑓  between electron states (initial 𝜓𝑖  and final 𝜓𝑓 ) can be 

calculated by Fermis Golden rule[48]: 

𝑃𝑖−𝑓 ∝
2𝜋

ℎ
|𝜓𝑖|Δ|𝜓𝑓|2𝛿(𝐸𝑓 − 𝐸𝑖 − ℎ𝑣)    (3.1) 

where ℎ  is Planck's constant, 𝛿  function describes the energy conservation law,  is the 

perturbation operator, and 𝐸𝑖 and are the initial and final state energy, respectively. 

Under the Koopmans theorem (i.e., the frozen orbital approximation) [48-49], it is assumed that 

orbitals of the initial (i.e., N-electron system) and final (i.e., N-1-electron system) are identical. For 

the photoemission process, the simplified equation describing the photoionization process is 

𝐸𝐾 = hν − 𝐸𝐵 −     (3.2) 

where 𝐸𝐵 is the binding energy (EB) of the electron, h is the energy of the X-ray photons being 

used, 𝐸𝐾 is the kinetic energy (EK) of the electron as measured by the instrument and the work 

function  = Evac-EF as the difference between the Fermi level (EF) and the vacuum level (Evac). 

This equation is essentially a conservation of energy equation.  

For interpretation, PES can be explained by a simple three-step model. In the first step 

photoionization takes place when the photon is absorbed and an electron is excited. In the second 

step, this electron travels through the sample to the surface. Finally, in the third step the electron 

escapes into the vacuum where it is detected. Figure 3.1a illustrates the photoemission process. 

PES is also used to study the valence band (VB) region and determine the valence band maximum 

(VBM). PES measurements need to be performed in ultrahigh vacuum (UHV) chamber to minimize 

surface contamination and get meaningful conclusions; photoelectrons ejected from the sample do 

not lose their KE through collisions with particles en route to the electron analyzer. When excited 

with X-rays from a lab source: Mg Kα (1253.56 eV) and Al Kα (1486.58 eV) radiation, PES is 
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Figure 3.2. Universal curve of the inelastic mean free path of electrons in a solid as a function of electron 
kinetic energy. Adapted from Ref. [50].  

 

3.2 X-ray Auger electron spectroscopy (XAES) 

During PES measurements, two different spectral lines can be detected that are related to different 

emission processes following x-ray excitation: i) photoemission lines which was explained above, 

and ii) Auger lines. In the Auger process: the core hole that is left behind after the photoemission 

process is filled by an electron from a higher sub shell; the extra amount of energy is transferred to 

another electron which is knocked out of the material. The Auger process is shown in Figure 3.1 

ii). The notation of XAES lines is: element, the three principal quantum numbers of the electrons 

participating in the process and a subscript representing the angular momentum, spin quantum 

number, and their coupling like Cd M4N45N45. 

Combining the XPS core lines and XAES Auger lines, the modified Auger parameter can be 

calculated, which is useful to ascertain the chemical environment of a detected element. The 

relation of the discussed energetic variables [51-52] is: 

′ = 𝐸𝐵(𝑐𝑜𝑟𝑒 𝑙𝑒𝑣𝑒𝑙) + 𝐸𝐾(𝐴𝑢𝑔𝑒𝑟 𝐿𝑖𝑛𝑒)    (3.3) 

where EB is the binding energy (EB) of the core level of the detected element, EK is the kinetic 

energy of the Auger line of the detected element. Because  are the sum of PES and XAES lines 
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nanoscale form and it can be a photon-in-photon-out technique like XES depending on detection 

mode. XAS can be used to study the unoccupied states, by varying the photon energy hex to excite 

a core level electron into an unoccupied state in the CB.  

Several different modes are available for different absorption experiments: transmission model, 

fluorescence yield (FY), and electron yield (EY). The most common one in terms of quality of 

signal and acquisition time for a spectrum is the transmission model. Normally, ion chambers are 

necessary to be equipped as detectors for this mode to measure the incident (I0) and transmitted 

flux (It). Moreover, a reference metal foil can be added behind the sample between the second and 

third ion chamber to measure the reference flux (Iflux) at same time. This set is required for intensity 

calibration and checking the stability of the experiment condition. The total fluorescence yield 

(TFY) mode using e.g. a channeltron detector captures all emitted photons also unwanted 

transitions for the specific experiment. Partial Fluorescence Yield (PFY) with an energy-

discriminating detector will be able to count only the photons in the energy range of interest and 

dismiss scattered photons. All the emitted electrons can be measured by the Total Electron Yield 

(TEY) mode by means of electron multipliers or by a grid close to the sample surface. By 

introducing an electron energy analyzer to select only the element-characteristic Auger electrons, 

the Partial Electron Yield (PEY) model can be performed. The EY modes are much more surface 

sensitive since their information depth are limited by IMFP of the involved chemicals. 

 

3.4 Instrument and experimental setups 

3.4.1 Lab-based instrument  

Laboratory-based XPS measurements, non-monochromatized Mg K (1253.56 eV) and Al K 

(1486.58 eV) radiation and a SPECS PHOIBOS 150 MCD-9 were used to characterize core levels 

and Auger lines. The excitation source was a XR50 SPECS twin anode x-ray source. All the 

measurements are performed in the analysis chamber with pressure lower than 10-9 mbar. The 

electron energy analyzer was calibrated according to D. Briggs et al.[51]. Calibration checks and 

excitation energy calibrations are usually done with Au 4f peaks measured on a clean Au foil. 

Figure 3.4 illustrates schematic of an XPS spectrometer.  
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broad. Better beam quality and significantly higher brilliance can be achieved when wiggler and 

undulator-type insertion devices [53] are installed in special straight sections.  

An undulator consists of a periodic structure of dipole magnets with relatively weak magnetic field. 

The periodicity resulting in the electron motion characterized by small angular excursions 

(undulations), the amplitude of this undulation would be small because of the weak magnetic fields 

and respective radiation cone is narrow, allowing constructive interference of the emitted photons. 

The principal of wiggler magnets is basically the same as of undulator magnets but with stronger 

magnetic fields. Due to the stronger fields, the oscillation amplitude is lager and the resultant 

radiation core is broader, which also result in similar radiation spectrum as that of bending magnets 

but with high photon flux and a shift to hard x-rays.  

Different monochromators are suitable for different energy ranges: grating monochromators work 

for lower photon energy range while crystal monochromators are better for higher photon energy. 

The transition point is, effectively, slightly above the Si K-edge absorption (i.e. around 2 keV). The 

end station is located at the end of the beamline where the measurements can be performed. 

Between the storage ring and the beamline end station, the light will pass the monochromator, 

mirrors, gratings and slits and then focus on the sample. 

An electron experiencing radial acceleration as it travels around a circle emits radiation through a 

broad angular pattern which is compressed on Lorentz transformation from one frame of reference 

to another. The Lorentz factor  [54] needs to be taken into account, which is related to the velocity 

of the particle 𝑣 and the speed of light 𝑐 : 

γ = 1

√1 −
𝑣2

𝑐2

⁄
    (3.5) 

 

For highly relativistic electrons, Figure 3.5 show bending magnets radiation is emitted tangentially 

when an electron traverses a curved path, in a narrow radiation cone of half width  ≅ 1/2γ. This 

simple description about how radiation occurs at x-ray wavelengths is based on the estimation of 

time duration of the radiation signal observation and Heisenberg’s uncertainty principle for photon 

energy: ΔE· ΔT ≥ ħ/2; ΔT is the time duration during which one detects radiation, and ΔE is the 

uncertainty in observed photon energies. Therefore, 
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Figure 3.5. Scheme of bending magnets radiation in a narrow cone with half angle . Points A and B are 
the states before and after radiation and electrons transmitted. Adapted from Ref. [54]. 
 

2∆𝑇 = 𝑇𝑒 − 𝑇𝑟    (3.6) 

As the electron comes within an angle θ, 𝑇𝑒 is the transit time for electron from point A to point 

B while radiation signal will be detected after a transit time of the light, 𝑇𝑟. Note that 𝑇𝑒 =
𝑅∙2𝜃

𝑣
, 

 𝑇𝑟 =
2𝑅∙𝑠𝑖𝑛𝜃

𝑐
, β=ν/c, and use small angle approximation, the expression becomes: 

𝛥𝐸 ≥
2ħ𝑐𝛾3

𝑅
    (3.7) 

If radius R with an expression with γ and the magnetic field R≈ γmc/eB, where B0 is the magnetic 

flux density, m is the electron rest mass, we have  

𝛥𝐸 ≥
2𝑒ħ𝐵𝛾2

𝑚
    (3.8) 

For highly relativistic electrons, it is convenient to express the total electron energy 𝐸𝑒 in terms 

of γ and the electron rest energy, 𝑚𝑐2, as 

γ =
𝐸𝑒

𝑚𝑐2
    (3.9) 

The critical energy E𝑐 , defined as the photon energy that divides the synchrotron radiation 

emission into two parts of equally radiated power, is related to the magnetic flux density B0 of the 

bending magnet: 

E𝑐 =
3𝑒ℏ𝐵0𝛾2

2𝑚
    (3.10) 

If charged particles in synchrotron light sources is electrons, this simplifies to:  

𝐸𝑐(keV) = 0.6650𝐸𝑒
2(𝐺𝑒𝑉)𝐵0(𝑇)    (3.11) 
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3.4.2.2 Instrumentation and experimental details 
BESSY II 

BESSY II employs an electron gun to generate a 70 kV electron beam, the beam is accelerated over 

a microtron and a synchrotron to its final energy of 1.7 GeV before injection in the main storage-

ring.  

The KMC-1 beamline at BESSY II is equipped with a bending magnet and a crystal 

monochromator that uses three different crystals: Si (422), Si (111) and Si (311), allowing the 

energy to be adjusted between 2 and 10 keV. The Si (111) crystal is used for the data collection in 

this thesis. Schematic of the main HIKE end station at KMC-1 at BESSY II is shown in Figure 3.7. 

The electron analyzer is in a direction that is close to the surface normal of the sample (the beam 

and the spectrometer are at a 90-degree angle). The light is coming from the right side in Figure 

3.7. Samples can be introduced via the load-lock chamber and transferred to the analysis chamber 

in UHV. Argon ion sputtering used for cleaning and annealing for thermal treatment can be 

performed in the analysis chamber of HIKE. The prep- chamber is used for sample preparation; the 

evaporation experiment in this thesis is done in this chamber. The evaporator is installed on the 

bottom of this chamber. The end station is equipped with a Scienta R4000 hemispherical electron 

energy analyzer. For the HAXPES measurements were performed at BESSY II, a pass energy of 

500 eV was used for all survey spectra and 200 eV for all detail spectra. In addition, potassium K 

edge XAS spectra were measured changing photon energies between 3600 and 3660 eV in 

fluorescence yield mode. XAS measurements[55] were carried out using a standard chamber 

equipped with a solid state fluorescence detector. The excitation energy was calibrated by 

measuring multiple Au 4f spectra of a grounded clean Au foil and setting the Au 4f7/2 binding 

energy equal to 84.00 eV at the start and end of the HAXPES and XAS measurement. 

ALS 

The ALS storage rings has energy E𝑒 values of 1.9 GeV and a critical energy E𝑐 of 2.4 keV, 

respectively, so it is most intense in soft x-ray regime.  

X-ray emission spectroscopy (XES) measurements at the Se M4,5 and the S L2,3/Se M2,3 edges were 

performed using the Soft X-ray Fluorescence (SXF) spectrometer installed at beamline 8.0.1 of the 

Advanced Light Source (ALS), Lawrence Berkeley National Laboratory[56]. The base pressure of 
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the SXF analysis chamber was ≤ 1 × 10-9 mbar. The energy scales of the XES spectra were 

calibrated using elastically scattered photons in the range of 100−120 eV in second diffraction order 

of the spectrometer for the Se M4,5 energy window. For transport to the ALS, the samples were 

sealed under N2-atmosphere. However, during introduction into the SXF UHV chamber, the 

samples were shortly (< 5 min) exposed to ambient air. 

 
Figure 3.7. Schematic of the HIKE end station at KMC-1 at BESSY II. Adapted from Ref. [57]. 

 

3.5 Data analysis 

3.5.1 Peak fitting and analysis details 

The curve fit analysis of the PES data is conducted by iterative fitting by the least-squares method 

with the Fityk software[58].  

Core levels notation for XPS uses the nomenclature nlj where n is the principal quantum number, 

l is the angular momentum quantum number, s is the spin angular momentum number and can be 

±½ and j is the total angular momentum quantum number (where j= l + s). All orbital levels except 
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the s levels (l = 0) give rise to a doublet with the two possible states having different binding 

energies, which is known as spin-orbit splitting. The peaks will also have specific area ratios based 

on the degeneracy of each spin state, i.e. the number of different spin combinations that can give 

rise to the total j (see Table 3.2).  

 
Table 3.2. Spin-orbit splitting j values and peak area ratios. 

Subshell j values Area Ratio 

s 1/2 
 

p 1/2       3/2 1:2 

d 3/2       5/2 2:3 

f 5/2       7/2 3:4 

 

In addition to the ratio of spin-orbit splitting ratio, the spin-orbit separation energy also needs to be 

considered as a fitting constraint. For the measured series of photoemission spectra which are 

simultaneously fitted, the full-width-half-maximum (FWHM) of the curve fit peaks are coupled to 

the same value for the photoemission line. 

The core level positions were determined using fits with linear background and Voigt profiles. The 

Voigt function is a convolution of Gaussian and Lorentzian functions: Lorentzian function 

accounting for the lifetime broadening of the peak, caused by the existence of core holes under x-

ray bombardment and Gaussian function mainly describes the experimental broadening.  

Finally, the number of employed fit peaks are minimized; additional peaks are only used if a 

physical reason is found (i.e., peak broadening due to the presence of new chemical species). Curve 

fit analysis was used to determine the intensity and the number of spectral contributions in a 

measured PES line. 

3.5.2 Analysis details 

To calculate surface compositions, the fitted areas of core levels must be taken into account first. 

For qualify the main cation, three influential factors are: the respective photoionization cross-

sections, the IMFP of the photoelectrons, and the transmission function of the electron analyzer as 

they also have a direct impact on the measured signal. For shallow core levels analysis, only 
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photoionization cross-sections were used since the IMFP and the transmission function are nearly 

identical in this small energy range. 

In the investigation of solids, we are mostly interested to observe chemical shifts. The nature of the 

chemical shift gives us information about chemical bonding. There can also be a chemical shift 

between surface atoms and bulk atoms in a solid due to the different amounts of neighboring atoms. 

The linear extrapolation of the leading edge is used to determine valence band maximum (VBM) 

measured with HAXPES. 
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4. Impact of NaF PDT and NaF+KF PDT on the 

chemical and electronic structure of CdS/Cu(In, 

Ga)Se2 thin film solar cell absorbers 

 

 

 

 

4.1 Introduction 

Alkali treatments of CIGSe absorber surfaces have a beneficial impact on the device performance[26, 

59]. In a solar cell device, several interfaces are formed in the process and one of the most crucial 

interfaces is between the absorber and the buffer layer[60-65]. A combined, sequential NaF+KF PDT 

of CIGSe absorbers prepared at low temperature (to facilitate the use of flexible, e.g. polyimide, 

substrates) leads to an improvement of solar cell performance; mainly due to an increase of the 

short-circuit current [26, 66]. This has been attributed on the NaF+KF PDT enabling a significant 

reduction of the CdS buffer layer thickness without the commonly observed losses in open-circuit 

voltage and fill factor. The surface of NaF+KF PDT/CIGSe absorbers on flexible substrates was 

already studied in detail[33], but the impact on interface formation when a buffer layer is added on 

top is not totally understood yet. In this subsection, surface-sensitive PES and XAES measurements 

are used to monitor the surface/interface formation of the CdS/CIGSePDT heterointerface as a 

function of CBD time (i.e., CdS layer thickness). 
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First, the impact of such treatments on the chemical structure will be discussed and compared to 

the results based on alkali treated samples on flexible substrates. Second, the chemical structure 

and electronic structure of CdS deposition on alkali treated CIGSe samples will be shown and 

discussed.  

 
Figure 4.1. Survey spectra of a CIGSeNaF (black), and a CIGSeNaF+KF (red) CIGSe absorber measured with 

an excitation energy of h=1253.56 keV (Mg Kα). The core level and Auger lines are marked. Spectra are 
vertically offset for clarity. 

 

4.2 Impact of KF PDT on Cu(In,Ga)Se2 surface  

4.2.1 Surface chemical structure 

Figure 4.1 shows the survey spectra of the samples with different PDT treatment of the respective 

CIGSe absorbers (NaF PDT for CIGSeNaF and NaF+KF PDT for CIGSeNaF+KF) measured with Mg 

K. CIGSeNaF and CIGSeNaF+KF refer to NaF and NaF+KF PDT CIGSe samples, respectively. All 

expected absorber-related core level and Auger lines are present. Cu- and Ga-depletion for the 

CIGSeNaF+KF can be observed, which is in agreement with Ref. [33]. In and Se signals also decrease 

but not as strongly as Cu and Ga. The alkali elements Na (for CIGSeNaF absorber) and K (for 

CIGSeNaF+KF absorber) can be observed. No F signals are detected for either sample. Additionally, 
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C 1s and O 1s are detected, most likely due to surface contamination, and will be discussed in detail 

later. 

Figure 4.2 displays Cu 2p3/2, In 3d3/2, Ga 2p3/2, Se 3s, Na 1s, and C 1s/K 2p regions of the 

PDT/CIGSe sample series with the respective fits recorded with an excitation energy of 

h=1253.56 eV. The core levels are simultaneously fitted with Voigt profiles and linear 

backgrounds; the backgrounds have been subtracted in all figures. Gaussian-Lorentzian function is 

linked for all the core level spectra in the fitting process. All the spectra related to CIGSe can be 

fitted with one species. Note the different magnification factors, which give direct indication for 

Cu and Ga depletion. We use the In 3d3/2 line from Figure 4.2b (and not the more intense 3d5/2 XPS 

peak) to avoid the Mg Kα3,4-excited 3d3/2 satellite lines that overlap with the 3d5/2 peak. The K 2p 

peaks of a given spin-orbit doublet were constrained to share the same FWHM, and the intensity 

ratio of the peaks in a doublet were set to obey the 2j+1 multiplicity rule. The doublet separations 

of K 2p were fixed to 2.70 eV[67]. In comparison to the CIGSeNaF series, there is a shift of ~0.1 eV 

to lower binding energies for the CIGSeNaF+KF samples for In 3d and Se 3s. This shift is not the 

same as the other absorber cation's core levels spectra of this series, possibly indicating a different 

chemical environment for In+Se derived from the NaF+KF PDT sample. 

To derive the absorber surface composition, we have used the shallow core level lines of the 

absorber elements (Cu 3p, Se 3d, In 4d, Ga 3d; neither alkali elements nor C and O are included in 

this analysis, the related spectra are shown later in Figure 4.6). Due to the very similar kinetic 

energy of the related photoelectrons, we are able to neglect the variations in electron analyzer 

transmission function and IMFP on signal intensity, and hence only correct for the different 

photoionization cross sections[68] for quantification. The surface Cu:(In+Ga):Se compositions are 

≈ 1.0:2.8:3.9 and ≈ 1.0:6.8:9.8 for the bare CIGSeNaF and CIGSeNaF+KF absorbers, respectively. We 

find a different degree of surface Cu-deficiency, in agreement with Refs.[26, 29, 33, 69-70]. Similarly to 

our previous report, we attribute the heavier Cu depletion of the CIGSeNaF+KF absorbers to the 

formation of a K-In-Se type species on top of the CIGSe absorber[33]. The Ga/(Ga+In) (GGI) ratio 

is derived to be (0.22 ± 0.05) and (0.04 ± 0.05) for CIGSeNaF and CIGSeNaF+KF, respectively. This 

confirms previous XPS studies of the impact of KF PDTs on the chemical CIGSe surface 
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structure,[26, 33] suggesting that employing a NaF+KF PDT does not only lead to a strong Cu- but 

also Ga-depletion near the absorber surface. In a previous report[71], TEM results suggest that Alk-

In-Se components form only when indium is present. 

 
Figure 4.2. XPS detail spectra of the (a) Ga 2p3/2, (b) Na 1s, (c) Cu 2p3/2, (d) In 3d3/2, (e) K 2p, and (f) Se 3s 
of the PDT/CIGSe sample series, as normalized to background intensity. Solid lines indicate peak centers 

determined by curve fit analysis. All spectra were measured using Mg K excitation. Vertical offsets are 
added for clarity. Note the different magnification factors. 

 

4.2.2 Modified auger parameter analysis 

For a more direct examination of the impact of alkali treatments, especially on the chemical 

speciation of the CIGSeNaF and CIGSeNaF+KF, we use the In M45N45N45 Auger lines. A different 

shape can be observed for the In M45N45N45 Auger line for the CIGSeNaF and CIGSeNaF+KF sample 

(See Appendix A.1). It is reported[33] that a K-In-Se interface layer was observed for CIGSeNaF+KF 

absorber on flexible polyimide foils. Therefore, we use the sum of the narrowest CIGSeNaF 

reference spectra to represent the In M45N45N45 spectrum of CIGSeNaF+KF absorber.  
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Figure 4.3. (a) In M45N45N45 XAES line of the CIGSeNaF and CIGSeNaF+KF sample with their spectra analysis. 
The reference spectra used to fit the CdS/CIGSeNaF+KF spectra are the (shift and scaled) In MNN spectra of 
CIGSeNaF absorber and a background spectrum (from thickest CdS/CIGSeNaF+KF sample) spectra; (b) 
Evolution of the modified Auger parameter (α') of In [i.e., the sum of the binding energy (EB) of the In 3d5/2 

photoemission line and the kinetic energy (EK) of the In M4N45N45 Auger line] with increasing CdS CBD 
time. The KF-In2Se3 reference data point was adopted from Ref. [33]. For comparison, reference position 
area for In2Se3, CuInSe2, CuIn3Se5, In2S3, and In2O3 compounds (as derived based on data in Ref. [52, 72-78] 
are indicated). The error bars are dominated by the uncertainty in the determination of the energy position 
of the individual components.  

 

The In M45N45N45 (MNN) XAES lines representation of CIGSeNaF+KF sample by (shifted and scaled) 

CIGSeNaF are displayed in Figure 4.3a, every spectrum was normalized to same area. A small shift 

(0.12 eV) to lower kinetic energy can be observed for CIGSeNaF+KF in Figure A.1.1. To investigate 

the difference, an original (×0.75) and shifted (×0.25) In MNN spectrum from CIGSeNaF sample 

were used to represent the In MNN Auger spectrum of the CIGSeNaF+KF sample. This suggests that 

In mainly present in a chalcopyrite environment; the shift/broadening is probably due to a second 

indium species at the surface. The residues of the fit are also shown below the spectrum. When 

shifts in binding energy (for core levels) and kinetic energy (for Auger lines) are combined to the 

modified Auger parameter (α′), it is a powerful tool for the identification of different chemical 

environments[79]. Based on the fitting results, the computed In α' values for the investigated sample 
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series are presented in Figure 4.3 b, along with reported In α' values for four reference data regions, 

In2Se3, CuInxSey, In2S3, and In2O3 region. 

In previous reports, the In MNN Auger kinetic energies of In2Se3 are located between 408.0 - 408.3 

eV [52, 73]. Corresponding In 3d5/2 binding energies can be found between 444.3 and 445.1 eV [52, 72-

73]. Similarly, for CuInSe2 we find 408.4 eV [72] and 443.9 eV[73] - 445 eV[74]; for CuIn3Se5 we find 

407.4 eV [52] and 444.1 eV - 444.8 eV [52, 73]; for In2S3 we find 407.3 - 407.4 eV [52, 78] and 444.7 - 

445 eV[51-52, 78]; for In2O3 we find 406.0 - 406.8 eV [75-76] and 444.4 - 445 eV [72, 77]. Note that the 

doublet separation between In 3d3/2 (used in the analysis) and In 3d5/2 (for which reference values 

are reported) is 7.54 eV[80] and was considered when computing the modified Auger parameters 

derived from the measured data.  

 
Figure 4.4. (a) Se M4,5 emission spectrum of the CIGSeNaF, CIGSeNaF+KF, Reference KF-PDT In2Se3 
samples[33]; (b) The Se M4,5 XES spectrum of bare CIGSeNaF+KF absorber is represented by a spectral sum 

of 0.78 CIGSeNaF and 0.22KF-PDT In2Se3. The difference between data and sum (residual) is also shown.  
 

According to all the reference range and data points, the sample treated with NaF PDT in our 

experiment shows In α' values in the range of CuInxSey, which is from chalcopyrite. The two data 

points (Ina and Inb) from the represented CIGSeNaF+KF spectra are also shown. Ina α' value are close 
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to the values of CIGSeNaF, and Inb α' value (852.26 eV) is similar as the KF-In2Se3 reference (852.19 

eV), which suggest that the second In compound is a K-In-Se type species as in Ref.[33].  

To directly probe the impact of different PDTs on the local density of occupied Se-derived valence 

states, Se M4,5 XES spectra were measured and fitted. Figure 4.4a displays the Se M4,5 XES spectra 

of different PDT-treated CIGSe absorbers along with the KF-PDT In2Se3 reference sample[33]. 

Comparing the respective spectra from different alkali-treated samples, the NaF PDT differs from 

the CIGSeNaF+KF in shape. The CIGSeNaF+KF absorber shows a more distinctive shape between 49 - 

51.5 eV emission energy and an additional emission feature in this region. The Se M4,5 XES spectra 

for KF treated In2Se3 have a feature at around 50 eV, which can explain the difference. The 

weighted sum of 0.78×NaF-PDT CIGSe and 0.22×KF-In2Se3 represents well the CIGSeNaF+KF 

spectrum in Figure 4.4b. The difference (residual) between data and sum is also shown for clarity. 

This is a direct evidence and support for the formation of a K-In-Se type species. 

As was found for the alkali-rich and alkali-poor NaF+KF PDT absorber in Ref. [33], we conclude 

that also a K-In-Se type surface compound is formed on the surface in this case. The result based 

on this sample is quantitatively located between alkali-rich and alkali-poor, and the difference can 

be attributed to normal variability of PDT process as well as to the refinement over time. 
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4.3 Impact of KF PDT on CdS/Cu(In,Ga)Se2 interface  

4.3.1 Interface chemical structure 
4.3.1.1 Survey and detail spectra 

 
Figure 4.5. XPS survey spectra (normalized to background at a binding energy of 0 eV) of (a) CdS/CIGSeNaF 
and (b) CdS/CIGSeNaF+KF (deposition time varied between 0 and 24(15) min). All prominent photoemission 
and Auger lines are labeled. Spectra are vertically offset for clarity. 

 
In the following section, the characterization of the chemical structure of the CIGSe absorber after 

CdS deposition will be presented. Sects. 4.2 based on bare CIGSeNaF and CIGSeNaF+KF is a 

foundation for this section. First, surface-sensitive PES experimental results are given. Then, X-

ray emission spectroscopy measurements are presented and discussed. 
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To study the impact of a NaF+KF PDT on the chemical structure of the CdS/CIGSe interface, a 

CdS thickness series was prepared by CBD (CdS/CIGSeNaF+KF) and studied by XPS, XAES, and 

XES. In order to isolate the effect of potassium, the CdS/CIGSeNaF+KF data are compared to the 

measurements of corresponding CdS/CIGSe samples for which the absorber was only subject to a 

NaF PDT (CIGSeNaF). The XPS survey spectra of the two CdS/CIGSe sample series are shown in 

Figure 4.5. As expected, all Cu, In, Ga, Se, Cd, and S photoemission and Auger lines are present. 

The Cu, In, Ga, and Se peaks decrease in intensity, and Cd and S peaks increase with increasing 

CBD time, as expected. A Na-related XPS signal (most prominently the Na 1s line at 1071 eV 

binding energy) can only be observed for CdS/CIGSeNaF samples. In addition, the presence of 

substantial C- and O-related XPS and XAES signals suggest surface contamination and/or 

incorporation of C and O into the deposited absorber and buffer layers (as discussed below). Cu 

signal intensity of the bare CIGSeNaF+KF is significantly lower than for the CIGSeNaF absorber, 

consistent with a strong surface depletion as previously reported[26, 29, 69]. 

For more detailed chemical and electronic structure information, higher-resolution detail spectra 

were measured and are displayed – along with curve fitting results in Figures 4.6. The detail spectra 

of the background normalized Cu 3p, In 4d/Ga 3d, Se 3d, Na 1s (only for CdS/CIGSeNaF), K 2p 

(only for CdS/CIGSeNaF+KF), Cd 3d, Se 3s/S 2s, Cu 2p, In 3d, Ga 2p, and O 1s photoemission lines 

as a function of increasing CBD time and for different PDT treatments are shown. The Cu 3p 

spectra are shown after In 4p and Cd 4p background correction (see Appendix A.1). As expected, 

most of absorber related signals decrease and the CdS buffer related signals increase in intensity 

with CBD time. All fits of a particular data set and for a particular photoemission line have been 

performed simultaneously using Voigt profiles with the same coupled Lorentz and Gauss widths. 

In case of spin-orbit doublet fits, the multiplicity rule (2j+1) is obeyed and the doublet separation 

for Cu 3p, In 4d, Ga 3d, and Se 3d was set to 2.39 eV[81], 0.86 eV[82], 0.46 eV[83], and 0.83eV[84], 

respectively. The fit also included a linear background. Note that the Cd 3d3/2 and In 3d3/2 lines 

were chosen to fit instead of the more prominent respective 3d5/2 lines to avoid the Mg Kα3,4-excited 

3d3/2 satellite lines that overlap with the 3d5/2 peak. All spectra but the O 1s line could be fit with 

one component. For O 1s more than one contribution (Oa and Ob for CdS/CIGSeNaF; Oa, Ob, and Oc 
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for CdS/CIGSeNaF+KF) was needed for a satisfactory representation. Feature Oa at about 531.7 eV 

can be assigned to metal oxides[85-87], as e.g. In2O3
[85], Ga2O3

[86], or CdO[87]. Feature Ob located at 

532.7 eV can be attributed to adsorbed hydroxyl species[88] and/or Cd(OH)2
[89]. The third 

component Oc between 530.0 and 530.8 eV, which is only present in the data set of the 

CdS/CIGSeNaF+KF series, is attributed to potassium-oxygen bonds, presumably with a mixed 

stoichiometry between K2O and K2O2
[90]. Note the small blue contribution to the Se 3s fit for the 

1min CdS/CIGSeNaF (Figure 4.6 k&l) is attributed to a Mo 3d signal from the back contact 

presumably made accessible to the XPS analysis by accidental sample scratching during sample 

mounting. Furthermore, the broad signal detected at around 933 eV in Figure 4.6 m and n for thicker 

CdS samples (i.e. ≥15 min for CdS/CIGSeNaF and ≥2 min for CdS/CIGSeNaF+KF) is ascribed to a Cd 

MNN background rather than to Cu 2p3/2. 
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Figure 4.6. Cu 3p (a/b), In 4d&Ga 3d (c/d), Se 3d (e/f), Na 1s (g), K 2p (h), Cd 3d (i/j), Se 3s/S 2s (k/l), Cu 
2p(m/n), In 3d (o/p), Ga 2p(q/r), and O 1s (s/t) XPS data with respective Voigt fits of the CdS/CIGSeNaF (a, 
c, e, g, i, k, m, o, q, s) and CdS/CIGSeNaF+KF (b, d, f, h, j, l, n, p, r, t) sample series, measured with excitation 
energies of 1253.56 eV (Mg Kα). All spectra are displayed after subtraction of a linear background. For 
each fit, the residual is shown as well. Note the different magnification factors. Spectra are vertically offset 
for clarity. 

 

For the CdS/CIGSeNaF series, there is a shift of ~0.2 eV to higher binding energies for the samples 

with CdS compared to the bare absorber; this same shift is also seen in the other absorber related 

core levels (i.e., Cu, Ga, Se) of this series. The In 3d3/2 binding energy of the CIGSeNaF+KF is <0.1 

eV lower than that of the CIGSeNaF, and the changes in the CdS/CIGSeNaF+KF
 series are more 

complex – despite still being modelled with a single Voigt – with a shift of ~0.15 eV to lower 

binding energy after 30s CBD. This shift is not reproduced in the other absorber cations' core level 

spectra of this series; the Cu and Ga 2p of the CdS/CIGSeNaF+KF series rather undergo a similar shift 

(~0.2 eV to higher binding energy after CdS deposition) to what is seen in the CdS/CIGSeNaF series. 

All the variation for every element indicates more complex situation than in the CdS/CIGSeNaF+KF 

series. 
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4.3.1.2 “CdS” thickness calculation 

 
Figure 4.7. Evolution of the effective "CdS" layer thicknesses for the CdS/CIGSeNaF (a) and 
CdS/CIGSeNaF+KF (b) samples with increasing CBD time. The thickness values have been calculated based 
on the fit results in Figures 4.6, and the respective inelastic mean free path (IMFP, calculated by TPP2M[91]). 
 

Next, we discuss the chemical structure at the CdS/CIGSe interface and how it is influenced by the 

different PDTs. To do so, we consider the effective CdS thickness values calculated from the 

attenuation of each absorber shallow core level line (and from the increasing intensity of the Cd 

and S lines), assuming that the CdS components cover the CIGSePDT absorber; these element-

specific thicknesses are displayed as functions of CBD time in Figure 4.7. 

The evolution of the intensity of the absorber (mainly attenuation) and buffer (increasing amount 

of material) related lines with CBD-CdS treatment periods is used to estimate the effective 

thickness of the attenuating buffer layers. Based on the fitting results of the (shallow) core level 

spectra (Figures 4.6 a-l), the buffer layer thickness is calculated based on the IMFP of the respective 

photoelectrons in CdS.[91] For absorber layer related elements, the intensity Iabs attenuated due to 

the increasing buffer layer and the effective buffer layer thickness dbuf are related – considering the 

used measurement geometry – according to the following formula: 
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𝐼𝑎𝑏𝑠 = 𝐼0 × 𝑒−
𝑑𝑏𝑢𝑓

𝐼𝑀𝐹𝑃    (4.1) 

where 𝐼0 is the intensity of the lines of the bare CIGSe substrate. For this approach it is assumed 

that the buffer grows homogenously layer-by-layer. 

Similarly, for buffer layer related elements, the effective buffer thickness dbuf and the intensity of 

the increasing buffer-related photoemission lines 𝐼buf are related according to: 

𝐼𝑏𝑢𝑓 = 𝐼1 × (1 − 𝑒−
𝑑𝑏𝑢𝑓

𝐼𝑀𝐹𝑃)    (4.2) 

Here 𝐼1 is the intensity of the buffer-related photoemission lines for the thickest buffer layer (i.e., 

24 min CdS/CIGSNaF and 15 min CdS/CIGSNaF+KF). The used IMFP values (in CdS) for the 

respective core level photoelectrons are shown in Table 4.1.  

Table 4.1. Calculated inelastic mean free path for the different photoelectrons in CdS according to the 
TPP2M formula[91]. 

Photoelectrons 

(excited with Mg K) 

Inelastic mean free path [nm] 

In 4d (EK =1236.6 eV) 2.325 

Ga 3d (EK =1233.6eV) 2.321 

Se 3d (EK =1193.6 eV) 2.262 

Cu 3p (EK =1173.6 eV) 2.233 

S 2s (EK =1023.6 eV) 2.008 

K 2p (EK =957.6 eV) 1.933 

Cd 3d (EK =838.6 eV) 1.738 

Na 1s (EK =178.6 eV) 0.642 

 

The effective element-specific thicknesses derived for the CdS/CIGSeNaF samples increase with 

CBD time and agree for all elements within the error bar as shown in Figure 4.7a. Note that the 

thickness plateau above 4 min CBD time is caused by the saturation of the Cd 3d and S 2s signal 

(i.e., after 4 min CBD, the layer is "infinitely" thick compared to the XPS information depth) and 

thus does not accurately represent the true CdS thickness but rather shows the limitation of this 

approach. The Na-related effective thickness agrees for short CBD times up to 1 – 2 min, but 

indicates a significantly lower thickness value for a CBD time of 4 min. This can be explained by 

redeposition (from the chemical bath) or diffusion (from the CIGSeNaF absorber). Based on this 

preliminary examination of the effective thickness calculations, it appears that the buffer layer 
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grows without strong interfacial interaction between absorber and buffer elements. This is in 

contrast to our previous reports[62] in which we see a S/Se intermixing at the CdS/CIGSe interface. 

However, this difference could be explained by a different absorber surface structure formed during 

the low-temperature deposition process (compared to the absorbers from a high-temperature 

deposition process studied in the past). It is also important to note that the CIGSeNaF deposition 

process was not optimized to produce the best-performing cells, rather it was as similar as possible 

to the CIGSeNaF+KF process; the absorber surface structure of an optimized CIGSeNaF may differ in 

a significant enough way that S/Se intermixing could occur. 

The effective element-specific thicknesses derived for the CdS/CIGSeNaF+KF samples are shown in 

Figure 4.7b. The direct comparison with the thickness values derived for the CdS/CIGSeNaF 

samples shows clear differences. After a CBD time of 5 s the derived thicknesses have all increased 

except for the Se-based values, with the largest thicknesses (exceeding that derived for the 

CdS/CIGSeNaF samples) determined for Cu and K, i.e., the intensity of the Cu 3p and K 2p lines 

have decreased most. From 5 s to 30 s CBD time, the thickness values based on the intensity 

evolution of the absorber elements (including K) then decrease to an extent that they even result in 

“negative thicknesses” calculated for In, Ga, K, and Se. The drop is biggest for K and very similar 

for all other absorber elements. These negative values arise due to the increase of the respective 

XPS line intensities to values above that measured for the bare CIGSeNaF+KF absorber, indicating 

significant chemical interaction involving these elements during that CBD period. For a CBD time 

of 1 min and longer all thickness values increase steadily (with some variation for K-based values 

– indicating a more complex situation, as discussed below), as expected for regular buffer layer 

growth. Furthermore, we observe a different behavior for the Cd and S derived thickness values. 

Especially for CBD times below 2 min, the Cd-based thicknesses are significantly larger than the 

S-based thicknesses and the corresponding thickness in the CdS/CIGSeNaF series. This difference 

indicates that at early stages of CdS CBD on CIGSeNaF+KF, Cd is deposited not (only) as 

stoichiometric CdS but might (also) be incorporated into the upper surface of the CIGSeNaF+KF 

absorber and/or present in other chemical forms. 
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Figure 4.8. Intensity evolution of the K 2p (black) and Oc species (red) with increasing CBD time, 
normalized to the respective intensity values derived for the 5s CdS/CIGSeNaF+KF sample.  
 

As shown in Figure 4.6 s and t, there is a clear difference between the O 1s spectra of the two 

CdS/CIGSe sample sets. In the CdS/CIGSeNaF+KF series, an additional low-binding energy O 1s 

component (Oc) appears for CBD times ≤ 2 min. In the same CBD regime, we find a clear K 2p 

signal (Figure S5b) on the respective samples. Comparing the intensity evolution of the K 2p3/2 

peak to that of the O 1s feature Oc in Figure 4.8, a clear correlation is revealed for CBD times ≥ 5s 

suggesting the presence of O-K bonds (see also discussion in conjunction to Figure 4.6h, above). 

The deviation for the bare absorber can be explained by potassium being present in a different 

chemical environment (i.e. a K-In-Se type species). The significant intensity variation of the K 2p 

(and the O 1s (Oc)) line in the early stages of the CBD process indicates a complicated process 

probably involving dissolution and redeposition, or possibly diffusion. Furthermore, it should be 

considered that the formation of K-O bonds in this CBD time regime could very well be an artifact 

of sample preparation (i.e., retrieving the samples after the given time in the CBD solution with 

subsequent rinsing). 

 

4.3.1.3 Modified auger parameter analysis 
As in chapter 4.2 for the bare CIGSe absorbers, In and Cd modified Auger parameters are used to 

identify their chemical states in the CdS/CIGSe series. Figure 4.9 shows the Cd M45N45N45/In 
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M45N45N45 XAES lines as a function of CdS-CBD time for the CdS/CIGSeNaF and 

CdS/CIGSeNaF+KF series. In Auger spectra appear at high kinetic energy range (EK=395 eV-415 eV) 

and Cd Auger spectra locate at lower kinetic energy (EK=365~390 eV). The significant overlap of 

the two Auger structures complicates the results, and a careful procedure must be followed to 

ensure that (especially) the present of In MNN does not produce artifacts in the analysis of the Cd 

MNN. 

 
Figure 4.9. Evolution of the background normalized Cd M45N45N45/In M45N45N45 XAES spectra with 
increasing CdS-CBD time. All spectra were measured using Mg Kα (1253.56 eV) excitation. 
 

From the first glance of Cd M45N45N45/In M45N45N45 XAES spectra, it is observed that In MNN 

decreases faster and Cd increases (with In MNN background) slower for CdS/CIGSeNaF series, 

which indicates different Cd/In environments or content compared to the NaF PDT series. The 

detail Cd M45N45N45 spectra analysis is affected by In M45N45N45 spectra significantly. Hence, In 

MNN spectra must be considered first, and then subtracted from the Cd MNN spectra before they 

can be analyzed. 
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4.3.1.3.1 Indium modified auger parameter analysis 
In Figure 4.6, each measured In 3d3/2 spectrum was fitted by a single Voigt function, all with the 

same Gaussian and Lorentzian contributions. The spectral shape of the In MNN of the 

CdS/CIGSeNaF samples is largely independent of CdS deposition, in agreement with the unchanging 

In 3d3/2 (Figure 4.6o/p). Thus, for this series, all In MNN spectra can be represented by the sum of 

the (scaled and shifted) In MNN spectrum of the bare CIGSeNaF absorber (component Ina) and a 

suitable (Cd MNN induced) background spectrum (i.e., the spectrum of the 24 min – CdS/CIGSeNaF 

sample). In contrast, the In MNN spectra of the CdS/CIGSeNaF+KF series do change in spectral shape 

upon CdS deposition and with CdS deposition time (see Figure 4.10b). In order to analyze these 

spectra, we use the In MNN spectra of the bare CIGSeNaF absorber (which has the narrowest shape 

and thus is used as a reference spectrum presenting one In species) to fit the In MNN spectra of the 

CdS/CIGSeNaF+KF sample set. In this procedure, each spectrum can be reproduced as a sum of two 

contributions (plus 15 min CdS/CIGSeNaF+KF background spectrum) – one at almost constant energy 

position corresponding to the CIGSeNaF Ina position (and thus also attributed to species Ina) and a 

second species which shifts as a function of CBD time, attributed to Inb, Inc, and Ind. In order to 

identify these components, we consult the modified Auger parameter next.  

As in Chapter 4.2, the calculated In modified Auger parameters (α′) of indium for both PDT series 

and related In-compounds reference boxes are shown in Figure 4.11. Hence, for the 

CdS/CIGSeNaF+KF series, the shifted contributions to the XAES spectra (components Ina – Ind) are 

treated as distinct chemical species, because the lack of a shift in the corresponding In 3d3/2 spectra 

gives them a distinct value of α′. The direct comparison with α′ values for related In-compounds 

reveals that component Ina is attributed to a similar chalcopyrite type environment for both 

CdS/CIGSe sample series. Note that the α′ value for the CdS/CIGSeNaF samples lie on the same 

diagonal as the values of the bare absorbers, although the binding energy value falls slightly outside 

the reference box defined by published binding energies.  

The modified Auger parameter of component Inb, which is only found for the bare CIGSeNaF+KF 

absorber, agrees – within experimental uncertainty – with that of the K-In-Se – type species, 

described in our earlier study[33]. For the 5s and 30s CdS/CIGSeNaF+KF the Inc species appear in the 

Auger spectra, while the core level spectra remain at the same binding energy as the bare absorber. 
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The α′ value of Inc suggests the formation of an In-containing interface species in this CBD time 

regime. Note that the relative contributions of Ina and Inc are nearly constant for the two spectra. 

Component Ind is found for 1, 2, 4 min CdS/CIGSeNaF+KF samples and can clearly be attributed to 

the formation of In-O bonds. After 1 min CBD time, the chemical environment of In ceases to 

change, and there is only a decrease in the corresponding XPS/XAES intensities consistent with 

attenuation of the signal by the growing buffer layer.  
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Figure 4.10. In M45N45N45 XAES spectra of the CdS/CIGSeNaF (a) and CdS/CIGSeNaF+KF (b) sample series 
together with their spectral analysis. The reference spectra summed up to represent the data are the (scaled 
and shifted) In MNN spectra of bare CIGSeNaF absorber and a suitable (Cd MNN induced) background 
spectrum (i.e., the spectrum of the 24 min – CdS/CIGSeNaF sample and the 15 min – CdS/CIGSeNaF+KF 
sample, respectively). For the CdS/CIGSeNaF spectra, one In MNN component (Ina) and the background 
spectrum is sufficient to achieve a reasonable agreement, while for the CdS/CIGSeNaF+KF data four different 
In MNN components (Ina, Inb, Inc, and Ind – with at most two at the same time) are required. All spectra 
were measured using Mg Kα excitation. Vertical offsets are added for clarity. 

 

 
Figure 4.11. Evolution of the modified Auger parameter (α') of In [i.e., the sum of the binding energy (EB) 
of the In 3d5/2 photoemission line and the kinetic energy (EK) of the In M4N45N45 Auger line] with increasing 
CdS CBD time. The KF-In2Se3 reference data point was adopted from Ref. [33]. For comparison, reference 

position area for In2Se3, CuInSe2, CuIn3Se5, and In2O3 compounds (as derived based on data in Ref. [52, 72-

77] are indicated. The error bars are dominated by the uncertainty in the determination of the energy 
position of the individual components.  
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4.3.1.3.2 Cadmium modified auger parameter analysis 
To study the interface formation from the viewpoint of the deposited buffer layer, the Cd modified 

Auger parameters α′ (calculated in similar fashion to the In parameters above) are discussed next. 

Since the Cd M45N45N45 spectra (EK: 370 eV~390eV) are significantly influenced by the In 

M45N45N45 (EK: 395 eV~415eV) spectra, In M45N45N45 spectra were subtracted according to the 

fitting results depicted in Figure 4.10, which included the Cd MNN background. The subtraction 

details are visualized in Figure 4.12.  
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Figure 4.12. In MNN background-corrected Cd M45N45N45 XAES lines of the CdS/CIGSeNaF (a) and CdS/ 
PDT/CIGSeNaF+KF (b) sample series with increasing CBD time, measured using Mg Kα excitation. Vertical 
offsets are added for clarity. The reference spectra representing component Cda or Cdb are properly scaled 
and shifted Cd MNN spectra of the thickest sample per sample set (i.e., the spectrum of the 24 min 
CdS/CIGSeNaF sample and that of the 15 min CdS/CIGSeNaF+KF sample are used as single-species references).  

 

 
Figure 4.13. In MNN background-corrected Cd M45N45N45 XAES lines of the CdS/CIGSeNaF (a) and CdS/ 
PDT/CIGSeNaF+KF (b) sample series with increasing CBD time, measured using Mg Kα excitation. Vertical 
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offsets are added for clarity. The reference spectra representing component Cda or Cdb are properly scaled 
and shifted Cd MNN spectra of the thickest sample per sample set (i.e., the spectrum of the 24 min 
CdS/CIGSeNaF sample and that of the 15 min CdS/CIGSeNaF+KF sample are used as single-species references).  
 

After In M45N45N45 background correction, peak-area-normalized Cd M4N45N45 spectra were fitted 

and are shown in Figure 4.13. Since Cd MNN Auger spectra of the thickest samples for each data 

set (i.e. the spectrum of the 24 min CdS/CIGSeNaF sample and the spectrum of the 15 min 

CdS/CIGSeNaF+KF sample) have the same spectral shape and are the narrowest, these spectra were 

also used as single-species references to (properly scaled and shifted) fit all other Cd MNN Auger 

spectra. 

For the Cd modified Auger parameter, we followed a similar procedure. We combined the 

following kinetic energies of Cd MNN Auger and corresponding binding energies of Cd 3d5/2 peaks: 

for CdSe 381.20 eV – 381.90 eV[92-93] and 404.80 - 405.45 eV[52, 93-94]; for CdS 381.00 – 381.6 eV[52, 

95] and 405.00 – 405.40 eV[96-97]; for Cd(OH)2 379.90 – 380.7[95, 98] and 405.10 - 405.60 eV[98-100]; 

for CdO 382.1 - 382.7 eV[95, 101-102] and 404.00 – 405.2 eV[52, 101-102]. Note that also in this case the 

doublet separation between Cd 3d5/2 and Cd 3d3/2 of 6.75 eV[103] has to be considered for the 

measured data. 

For both CdS/CIGSeNaF and CdS/CIGSeNaF+KF series, two distinct components defined initially as 

Cda and Cdb are needed to explain the spectra, but the relative quantities vary distinctly between 

the two series, confirming that the buffer deposition proceeds quite differently depending on PDT. 

For the CdS/CIGSeNaF+KF series, a strong Cda signal forms in the first stage of CBD (i.e., for the 5 

s sample). In the discussion of Figure 4.7b, we described how Cd was deposited without 

corresponding quantities of S in the early stages of CBD; it strongly indicates that other Cd 

compounds are formed at the interface. This is corroborated by the α′ values for Cda in Figure 4.14b, 

which are directly compared to α′ values for related Cd-compounds[52, 92-98, 100-102] (CdSe, CdS, CdO, 

and Cd(OH)2). Within the experimental uncertainty, we find an agreement between the modified 

Auger parameter of CdSe and that of Cda (at least for CBD times up to 2 min). However, the fact 

that due to a seemingly high EK of the respective Cd MNN spectra, the Cda α′ values are located 

outside the indicated CdSe box (i.e., being more in agreement with what would be expected for Cd-

O bonds, in particular for the 4 min CdS/CIGSeNaF+KF sample), indicating that the interface 
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compound has a more complex chemical structure than pure CdSe. For larger CBD times, a second 

species, Cdb is present, and the relative Cda contribution decreases in a way that is consistent with 

what would be seen from an interface species, i.e. the Cda signal is attenuated by a capping (buffer) 

layer of increasing thickness. After 8 min CBD, the Cda contribution is effectively zero, and the 

spectra again represent a single phase, Cdb, characteristic of the completed buffer layer. Based on 

the comparison and agreement of the α′ values for Cdb with that of CdS, we attribute it to Cd-S 

bonds. (However, note that the composition of the buffer layer is more complex than pure CdS, as 

will be discussed below.)  
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Figure 4.14. Evolution of the modified Auger parameter (α') of Cd [i.e., the sum of the binding energy (EB) 
of the Cd 3d3/2 photoemission line and the kinetic energy (EK) of the Cd M4N45N45 Auger line] with 
increasing CBD time: (a) for the CdS/CIGSeNaF and (b) for the CdS/CIGSeNaF+KF sample set. Reference 

positions for CdO, CdS, CdSe, and Cd(OH)2 compounds are indicated[52, 92-98, 100-102]. The error bars are 
dominated by the uncertainty in the determination of the energy position of the individual components. 
 

For the CdS/CIGSeNaF series, we find the Cd MNN Auger spectrum of the 5s CBD CdS/CIGSeNaF 

sample in Figure 4.14a is more complex than the corresponding CdS/CIGSeNaF+KF spectrum, as it 

already requires two contributions for an adequate description. We again label these components 

Cda and Cdb, and their general behavior is similar to that of the corresponding components in the 

CdS/CIGSeNaF+KF described above, with some differences in specifics. In the CdS/CIGSeNaF series, 

Cda is only a relatively small contributor and disappears completely after 2 min CBD, and again it 

appears consistent with a species formed at the interface. (Since Cda seems to form exclusively in 

the induction period of the CdS CBD process, it might very well be possible that Cda forms only in 

the early stages of CBD and would no longer be present if the process was not interrupted; i.e., it 

may be an artifact of the non-standard CBD process used to produce the “thin” buffer layers for 

this experiment.). 

The values of α′, coupled with the higher Cd 3d binding energies, indicate that in this series Cda is 

likely a CdO species, unlike the corresponding species formed at the CdS/CIGSeNaF+KF interface, 

as depicted in Figure 4.14b. When Cdb is formed, it is much more uniform in Cd 3d binding energy 

and α′ than the corresponding data in Figure 4.14b, and falls very close to expected values for CdS. 

The presence of Cdb in all spectra, including for very short CBD times, is in agreement with the 

discussion of Figure 4.7a. The analysis of the Cd Auger parameter does not suggest that Cd(OH)2 

is present in significant amounts in either of the sample sets, however, the respective O 1s spectra 

in 4.6s/t, does show a high binding energy component (Ob) at approx. 532.7 eV, which we attribute 

to hydroxyl groups. The ratio of Oa (the main O 1s peak in Figure 4.6s/t, attributed to oxides) to Ob 

indicates that the amount of hydroxide present is small relative to the oxide content ([12 ± 2]% for 

the 2 – 24 min CdS/CIGSeNaF samples and [25 ± 3]% for the 2 – 15 min CdS/CIGSeNaF+KF samples). 

The hydroxide and its corresponding spectral signature (if present) is expected to appear in the 

measurement of all samples, including the “single species” reference curve used to fit the Cd MNN 
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curves. Thus, as long as the hydroxide content is relatively stable, the Auger spectra analysis 

method is not sensitive to Cd(OH)2, potentially explaining why no Cd(OH)2 species is specifically 

identified. 

 
Figure 4.15. Evolution of (a) the Cd/S ratio and (b) Cd/(S+Oa+b) ratio with increasing CBD time. The ratios 
were derived based on the fit results in Figures 4.6 i-l and s/t, corrected by the respective inelastic mean 
free path (IMFP calculated by TPP2M[91]), analyzer transmission function, and photoionization cross 
section[68] values. 
 

The Cd/S ratio (derived from the Cd 3d and S 2s spectra in Figures 4.6 i-l) clearly deviates from 

the stoichiometry expected for CdS independent of performed PDT, as shown in Figure 4.15 a. For 

short CBD times, the ratio is quite large, and we attribute this to the formation of S-free (or poor) 

Cd species at the interface (as indicated in Figure 5 and related discussion). However, even for long 

CBD times, we find Cd/S ratios of approximately 2 for both sample sets, indicating that the buffer 

material is not stoichiometric CdS. When the Cd/(S+Oa+b) ratio is calculated instead, the expected 

cation/anion ratio of approximately 1 is derived for CBD times > 2 min, suggesting that the buffer 

is better described as a Cd(O,S) like compound. The S 2s (Figure 4.6 k/l) indicate that the mixed 

phase forms without S-O (i.e., sulfate) bonds, which would be indicated by a clear peak at high 

binding energy as reported for S 2p[104]. For short CBD times, the Cd/(S+Oa+b) is still quite large 

for the CdS/CIGSeNaF+KF sample set, as was the Cd/S ratio, in agreement with the formation of 

additional Cd-Se bonds at the interface as discussed in conjunction with Figures 2 and 5. For the 
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CdS/CIGSeNaF series, the Cd/(S+Oa+b) ratio is below 1 for CBD times shorter than 2 minutes, 

indicating that the (hydr)oxide features Oa+b in the O 1s spectra are not exclusively related to Cd. 

4.3.2 Soft X-ray emission spectroscopy 

This part will focus on x-ray emission spectroscopy to directly probe the occupied local density of 

states to provide element-specific information. Se M4,5 XES and Se M2,3/S L2,3 XES spectra was 

used to identify the chemical environment of selenium and sulfur.  

4.3.2.1 Se M4,5 X-ray emission spectroscopy 

 
Figure 4.16. Background and area normalized Se M4,5 XES spectra of the CdS/CIGSeNaF (a, c) and 
CdS/CIGSeNaF+KF (b, d) sample series. 
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In order to get insight into the chemical nature of this potentially formed surface layer, we 

performed complementary Se M4,5 XES measurements. The background normalized Se M4,5 XES 

spectra of the CdS/CIGSeNaF and CdS/CIGSeNaF+KF sample sets are shown in Figure 4.3.12 a) and 

b). The sharp drop off of intensity below ~ 48.5 eV is an artifact of the measurement; the spectra 

were measured on a Rowland-circle geometry spectrometer, and the chosen energy range 

approached the edge of what was measurable. Thus, the low-energy region of the spectrum was 

recorded very inefficiently, inducing the observed drop. In reality, the shape of the spectrum in this 

region would be similar to the region ~ 152 eV in the analogous Se M2,3 spectra (Figure 4.19). 

The spectra are produced through relaxation of a Se 3d core-ionized excited state; in a simple 

picture, a (4p-like) valence electron decays into the 3d core hole, leading to emission of a photon. 

The energy-resolved spectrum of the measured photons is therefore related to the Se projected 

density of occupied states. The spectra of the bare CIGSe absorbers are similar to what was 

previously observed[33] for similarly prepared samples. For the CIGSeNaF series, the CBD process 

leads only to a decreased intensity of the XES signals without a change in spectral shape (confirmed 

by area normalized spectra in Figure 4.16c) suggesting the Se chemical environment is dominated 

by the absorber. For the CdS/CIGSeNaF+KF
 series, there is a drop in intensity and a clear change in 

spectral shape in the CBD treated samples compared to the bare absorber, but the shape of all CBD 

treated samples remains the same, corroborated by the area-normalized spectra in Figure 4.16d. 

The difference in the Se M4,5 spectra between CIGSeNaF and CIGSeNaF+KF absorbers is consistent 

with our previous observations[33] and can be explained by formation of a K-In-Se layer in the latter 

case. The CBD-induced changes in the CIGSeNaF+KF series spectra suggest that this layer is 

modified due to buffer deposition; the CdS/CIGSeNaF+KF spectra do not however simply resemble 

those of the CIGSeNaF series, suggesting that a significant quantity of a different Se-containing 

material is formed in the former case. To identify the new Se compound, we attempt to reconstruct 

the measured CdS/CIGSeNaF+KF spectra with a superposition of reference spectra of CIGSeNaF, KF-

In2Se3, and CdSe in Figure 4.17. Note that all the spectra (including reference spectra) for fitting 

are area normalized. As previously published and discussed above, the CIGSeNaF+KF spectrum can 

be modelled as a sum of the spectra of CIGSeNaF and of a KF-treated In2Se3 sample (considered as 
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being representative for the chemical structure of a K-In-Se type species) with the relative 

contributions falling between those derived from the previously published alkali-poor and alkali-

rich spectra.[38] The spectra of the CdS/CIGSeNaF+KF series can be presented as a sum of the spectra 

of the bare CIGSeNaF and a CdSe reference (see Figure 4.17). However, due to the broadness of the 

spectra, other fit models can also be successfully applied: an equally good fit can be obtained from 

a sum of bare CIGSeNaF+KF and CdSe reference spectra (see 4.18). In the CIGSeNaF + CdSe model, 

the relative contribution of the CdSe to the fit is larger than in the CIGSeNaF+KF + CdSe model. In 

conclusion, based on this analysis we cannot distinguish whether the K-In-Se type species is present 

at the CdS/CIGSeNaF+KF interface or whether it is dissolved/modified (partially or completely) in 

the chemical bath. 

However, based on the discussion around Figure 4.8, it appears that the majority of the K that is 

present at the surface of the CIGSeNaF+KF absorber is dissolved in the CBD, and is only present in 

the measurements of the CdS/CIGSeNaF+KF samples as K-O type species. In that case, the K-In-Se 

compound would no longer be present (or only present in greatly reduced quantities), and so of the 

two Se M4,5 XES fit models described above, we would favor the CIGSeNaF + CdSe model for 

representing the CdS/CIGSeNaF+KF data.  

 

 
Figure 4.17. Se M4,5 XES spectra of the CdS/CIGSeNaF+KF sample set (CBD time: 0s (a), 5 s (b), 30 s, (c), 1 
min (d), 4 min (e), and 8 min (f)) represented by a spectral sum (green) of the spectra of CIGSeNaF (red), 
KF-PDT In2Se3 (orange) and CdSe (blue). The quantified values for the spectral contributions and the 
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residuals are also shown. Furthermore, the absolute area of the spectral residuals is stated as measure for 
the goodness of the fit. 
 

 
Figure 4.18. The Se M4,5 XES spectrum of the CIGSeNaF+KF sample (a) is represented by a spectral sum 
(green) of the spectra of CIGSeNaF (red) and KF-PDT In2Se3 (orange) as shown in Figure 4.17a. The Se M4,5 

XES spectra of the CdS/CIGSeNaF+KF sample set (CBD time: 5 s (b), 30 s, (c), 1 min (d), 4 min (e), and 8 min 
(f)) is represented by a spectral sum (green) of the spectra of CIGSeNaF+KF (black) and CdSe (blue). The 
quantified values for the spectral contributions and the residuals are also shown. Furthermore, the absolute 
area of the spectral residuals is stated as measure for the goodness of the fit. 
 

The fact that the Se M4,5 XES does not show significant spectral shape changes for CBD times > 5 

s is in agreement with the formation of an In- and Se-containing interface species and an additional 

Se-free In species for CBD times ≥ 1 min. There is a slight discrepancy in the comparison, because 

as stated above (and shown in Figure 4.10) it would appear that the interface species Inb disappears 

after 30s CBD time to be replaced by Inc. However, the fit method applied to the In MNN was to 

use the minimum possible number of distinct components, and so the fit would be improved by 

including three components – Ina,b,c – in the fits for CBD of more than one minute. The uncertainty 

in the model means that it is not in contradiction with the Se M4,5 results, even more so considering 

that the Se M4,5 spectrum of In2Se3 [33] is very similar to that of CdSe (Figures 4.17 and 4.18). Thus, 

the spectral Se M4,5 fingerprint of In-Se bonds could already be accounted for in the CIGSeNaF + 

CdSe fit model shown above. 
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4.3.2.2 S L2,3 and Se M2,3 X-ray emission spectroscopy 

 
Figure 4.19. Background-normalized Se M2,3/S L2,3 XES spectra of the CdS/CIGSeNaF (a) and 
CdS/CIGSeNaF+KF (b) samples with increasing CdS-CBD time. CdS reference spectrum[19] was added for 
comparison. The spectra are shown on different magnification scales (as indicated) and are vertically offset 
to allow for easy comparison.  
 

To further characterize the chemical structure at the buried CdS/CIGSe interface and how it 

changes with different PDT, S L2,3/Se M2,3 XES were measured (see Figure 4.19). The broadness 

and low cross-section of the Se M2,3 make it less useful than the Se M4,5 as an indicator of chemical 

structure of Se, but the S L2,3 has been shown to be extremely sensitive to the valence band and 

chemical structure[105-106] of S. As in the overlapping XPS spectra in Figure 4.6 k and l, the S signal 
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intensity increases while the Se signal is attenuated as CdS thickness increases, as expected. The 

relative intensities of the S and Se related signals are influenced by a number of factors including 

fluorescence yield[107], ionization cross section, depth dependence, etc., and so the specific S/Se 

signal ratios in XPS and XES will be quite different for the same sample. 

 

 
Figure 4.20. S L2,3/Se M2,3 XES spectra of K-free CdS/CIGSe samples as a function of CBD time prepared 
based on high-temperature processed ((a), modified from ref [63]; copyright 2010 American Institute of 
Physics) and low-temperature processed ((b), compare to Figure 6a of this study) CIGSe absorber. The 
main features are labeled (i)−(iii). Spectra are normalized to equal peak height above background and 
vertically offset for clarity. Note the different magnification factors. 
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For the CIGSeNaF and CIGSeNaF+KF absorbers, the dominant emission feature is attributed to the Se 

M2,3 emission. The energy difference between the main peak and high-emission energy shoulder is 

5.7 eV, corresponding to the Se 3p doublet separation[108]. Independent of employed PDT, the S 

L2,3 spectra of samples with long CBD times closely resemble the CdS reference spectrum, which 

has been reported many times previously [63, 107], as expected based on the XPS and XAES data 

described above. The S L2,3 spectrum of CdS is composed of emission caused by S 3s→2p 

transitions, Cd 4d→S 2p transitions, and Cd 5s→S 2p transition from the upper valence band 

(UVB)[109]. For ease of comparison, all spectra were multiplied by appropriate scaling factors to be 

presented with similar intensity. While spectra are essentially identical to the CdS reference spectra 

for CBD times longer than 4 min, the samples with thinner (30s - 2 min CBD time) CdS overlayers 

are quite different. Most prominently the emission from Cd 4d→S 2p transitions seems to be almost 

entirely absent in the spectra of both the CdS/ CIGSeNaF and the CdS/CIGSeNaF+KF sample sets. In 

the past, this has been interpreted as indication that sulfur is deposited without forming S-Cd 

bonds[63, 110] or that the CdS deposited during the early stages of the CBD process has a poorly 

defined physical structure (i.e., different bond lengths and angles), which would result in a 

broadening of the Cd 4d→S 2p emission features to an extent where they disappear in the noise 

floor of the measurement[107]. 

Considering the direct comparison of the S L2,3 data of the CdS/CIGSe sample set from Ref. [63] 

(that indicates the deposition of sulfur without the formation of S-Cd bonds) with our data in Figure 

4.20. The main difference in the sample sets is the fact that the absorbers of the different series 

were prepared in different temperature regimes. While the absorbers of this study have been 

prepared at low temperatures (to facilitate the employment of flexible polyimide type substrates), 

the absorber used in the previous study was deposited at higher temperatures. In addition, for the 

low temperature processed CIGSe absorber of the current study a PDT was performed, while for 

the high temperature processed absorbers of the previous study one relied on the diffusion from the 

soda-lime glass as the sole sodium source. Nevertheless, at first sight, the spectra look very similar. 

The main features are associated with[107] (i) S 3s states, (ii) Cd 4d-derived bands (i.e., Cd 4d → S 

2p3/2, and Cd 4d → S 2p1/2 transitions, respectively), and (iii) the upper valence band (UVB). 
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However close inspection of the spectra, in particular those that represent samples with buffer 

layers that have been deposited within short (i.e., 1 and 2 min) CBD times, reveals that the Cd 4d-

derived features are differently pronounced. In the old data set, the Cd 4d-derived features are 

(almost) completely missing (for the 1 min CdS/CIGSe sample) and significantly reduced in 

intensity (for the 2 min CdS/CIGSe sample) compared to the spectra of the respective 

CdS/CIGSeNaF samples of this study. Previously, the apparent presence of S-related spectral 

intensity without the presence of the Cd 4d-derived features was interpreted as a CBD-CdS process 

induced S-deposition without the deposition of Cd / the formation of S-Cd bonds. In this particular 

case, it was concluded that (In1−xGax)ySz type interface layers between CdS and the CIGSe absorber 

is formed.[63] However, the related finding that the buffer layer contains a significant amount of 

oxygen (Figure 4.15), does not lead to the formation of sulfates as the distinct spectral signature of 

-SO4
2- bonds[111] is not observed in any S L2,3 spectra, in agreement with the XPS and XAES data.  

In order to study the impact of the different PDTs on the chemical interface structure, i.e. aiming 

at determining whether or not the chemical species formed at the CdS/CIGSe interfaces (e.g., 

species Inc in Figure 4.10b and 4.11 as well as species Cda in Figure 4.14) contain S, the S L2,3 XES 

spectra of the CdS/ CIGSeNaF and the CdS/CIGSeNaF+KF samples for short CBD times are inspected. 

To do so, the 30 s and 4 min spectra (normalized to same height) from Figure 4.19 are directly 

compared in Figure 4.21. The spectra of the 4 min CdS/CIGSe samples with different PDT are 

dominated by the spectral signature of CdS, and the spectra do not differ significantly between 

series. However, for the 30s sample, there are small differences between the CIGSeNaF and 

CIGSeNaF+KF series. Most prominent is the redistribution of spectral intensity at the maximum of 

the spectra to higher emission energies when comparing the normalized spectrum of the 30s 

CdS/CIGSeNaF+KF sample with that of the 30s CdS/CIGSeNaF sample. 
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Figure 4.21. Direct comparison of four selected Se M2,3/S L2,3 XES spectra (30s and 4 min for both series) 
and the difference between bare and 30s CdS/CIGSeNaF+KF are shown. A model "CdIn2S4" reference 
spectrum were produced by the S L2,3 spectrum of 0.5 × CdS+0.5 × In2S3. All samples were excited at hν= 
180 eV. Dashed lines are added as guides for spectral features and main features are labeled. CdS and In2S3 
reference spectra[19] was added for comparison. 

 

We attribute this to the spectrum of the 30s CdS/CIGSeNaF sample being dominated by the Se M2,3 

emission of the CIGSe absorber, while the spectrum of the 30s CdS/CIGSeNaF+KF sample shows a 

higher contribution of a CdS signature, in agreement with the discussion in conjunction with Figure 

4.7. Reasonable difference spectra can be computed using Se M2,3 contributions of up to 30% (see 

Figure 4.21). The comparison with the S L2,3 spectrum of a In2S3 reference spectrum[19] (shifted by 

-0.7 eV to align with the low-energy slope of the difference spectrum) indicates the presence of 
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additional spectral intensity between 151 and 153 eV, i.e. the region which is dominated by Cd 

4d→S 2p emission features. Considering a model "CdIn2S4" reference spectrum, which is 

constructed by adding 0.5 × S L2,3 (CdS) and 0.5 × S L2,3 (In2S3), we find a good agreement with 

the difference spectrum. The clearly identifiable Cd 4d→S 2p emission features in the "CdIn2S4" 

reference spectrum and their absence in the (noisier) difference spectrum is again attributed to a 

poorly defined physical structure. Thus, we find indications for the formation of S-Cd and S-In 

bonds at the interface of the CdS/CIGSeNaF+KF but not at the CdS/CIGSeNaF interface (or at least in 

smaller quantities). Based on our analysis of the In and Cd XPS and XAES data, we relate this Cd-

In-S containing interface compound to species Inc (see Figure 4.10b and 4.11) and to some extent 

to species Cda (see Figure 4.14). Note that the position of the related α' (In) between that of In2S3 

and In2O3 (see Figure 4.11) suggests that oxygen is also incorporated in this compound. 

Considering all the XPS, XAES, and XES results (i.e. detail spectra and affiliated species), it is 

possible to make some clear statements about the structure at the CdS/CIGSeNaF and 

CdS/CIGSeNaF+KF interface, as shown in Table 4.2  

 

Table 4.2. Interface formation of CdS/CIGSeNaF (a) and CdS/CIGSeNaF+KF (b) based on XPS, XAES and 

XES results (detail spectra and affiliated species). 

(a) CdS/CIGSeNaF Se M4,5 XES In MNN Cd MNN Se M2,3/  

S L2,3 XES 

O 1s XPS 

bare CIGSe CIGSe --- ---  

5 s CIGSe CIGSe  CdO --- Cd(O, OH) 

30 s CIGSe CIGSe CdO + CdS CIGSe Cd(O, OH) 

1 min CIGSe CIGSe CdO + CdS CdS Cd(O, OH) 

2 min CIGSe CIGSe CdO + CdS CdS Cd(O, OH) 

4 min CIGSe CIGSe CdO + CdS CdS Cd(O, OH) 

15 min --- --- CdS CdS Cd (O, OH) 

24 min --- --- CdS CdS Cd (O, OH) 

 



64 

 

(b) CdS/CIGSeNaF+KF Se M4,5 XES In MNN Cd MNN S L2,3 XES K 2p/O 1s 

bare CIGSe 

+ K-In-Se 

CIGSe 

+K-In-Se 

--- ---  

5 s CIGSe+ CdSe CIGSe + S-In? CdSe/CdO Cd-In-S K-O + Cd (O, OH) 

30 s CIGSe+ CdSe CIGSe+ S-In? CdSe/CdO + CdS Cd-In-S K-O + Cd(O, OH) 

1 min CIGSe 

+ CdSe 

CIGSe 

+ In-O 

CdSe + CdO 

+CdS 

CdS K-O +  

Cd(O, OH) 

2 min CIGSe 

+ CdSe 

CIGSe 

+ In-O 

CdSe + CdO 

+CdS 

CdS K-O +  

Cd(O, OH) 

4 min CIGSe 

+ CdSe 

CIGSe 

+ In-O 

CdSe + CdO 

+CdS 

CdS Cd(O, OH) 

8 min CIGSe 

+ CdSe 

--- CdS + CdO CdS Cd(O, OH) 

15 min --- --- CdS + CdO CdS Cd(O, OH) 

 

4.3.4 Summary 

X-ray photoelectron spectroscopy (XPS), x-ray excited Auger electron spectroscopy (XAES), and 

soft x-ray emission spectroscopy (XES) were used to investigate the impact of different alkali post-

deposition treatments (PDTs) on the chemical structure of the CdS/CIGSe interface. In order to 

identify the role of potassium in interface formation, the results on buffer/absorber samples sets 

have been compared that underwent a NaF or a NaF+KF PDT prior CdS deposition. For both 

sample sets we find – independent of PDT – the buffer layer to be best described by a Cd(O,OH,S) 

compound rather than to be a pure CdS buffer. However, while the buffer/CIGSeNaF structure is 

formed without major interfacial interaction, significant elemental redistribution involving Cd, In, 

K, S, and Se in the proximity of the buffer/CIGSeNaF+KF heterojunction is revealed. In detail, we 

suggest that a mixed Cd-In-(O,OH,S,Se) type layer with probably some Cd-In and (S,O)-Se 

composition gradients is formed in the early stages of the CBD-CdS process presumably due to 

modification/conversion of the K-In-Se layer present on the CIGSeNaF+KF surface. This interface 
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layer enables the employment of thinner CdS buffer layers and thus the reduction of parasitic 

absorption, (partly) explaining the beneficial impact of the NaF+KF PDT on corresponding solar 

cells. 

 

4.4 Impact of alkali treatments on the electronic structure of 

CdS/CIGSe interface 

This section focuses on the influence of different alkali treatments (i.e., NaF PDT and NaF+KF 

PDT) on the electronic structure (i.e., the band alignment) of CdS/CIGSe interfaces. HAXPES at 

2keV (HAXPES) was used to investigate the valence band structure.  

4.4.1 Valence band spectra 

 
Figure 4.22. HAXPES valence band spectra of the CdS/CIGSeNaF(a), CdS/CIGSeNaF+KF(b) of CIGSe 
absorbers with different CdS thickness at hν=2 keV. Panel c shows the direct comparison of selected VBM 
spectra. Linear extrapolation of the leading edges is used to determine the position of the valence band 
maxima. Label I-VII mark particular spectral regions. 

 

The impact of different alkali treatments with different CdS thickness (i.e. deposition time) on 

chemical structure are described in chapter 4.3, the PDT treatments also impact the valence band 

region and the VBM. To derive the bulk electronic structure, the valence band spectra measured at 

2 keV of all the investigated samples are shown in Figure 4.22 a and b. Linear extrapolation of the 



66 

 

leading edge is used to determine the respective VBM values for all valence band spectra. 

Measurements were performed at HIKE endstation, which is described in section 3.3.2. 

For the CdS/CIGSeNaF series, the derived VBM values are 0.51, 0.58, and 1.73 (+/- 0.10) for the 

CIGSeNaF, 5s and 15 min CdS/CIGSeNaF sample, respectively. The short CBD process (5s) leads to 

a similar VBM spectra shape suggesting the VB is dominated by the absorber, which agrees with 

our previous chemical structure results in chapter 4.3. As discussed in the previous chapter, the 1 

min CdS/CIGSeNaF sample was inadvertently scratched during sample preparation (mounting), and 

thus only 5s sample’s valence band spectrum is considered. For the CdS/CIGSeNaF+KF series, the 

VBM values are 0.59, 0.96, 0.94, and 1.69 (+/- 0.10) for the CIGSeNaF+KF, 5s, 1 min, and 15 min 

CdS/CIGSeNaF+KF sample, respectively. The obvious change in spectral shape and VBM position 

of the CBD treated samples compared to the bare absorber can be observed clearly in Figure 4.22 

b, which indicates a more complex situation compared to the CIGSeNaF samples (in agreement with 

the finding in chapter 4.3). The valence band spectra (Figure 4.22 a and b) show several different 

features (labeled I-VII), which we attribute according to the reported references [40, 70, 112-114] and 

summarize in Table 4.3. We ascribe features I−VII to (I) antibonding hybridized Se p − Cu d states, 

(II) nonbonding Se p states, (III) bonding hybridized Se p − Cu d states, (IV) In s/Ga s derived 

states, (V/VI) hybridized S 3s and S 3p states, and (VII) Se p states in KInSe2, respectively. Feature 

VII is more visible when the CIGSeNaF and CIGSeNaF+KF spectra were compared directly, as shown 

in Figure 4.22 c. All the spectra were normalized to the same height for direct comparison. For 

CIGSeNaF and CIGSeNaF+KF sample, the decrease of feature I and III is induced by Cu and Ga 

depletion and the increase of feature VII can be attributed to the existence of K-In-Se species, while 

the change of feature IV can be explained by In↑ and Ga ↓. After 5s CBD, an obvious difference 

can be observed: the VBM shifts to high binding energies compare to CIGSeNaF+KF, feature III is 

reduced, and the feature VI is increased; most properties due to the appearance of the Cd-In-S layer 

(see discussion about Figure 4.21). The most significant Cu depletion also contributes to the VBM 

shift to high binding energies (i.e. disappearance of the feature I). For thick CdS samples (15min 

CBD time), similar VBM spectra indicated similar chemical structure in agreement with our 

previous discussion in chapter 4.3. The direct comparison of the VBM spectra of our PDT samples 
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with the alkali-poor and alkali-rich data published in Ref.[50] are shown in Figure A.3.2 and A.3.3. 

While the VBM spectrum of our CIGSeNaF sample fits quite well with the data published on alkali- 

rich CIGSeNaF[50], the data of our CIGSeNaF+KF sample is very similar to the alkali-poor CIGSeNaF+KF 

data published in Ref.[50], in agreement with our discussion in conjunction with Figure 4.16. 

Table 4.3. Features attribution in Figure 4.22 

Feature Binding Energy (eV) Attribution 

I 1.65 antibonding hybridized Se p − Cu d states[114] 

II 2.8 nonbonding Se p states[114] 

III 3.8 bonding hybridized Se p − Cu d states[114] 

IV 7.0 In s/Ga s derived states[114] 

V/VI 3.0/6.0 Hybridized S 3s and S 3p states[112] 

VII 1.8 – 3.0 Se p states in KInSe2
[70] 

 

4.4.2 Interface energy level alignment 

In order to determine the energy level alignment, the band bending that occurs at the heterointerface 

due to the CdS deposition must be taken into account[115]. The valence/conduction band offset 

(VBO/CBO) can be calculated by the following formula[19]: 

VBO = VBMCdS – VBMCIGSe + IIBB    (4.3) 

CBO = CBMCdS – CBMCIGSe − IIBB    (4.4) 

The IIBB is monitored by the detected shifts in the binding energy position of related XPS lines 

(Cu 2p3/2, In3d5/2, Ga 2p3/2, Se 3d, Cd 3d3/2) in samples with intermediate CdS buffer thicknesses 

(5s and/or 1min deposition). Table 4.4 shows the derived peak center values for Cu 2p3/2, In3d5/2, 

Ga 2p3/2, Se 3d, Cd 3d3/2 of the bare CIGSePDT, 5s, 1 min (only for CIGSeNaF+KF), and 15 min 

CdS/CIGSePDT samples (data see Figure 4.6).  

For these thin (≤4min) samples, the absorber and the buffer layer core level lines can still be 

detected at the same time, for thicker CdS layers, only buffer layer signals can be detected. The 

IIBB was calculated using Kraut's method[115], which can be expressed as[19]: 

IIBB = [𝐸𝑎,𝑖
0 – 𝐸𝑎,𝑖

𝑡 ]  + [𝐸𝑏,𝑗
𝑡 – 𝐸𝑏,𝑗

𝑓
]    (4.5) 
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where 𝐸𝑎,𝑖
0  is the BE-position of an absorber-related PES line in the bare absorber; 𝐸𝑎,𝑖

𝑡  is the BE-

position of an absorber-related PES line after a CBD time t, 𝐸𝑏,𝑗
𝑡  is the BE-position of a buffer-

related PES line after a CBD deposition time t; and 𝐸𝑏,𝑗
𝑓

 is the core level position of a buffer-

related PES line after deposition of the final CdS layer. 

Table 4.4. The peak position of the respective Cu, In, Ga, Se and Cd core level lines in binding energy 
measured with hν=1253.56 keV. An error margin of ± 0.10 eV is assumed. 

Binding  

Energy 

Samples 

EB(Cu 2p3/2) 
hν=1253.56eV 

EB(In 3d3/2) 
hν=1253.56eV 

EB(Ga 2p3/2) 
hν=1253.56eV 

EB(Se 3s) 
hν=1253.56eV 

EB(Cd 3d3/2) 
hν=1253.56eV 

EB(S 2s) 
hν=1253.56eV 

CIGSeNaF 932.20 452.33 1117.74 229.32 --- --- 

5s CdS/CIGSeNaF 932.39 452.51 1117.99 229.44 412.07 225.91 

15min 

CdS/CIGSeNaF 
--- --- --- --- 412.11 226.01 

CdS/CIGSeNaF+KF 932.19 452.26 1117.83 229.11 --- --- 

5s 

CdS/CIGSeNaF+KF 
932.37 452.26 1118.10 229.01 411.87 225.93 

1min 

CdS/CIGSeNaF+KF 
932.45 452.17 1118.15 228.90 411.75 225.82 

15min 

CdS/CIGSeNaF+KF 
--- --- --- --- 412.03 225.93 

 

In total, 12 values of IIBB were computed by using combinations of the selected CIGSe and CdS 

lines for CdS/CIGSeNaF (8 values) and CdS/CIGSeNaF+KF (8 values) series, respectively. All the 

used data for this calculation are marked (bold). The complete set of IIBB values are displayed in 

Figure 4.23. Note that the only suitable absorber-related lines for CdS/CIGSeNaF+KF series were the 

Cu 2p3/2 and Ga 2p3/2, as a result of the discovered interface formation involving In, Se, Cd, and S. 

The average IIBB-values of the analysis are -0.26 ± 0.14 and -0.40 ± 0.14 for CdS/CIGSeNaF and 

CdS/CIGSeNaF+KF sample series (as denoted by the dashed line in Figure 4.23), respectively. 
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Figure 4.23 Interface-induced band bending (i.e., IIBB) as determined by combining core-level positions of 
the CIGSeNaF absorber sample, the 5s CdS/CIGSeNaF+KF sample (the “new” bare CIGSeNaF+KF sample), the 
sample with the thicker CdS (15 min) layer, and two samples with intermediate CdS layer thicknesses (5s 
CdS/CIGSeNaF and 5s/1min CdS/CIGSeNaF+KF samples). 
 

The VBO are calculated by using the formula 4.3, and are ascertained to be -0.96 ± 0.14 and -0.70 

± 0.14 eV for CdS/CIGSeNaF series and CdS/CIGSeNaF+KF series, respectively. Using reference 

(bulk) bandgap data from literature, approximate CBO are also calculated to complete the whole 

band alignment picture. Considering the bulk band gap energies of CdSe (2.3 eV[116]), CdO (2.16 

– 2.6 eV[117-118]), CdS (2.42 eV[119]), Cd(S,O) (2.29 eV[119]), CdIn2S4 (2.35 eV[120]), and Cd(OH)2 

(2.74 – 3.59 eV[118, 121-122]), i.e. components related to the identified Cd-In-(O,OH,S,Se) interface 

species, we can speculate about the energy level alignment at the Cd-In-(O,OH,S,Se)/CIGSe 

interface. For our sample series, the near-surface band gap for the CIGSeNaF sample is reported to 

be as large as 1.61 eV[40]; while the surface band gap for the CIGSeNaF+KF sample is reported to be 

2.52eV[40]. According to the chemical finding in chapter 4.3, the top layer after long CBD (≥ 15 

min) is Cd(S,O) and the optical band gap for 15 min Cd(S,O) sample is 2.29 eV[119]. For 

CdS/CIGSeNaF series, considering the conduction band maximum (CBM) data points from the 

references (1.61 eV[40] and 2.29 eV[119]), the calculated CBO edge value for CdS/CIGSeNaF series 
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is -0.28 (−0.14/+0.51) eV, as shown in Figure 4.24a. A small “cliff” like CBO can be observed at 

the CdS/CIGSeNaF interface. The band schematic for CdS/CIGSeNaF+KF is shown in Figure 4.24b. 

Note that the reported VBM value (1.10 eV[40]) for bare CIGSeNaF+KF sample is much larger than 

that (0.59 eV) of our sample, which is likely related to the different alkali amount (we have much 

less potassium than the reference). The optical band gap for 15 min CdS/ CIGSeNaF+KF sample is 

2.29 eV[119]. A significant “cliff” like CBO (-0.93 eV) appears in the approximation of the 

CdS/CIGSeNaF+KF interface, which is in conflict to the optimal CBO range for high efficiency 

CIGSe and which is reported to be 0~0.4 eV[123]. As the corresponding solar cells are working well 

and have high performance[124], this CBO approximation for the CdS/CIGSeNaF+KF interface does 

probably not represent the reality; sources of error and possible corrections are discussed below. 

Note that all the band gap values of bare PDT samples are larger than the lowest bulk value (~1.15 

eV) determined by quantum efficiency (QE) measurements[26, 40]. The band gap widening at the 

surface of high-efficiency chalcopyrite absorbers is related to a decrease in p-d interband repulsion 

related to the Cu-deficient surface composition[125] caused by formation of a Cu-free/poor phase or 

surface. 

The extensive modification of the K-In-Se layer on the CIGSe absorber and formation of a Cd-In-

(O,OH,S,Se) – type compound as discussed in chapter 4.3 would impact the energy level alignment 

at this crucial interface; after exposure to short chemical bath the CIGSeNaF+KF should be more like 

that of the bare CIGSeNaF (as the K-In-Se layer is supposed to be washed away). Therefore, we 

combine the results of bare CIGSeNaF, 5s CdS/CIGSeNaF+KF, and 15 min CdS/CIGSeNaF+KF, as 

shown in Figure 4.24c to approach the realistic picture. We estimate the band gap of the 5s CdS/ 

CIGSeNaF+KF sample to be 2.16 ~ 2.6 eV based on the related (very common) optical band gap 

values for CdS[119], CdO[117-118], CdSe[116], and CdIn2S4
[120] compounds. The band gap of the 

Cd(OH)2 species is not included since it is not the dominant contribution here (see O 1s spectra in 

Figure 4.6t). 

Considering the chemical modification/conversion after short CdS deposition, the band gap of the 

5s CdS/CIGSeNaF+KF sample is likely dominated by the Cd-In-(O,OH,S,Se) – type compound. 

Therefore, the conduction band alignment at the heterointerface would reveals a “spike” CBO with 
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the experimental uncertainty compared to that of CdS/CIGSeNaF sample series. This is much close 

to the reported electronic band alignment of high-efficiency CIGSe solar cells.[126] 
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Figure 4.24. Schematic diagram of the CdS/CIS heterointerface electronic band alignment with different 
alkali treatment (a: CdS/CIGSeNaF; b: CdS/CIGSeNaF+KF; C: CIGSeNaF and CdS/CIGSeNaF+KF). The left and 
right sides display the electronic surface band gap (as derived by HAXPES and reference) for the bare PDT 
treated CIGSe absorber and the CdS/CIGSePDT buffer, respectively. The middle shows the electronic band 
alignment after considering interface-induced band bending effects. The uncertainty VBO and CBO are 
estimated to be -0.96±0.25 eV and -0.47±0.25 eV. The reference i~iv in this figure are correspond to 40, 118, 
116, and 117, respectively. 
 

According to p-n junction band alignment simulation[123], a “cliff”-like CBO enhances interface 

recombination (e.g. the recombination between electrons in the conduction band of the buffer and 

holes in the valence band of CIGSe), especially in the presence of interface defects and/or a high 

interface recombination velocity, resulting in a significantly decreased Voc. The parameters of cells 

related to our samples (Voc: 0.696 eV for CIGSeNaF and 0.718 eV for CIGSeNaF+KF[124]) provide 

some support for the diagrams in 4.24 a and c. A thin interface layer (here represented by 5s CdS/ 

CIGSeNaF+KF) may act as a passivation layer reducing recommendation, which could explain the 

improved performance by an increased charge selectivity more efficiently repelling holes from the 

absorber. 

In order to back up this line of argumentation with experimental data, inverse photoemission 

spectroscopy measurements (in order to directly probe the conduction band minimum) should be 

performed to directly access CBM. Furthermore, in order to have direct access to the modified 



73 

 

electronic interface structure when the K-In-Se type species is converted into the Cd-In-

(O,OH,S,Se) compound, we would suggest to study CIGSeNaF+KF absorbers before and after Cd 

partial electrolyte treatments (see e.g. ref.[127], basically a CdS CBD-type process without the sulfur 

source) to mimic the early stages of the CBD process. 

4.4.3 Summary 

To conclude this section, we have used photoelectron spectroscopy with an excitation energy of 

hν=2 keV to characterize the electronic structure of CdS/CIGSe with different PDT treatment. The 

valence band offset (−0.96 and −0.70 (±0.14) eV for CdS/CIGSeNaF and CdS/CIGSeNaF+KF, 

respectively) can be observed at the CdS/CIGSe interface. At the CdS/CIGSeNaF interface, a small 

“cliff”-like conduction band offset (-0.28 (−0.14/+0.51) eV) was determined according to the 

reference band gap data. A significant CBO (-0.93 eV) was determined at the CdS/CIGSeNaF+KF 

interface, which is in conflict with working high efficiency chalcopyrite-based solar cells. 

Considering a realistic picture of the CdS/CIGSeNaF+KF (i.e. chemical change, interface band 

bending), the re-compared conduction band alignment indicating the presence of an interface layer 

reveals the formation of a passivation layer, which is in agreement with the parameters change of 

corresponding solar cells in the previous report.  
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5. Impact of alkalis on the surface structure of 
Cu(In,Ga)Se2 studied on in-system  

prepared model systems 
 

 

 

 

 

 

 

 

In this chapter, the impact of alkali (K, Rb, Cs) metal deposition and annealing on the surface 

structure of chalcopyrite-based thin-film solar cell absorbers will be discussed. Alkali treatments 

(alkali fluoride) of CIGSe absorber surfaces have gained more and more interest due to the 

beneficial impact on the device performance, but the mechanism of their influence on the chemical, 

and electronic structure is not yet fully understood, especially for the heavy alkalis (Rb, Cs). Hard 

x-ray photoelectron at the HIKE endstation BESSY II KMC-1 was used to study model alkali-

CIGSe systems prepared in-system. 

In the first part, the sample preparation, including all the treatments, will be explained and discussed. 

Second, the effect of alkali treatment on the chemical structure of those absorbers will be explored, 

separately. In particular, the influence of alkalis on the chemical surface structure is derived, 

suggesting possible chemical mechanisms. Finally, the effect on the electronic structure is 

addressed. 
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5.1 Sample preparation  

This section focuses on the study of compound formation during in-situ annealing of the 

alkali/CIGSe model system. We monitored the surface and interface structure using photoelectron 

spectroscopy with an excitation energy of h=2 keV and how it changes upon in-situ annealing in 

order to mimic the thermal input similar to PDT conditions. The bare samples (CIGSe/Mo/barrier/ 

glass) were prepared by PVcomB at the Helmholtz-Zentrum Berlin für Materialien und Energie 

GmbH by co-evaporation method. 

5.1.1 Argon treatment  

Before alkali deposition, low energy ion treatments (200 eV) were conducted to remove surface 

contaminants from the CIGSe sample, (i.e., carbon and oxygen). A high-purity argon gas was used 

to produce an ion beam which impinges on the sample surface for sample cleaning. The ion 

treatments produce an exchange of energy and momentum between the colliding ions and the atoms 

of the sample´s surface, inducing collision cascades in the sample. When recoils of the collision 

cascades reach the surface of the sample with energies greater than the energy binding the surface 

atoms (adatoms) to the material, atoms (adatoms) are ejected from the sample. The kinetic energy 

of ion treatments conducted on absorber substrates was confined to 200eV to maintain the ion beam 

energy below the sputter energy threshold to prevent damage of the sample. This can be considered 

as an ion-stimulated cleaning process rather than a classical sputter process. To ensure the complete 

cleaning of all the bare samples, three angles (45°, 90°, 135°) between sample and ion gun were 

used during the Ar+ ion treatment. For these three different angles, the treatment was performed for 

about 30 minutes for each angle. 

5.1.2 Alkali evaporation 

After sample cleaning by argon treatment, alkalis were evaporated onto the cleaned CIGSe surface. 

The evaporation times were: i) 1 h for potassium (K) evaporation, ii) 20 min for rubidium (Rb) 

evaporation, and iii) 20 min for cesium (Cs) evaporation. The release of alkali metals is controlled 

by the amount of current passed through the dispenser. 
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The whole evaporation experiment was performed in the prep-chamber between load-lock and 

analysis chamber at HIKE end station, which is shown in Figure 3.6. The evaporator was attached 

to the bottom of the prep-chamber and the distance from the getter element to the sample is about 

4 cm. Commercially alkali getter elements from SAES getter company[128] were used. The pressure 

in the prep-chamber during the evaporation process was varied between 110-8 mbar and 110-7 

mbar. A DELTA ELETRONIKA Power Supply SM 70-22 was used as current supply. The 

evaporation current in our experiments is 6.5 A for all the alkali elements. 

 

 
Figure 5.1 a) Schematic of the prep-chamber used for the evaporation experiment, b) picture of evaporator, 
c) alkali getter model[128]. 
 

5.1.3 Annealing treatment 

The annealing is carried out in the analysis chamber at HIKE end station. The heater is integrated 

into the manipulator in the analysis chamber behind the sample position. The heating rate was set 

to 5 C/min. The temperature of the treated samples was monitored by a thermocouple attached to 

the manipulator. The pressure in the analysis chamber was lower than 510-7 mbar during the entire 

annealing treatment. Each alkali treated sample was annealed at five different temperatures (100 

C, 150 C, 200 C, 250 C, 300 C) for 1h, sequentially. After the sample cooled down to around 

50C, HAXPES measurements were performed on the sample in the HIKE end station. This 

procedure was repeated for the next subsequential (higher) temperature. 
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Note that after annealing step at 250C, K/CIGS and Rb/CIGSe samples were stored in the load-

lock at EMIL for 31 and 34 days, separately, then the 300C annealing step and related HAXPES 

measurements were performed on these samples. 

 

5.2 HAXPES spectra comparison 

Figure 5.2 shows the hard X-ray photoelectron spectroscopy (HAXPES) survey spectra of the three 

alkali/CIGSe sample series with an excitation energy of hν = 2 (2.1) keV. As expected, all Cu, In, 

Ga, Se, and alkali (K, Rb, and Cs after deposition) related photoemission and Auger lines are 

present. Before alkali evaporation, the survey spectra of the bare absorbers show no big difference. 

Besides Cu, In, Ga, and Se related signals, only minor C and O related signals can be observed, 

demonstrating the effectiveness of the cleaning treatment. The spectra of the CIGSe samples with 

evaporated alkalis are shown in Figure 5.2.b, we find a decreased intensity of the absorber related 

core level lines and strong alkali signals (most prominent K 2p, Rb 3d, and Cs 3d). Two different 

excitation energies are used for the measurement of the Rb/CIGSe sample because the Rb Auger 

lines overlap with O 1s when measured with 2 keV and overlapped with In 3d signals when 

measured with 2.1 keV. The oxygen signals increase after alkali evaporation. Since the annealing 

and measurement for K and Rb at 300C were taken after a long time stored in UHV system, here 

250C samples were chosen for the comparison in Figure 5.2.c. 

A significant depletion of the Cu 2p photoemission line can be observed after annealing; detail 

spectra of Cu 2p3/2, In 4d/Ga 3d, and Se 3d are compared in Figure 5.3. Cu 2p was chosen because 

of the overlapping of Cu 3p and Cs 4d lines. After alkali evaporation, a Cu 2p attenuation is clear 

and spectra are broader especially after Rb/Cs evaporation. Figure 5.3.b shows In 4d/Ga 3d spectra. 

The shape of the spectra of the bare samples are similar, but broaden after alkali evaporation and 

annealing. For the Rb/CIGSe and Cs/CIGSe, new peaks appear at low binding energy which can 

be assigned to Rb 4p and Cs 5p. The peak located at about 16.7 eV appear for all three alkali/CIGSe 

samples and can attributed to a new In species. This In 4d contribution varies, prominently due to 

different alkali amount. The main In 4d peak shifts to high binding energy and the peak for the 

K/CIGSe is narrower than that for the Rb/CIGSe & Cs/CIGSe samples. This change of the chemical 
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environment of In is more significant for heavy alkali metals. Note that the K 3p signal (~17 eV) 

overlaps with the In 4d and Ga 3d peaks. Note that In 4d/Ga 3d intensity of the bare CIGSe absorber 

is different indicating different In/Ga surface ratios. The Se 3d spectra are displayed in Figure 5.3c. 

Similar to the In 4d/Ga 3d spectra, the shapes of the Se 3d spectra are getting broader after alkali 

evaporation and then getting narrower after annealing. The new Se contribution located at low 

binding energy is different for the different alkali elements, which is probed related to the different 

alkali amounts on the samples.  

According to these first comparison results, the respective shallow core levels and the results of 

their fit analysis are discussed in the next two sections in detail: first the findings related to the 

K/CIGSe series are addressed. Then the results on the Rb/CIGSe and Cs/CIGSe samples are 

discussed. 
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Figure 5.2. 2 keV survey spectra of bare, alkali/CIGSe, and annealed alkali/CIGSe absorbers (K: black; 
Rb: red; Cs: blue). For the spectra of the Rb/CIGSe sample, an excitation energy of 2.1 keV is used. The 
most prominent core level and Auger lines are marked.  
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Figure 5.3. HAXPES detail spectra of the (a) Cu 2p3/2, (b) In 4d/Ga 3d, (c) Se 3d regions of the bare CIGSe 
(i), alkali/CIGSe (ii), and annealed alkali/CIGSe (iii) sample series, as normalized to background intensity. 
All spectra were measured using 2/2.1 k eV excitation. Vertical offsets are added for clarity. 
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5.3 Impact of potassium treatments on the chemical structure of 

CIGSe absorbers 

5.3.1 X-ray absorption of the potassium K-edge 

This subchapter will focus on x-ray absorption spectroscopy to directly probe the unoccupied local 

density of states to provide element-specific information. X-ray absorption near-edge structure 

(XANES) spectroscopy is a synchrotron-radiation-based technique that is sensitive to oxidation 

state, coordination, and site distortion (i.e., bond lengths and angles). The features of x-ray 

absorption spectra can be correlated directly with excited states created by absorption of x-ray 

photons, accessible from the ground state by selection rules. 

 

 

Figure 5.4. (a) The X-ray absorption spectra of K K-edge of the the bare CIGSe sample (bottom), K 

evaporated CIGSe and the annealing temperature series (temperature varied between 100 and 300 C); (b) 
the spectral difference between K/CIGSe and annealing sample series, all the spectra was normalized to 
same edge jump before subtraction was performed. 
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Figure 5.1 shows the K K-edge spectra of our K/CIGSe samples. The spectra have similar features 

A (~3610 eV), B (~3612.5 eV), and C (~3618 eV), corresponding to the excitations from K 1s to 

4p[129]-based occupied states. A series of potassium K-edge XANES spectra of references samples 

with different coordination numbers were reported[130] previously. Comparison of our spectra with 

the references suggest K is 6 coordinated for our samples independent of annealing. 

Features A and C decrease with increasing annealing temperature while feature B mainly stays 

constant, which indicates the presence of two K species of which one decreases and disappears 

after 200 °C annealing. To further identify the K species, HAXPES measurement are performed 

for K/CIGSe sample series with an excitation energy of hν = 2 keV, as discuss below. 

 

5.3.2 Surface chemical structure 

 
Figure 5.5. XPS survey spectra (normalized to equal intensity at a binding energy of 0 eV) of the bare 
CIGSe sample (bottom), K/CIGSe and the annealing temperature series (temperature varied between 100 

and 300 C), recorded with an excitation energy of hν = 2 keV. All prominent photoemission and Auger 
lines are labeled. Spectra are vertically offset for clarity. "*" mark means the annealing and measurement 
at 300 °C were performed 31 days later after that of the 250 oC sample (stored in Vacuum). 
 

Following chapter 5.2, HAXPES measurements for the K/CIGSe series were performed before and 

after potassium evaporation and after each annealing step. The survey spectra of potassium treated 
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CIGSe absorber recorded with an excitation energy of h=2 keV are shown in Figure 5.5. As 

expected, all Cu, In, Ga, Se, and K photoemission and Auger lines are present. The Cu and K peaks 

decrease in intensity, and the In, Ga, and Se peaks decrease first and then increase with increasing 

annealing temperature. In addition, rather substantial C-, and O-related XPS signals increase 

significantly after K evaporation and annealing. C and O signals are attributed to a surface 

contamination layer, formed presumably by gettering of residual gas remaining in the vacuum of 

the preparation and analysis chamber of HIKE by the highly reactive (metallic) potassium. 
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Figure 5.6. HAXPES data of K/CIGSe sample series, recorded with an excitation energy of hν = 2 keV: In 
4p corrected Cu 3p (a), In 4d/Ga 3d/K 3p (b), Se 3d (c) and O 1s (d) detail spectra. The respective fits with 
Voigt profiles (doublets) and the residuals of the fits are also displayed. Note the different magnification 
factors. 

 

Figure 5.6 shows the fits of the In 4p corrected Cu 3p (a), In 4d/Ga 3d/K 3p (b), Se 3d (c) and O 1s 

(d) spectra taken at 2 keV for the K/CIGSe sample series. Details of the In 4p background correction 

procedure are shown in Appendix B.1. The doublet separations of Cu 3p, In 4d, Ga 3d, and Se 3d 

were fixed to 2.39 eV[81], 0.86 eV[82], 0.46 eV[83] and 0.83eV[84], respectively. The Cu 3p spectra 

can be fitted by one Cu species for all the samples. For other elements, more than one species is 
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required for some samples to obtain a nice fit. For the bare CIGSe absorber, the Cu 3p3/2 at 74.9 

eV, Ina 4d5/2 at 17.87 eV, Gaa 3d5/2 at 19.76 eV, Sea 3d5/2 at 54.33 eV contributions represent the 

chemical surface of the chalcopyrite absorber[131-132]. The experimental uncertainty is 0.05 eV for 

all the values. 

The Cu 3p peak shifts to high binding energy after sample annealing, but no obvious shape change 

can be observed. Figure 5.6 b shows the K 3p/In 4d/Ga 3d spectra with the respective fitting. The 

In 4d/Ga 3d gets broader after K evaporation and two additional peaks appear at low binding energy 

(Inb & Inc). In order to analyze these spectra in detail, we use the fit parameters from the In 4d/Ga 

3d spectra of the 250 °C annealed K/CIGSe sample (which has the narrowest shape and thus is 

used as a reference spectrum representing one In/Ga species) to fit the In 4d/Ga 3d/K 3p spectra of 

the K/CIGSe sample set with fixed doublet separation and coupled Lorentzian-Gaussian widths. 

Following this procedure, more than one In and Ga species is needed for all In 4d/Ga 3d/K 3p 

spectra of the K/CIGSe samples, labelled Ina, Inb, Inc, Ind, Gaa, and Gab.  

As discussed above, Ina is attributed to the chalcopyrite absorber; Inb (In 4d5/2: 17.27eV) could be 

K-In-Se or In-Se, Inc (In 4d5/2: 16.76eV) can be assigned to metallic indium[133] and decreases with 

increasing annealing temperature. After long storage time in vacuum, a fourth In peak appears after 

300 °C annealing (Ind-In 4d5/2: 18.69eV), which we ascribe to surface contamination (In-O). can 

be attributed to the In-O bonds. The melting point of In is 156.5 °C, which can explain the 

disappearance of Inc at 200 °C. The shifts and decrease of Ina and Inb after K deposition and 

annealing are attributed to chemical changes. Note that the K 3p is linked in area and position to 

the more prominent K 3s signal (EB: 33.78eV) because of the significant overlap between the In 4d 

and K 3p lines, taking into account the respective cross-section ratio[134] for the area and a fixed 

energy separation for all the spectra. Se detail fitting spectra are shown in Figure 5.6c. After K 

evaporation, a new component (Seb: 53.50 eV) can be observed at lower BE, which can be related 

to the chemical change induced by K evaporation. The attribution of this Se species is not 

immediately clear, but the binding energy agrees well with the reported data of selenides[135]. The 

main Se species shift tendency is similar to that of In in Figure 5.6b, which is an indication for a 

similar chemical environment change. 
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For a detailed analysis of the influence of alkali treatments on the chemical structure, the effect of 

surface contamination/oxidation must be discussed. Thus, O 1s spectra was fitted and shown in 

Figure 5.6 d. For the O 1s spectra, there are multiple fit contributions (Oa for the bare cleaned 

CIGSe; Oa, Ob, and Oc for K/CIGSe and annealing samples) needed for a satisfactory representation. 

Feature Oa at a binding energy of 532.05 eV (531.77 eV after K evaporation) and feature Ob at 

533.22 eV clearly indicates the presence of chemisorbed oxygen (i.e. C=O) in the samples. Feature 

Oc at 530.35 eV can be attributed to metal-oxygen bonds. 
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Figure 5.7. K 2p (a) and Cu 2p3/2 (b) HAXPES data of K/CIGSe sample series, recorded with an excitation 
energy of hν = 2 keV. The respective fits with Voigt profiles (doublets) and the residuals of the fits are also 
displayed. Note the different magnification factors. 
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Figure 5.8. Evolution of the signal intensities (a) and BE shifts (b) of the Cu 3p, In 4d (Ina, Inb), Ga 3d (Gaa), 
Se 3d (Sea, Seb), K 3p (Ka), and O 1s (Oc) XPS lines; (c) Evolution of the Ka/ Seb and (Ka+ Inb)/ Seb ratio as 
derived from the fit of the K 3p, Se 3d, and In 4d spectra, the K:Se ratio (2:1) of K2Se and the (K+In):Se 
ratio (1:1) of KInSe2 compositions are depicted in red and green, respectively; (d) (Cua)/(Cua+Ina+Gaa+Sea), 
Sea/(Cua+Ina+Gaa+Sea), and (Ina+Gaa)/(Cua+Ina+Gaa+Sea) ratios of K/CIGSe sample series as function of 
annealing temperature. The most common CIGSe-related stoichiometries ([Cu]:[In+Ga]:[Se] = 1:1:2, 1:3:5, 
and 1:5:8) for Cu, In, and Se are depicted in green, wine, and orange, respectively.  
 

The K 2p spectra with respective fitting results are shown in Figure 5.7a to identify the chemical 

structure of potassium. The doublet separation of K 2p is fixed to 2.70 eV[67]. The K 2p spectra 

after 250 °C annealing has the narrowest shape and that is used as a reference spectrum to represent 

one K species. Two K contributions (Ka and Kb) are needed to represent the K 2p spectra after K 

evaporation and low annealing temperatures, the binding energy of the Kb contributions (K 2p3/2: 

294.2 eV) is similar to the potassium oxide[52, 136]. This component decreases with increasing 

annealing temperature and disappears at 200 °C, in good agreement with the K K-edge XANES 

(Figure 5.4). Cu 2p was also used to fit to check Cu contribution and shown in Figure 5.7b, and 

each spectrum can be represented by one contribution, which is in agreement with the fit of Cu 3p 

in Figure 5.6a. 

From all the fitted Cu 3p/In 4d/Ga 3d/Se 3d/O 1s spectra, we can see all the contributions related 

to the chalcopyrite absorber (or potentially to other compounds) shifted due to the chemical 

environment change after alkali deposition. Figure 5.8 displays the intensity evolution (a), shift of 

respective core levels (b), and some composition ratios (c, d). Note the Ka and Kb (K 3p) 

contributions in Figure 5.8 a and b were calculated according to the Ka/(Ka+Kb) ratio from K 2p in 

Figure 5.7a, The K 3p area in Figure 5.6b is hard to separate into two K contributions with the weak 

K 3p signal and its significant overlap with In 4d line. 

According to the fitting results in Figure 5.6 and 5.7, the intensity tendency and core levels energy 

shift were calculated. The values of corresponding contributions (i.e. Cua, Ina, Gaa, Sea, Ka, Inb, Seb) 

were compared to detect possible relations. As shown in Figure 5.8 a, the calculated intensity of 

Ina, Sea, and Gaa components show a similar intensity evolution (i.e. all initial elements have nearly 

the same intensities for T > 150 °C), indicating they have a common chemical environment as 

discussed above. Cu is increasingly decreased with increasing annealing temperature (in 
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particular >150 °C), suggesting that Cu diffuses into the bulk of the CIGSe or the Cu-depleted 

CIGSe signal is increasingly attenuated by a formed top layer. After K evaporation, the new 

features of Inb, Seb, and Ka also show similar tendency when K/CIGSe sample was evaporated and 

annealed, again indicating that they may be affiliated to the same component. The similar tendency 

of cross section corrected Kb+Inc intensity and Oc indicates the formation of K-O and In-O bonds 

in agreement with the Kb and Inc attribution in the previous discussion. The core level's peak center 

shift is shown in Figure 5.8b. The BE shifts of the Ina, Gaa, and Sea contributions are similar. Similar 

is for Inb, Ka, and Seb, which (again) confirms this affiliation to similar chemical environment.  

As in Chapter 4, in order to evaluate the attenuation behavior of the different core levels 

independent of analyzer transmission function and IMFP, we use the intensities of absorber-related 

shallow core level signals (Cu 3p, In 4d/Ga 3d, Se 3d, and K 3p) with similar (high) kinetic energies 

to calculate the composition ratio. First, the Ka/Seb ratio was calculated in Figure 5.8c (red points), 

there is an obvious change after annealing at 250°C, which may be an artifact of the low intensity, 

and therefore high uncertainty at high annealing temperature. Ka/Seb ratio is close to 1:2 at the 

beginning, which is contrast to the 2:1 ratio expected for a K2Se compound (red line) but close to 

ratio (K/Se = 0.5) for KInSe2 compound. Considering the presence/formation of KInSe2 at the 

CIGSeNaF+KF surface has been suggested in the previous report[33] and the existence of In species 

(Inb) in our sample series, we also calculated the (Ka + Inb)/ Seb ratio to see if this In species can be 

related to KInSe2 compound, as shown in Figure 5.8c (green points). The green line (y=1) shows 

the (K+In)/Se ratio in KInSe2 compound. According to the comparison result, and so of the two 

possible K-Se models described above, we would favor the “K-In-Se” model for the affiliation of 

Ka and Seb species in our sample series.  

It should be noted, that there are many different nonuniform compositions that could explain the 

findings here. Therefore, the relative (Cua)/(Cua+Ina+Gaa+Sea), Sea/(Cua+Ina+Gaa+Sea), and 

(Ina+Sea)/(Cua+Ina+Gaa+Sea) ratios for the K/CIGSe sample series as function of annealing 

temperature are depicted in Figure 5.8d along with lines describing the expected values for different 

CIGSe-related stoichiometry. For the bare CIGSe sample in Figure 5.8d, the Cua, Ina+Gaa, and Sea 

content (open stars) approaches 1:1:2 within the experimental uncertainty. A significant change for 
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Ina+Gaa and Sea. can be observed after K evaporation, it can be attributed to the formation of K-In-

Se/metallic In (Inc) components. These ratios all stabilize to 1:3:5 when the annealing temperature 

T ≥ 150 °C, in the region where the fitting results in Figure 5.6 show disappearance of metallic In 

(Inc) and the significant Cu depletion (Figure 5.8a). Therefore, the final sample states would be 

more like a K-In-Se + Cu-poor CIGSe (Cu:In+Ga:Se = 1:3:5) mixture surface after high 

temperature annealing, which is in agreement with the surface structure of produced by standard 

NaF+KF PDT report previously.[50] 

 

5.3.3 Direct chemical structure comparison with CIGSe samples 

undergoing NaF+KF PDT 

As discussed in chapter 4 and in previous report, the surface composition of CIGSe samples after 

NaF+KF PDT treatment (CIGSeNaF+KF) shows the formation of a K-containing species[26, 29, 33]. 

Here, we compare the evaporated and annealed K/CIGSe model system to the photoemission 

measurements after NaF+KF PDT. All the spectra are shown in Figure 5.9. The spectra for the 

CIGSeNaF+KF samples were adopted from Ref. [50] and the data for the bare CIGSe, K/CIGSe, and 

K/CIGSe-250°C samples are the same as in Figure 5.6.  

In Figure 5.10, the binding energy are shifted to align the Cu 3p spectra to counter differences in 

doping level or (surface) band bending and allow a direct comparison of BE positions. As we 

observed, the Sea species are aligned for K/CIGSe and K/CIGSe-250°C samples but differ from 

that of the bare CIGSe, in keeping with our previous conclusion from Figure 5.6 that Sea species 

changes from a CIGSe absorber to K-incorporated absorber. The absolute binding energy of Sea 

(CIGSe absorber) is not same as that of Sec (CIGSe absorber), that can be induced by difference 

absorber preparation environment since the BE distance (0.70 eV) between Sea and Seb is in 

agreement with that (0.61 eV for Sec and Sed) of the CIGSeNaF+KF sample. There is a difference 

observed for In4d/Ga 3d spectra after realignment: the binding energy of Ina for bare CIGSe is 

close to the BE of Ine (K-In-Se species) of the CIGSeNaF+KF sample; considering the absorbers come 

from different sources, and have, e.g.,very different Ga/(Ga+In) ratio (Appreciable Ga 3d lines are 

only detected on the K/CIGSe sample series), chemical shift is a possible explanation for the small 
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binding energy shift. The results of the comparison are in agreement with our previous discussion 

results (K-In-Se + Cu-poor CIGSe surface) about the chemical structure of evaporated and annealed 

K/CIGSe samples, indicating that it is a valid model system for understanding KF PDT. 

 

 
Figure 5.9. The direct comparison of Cu 3p (a), Se 3d (b) and In 4d/Ga 3d (c) spectra of bare CIGSe, 
K/CIGSe, K/CIGSe-250°C, and CIGSeNaF+KF(poor) samples with respective fitting results, all the K 
evaporated and PDT samples were measure at 2 keV. The residuals of the fits are also displayed. The PDT 
sample spectra were adopted from Ref. [50]. 
 

 
Figure 5.10. Realigned Cu 3p (a), Se 3d (b) and In 4d/Ga 3d (c) spectra by aligning the Cu 3p3/2 peak center 
to be at one BE position. 
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5.4 Impact of rubidium/cesium treatments on the chemical and 

electronic structure of CIGSe absorbers 

5.4.1 Surface chemical structure 

 

 
Figure 5.11. XPS survey spectra (normalized to equal intensity at a binding energy of 0 eV) of the bare 
CIGSe sample (bottom spectra), the alkali/CIGSe samples and all different annealing steps (100, 150, 200, 

250, 300 C), recorded with an excitation energy of hν = 2 (2.1) keV. The Rb/CIGSe and Cs/CIGSe data is 
shown in panel (a) and (b), respectively. All prominent photoemission and Auger lines are labeled. Spectra 
are vertically offset for clarity. “*” mark means the annealing and measurement for Rb/CIGSe sample at 
300 oC were performed 34 days later after annealing and the measurement at 250 oC (stored in vacuum: 

1×10-8 mbar). 
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The introduction of heavy alkali elements via RbF or CsF PDT improved the solar cell properties 

and efficiency compared to the NaF and NaF+KF PDT[3] CIGSe absorbers. The chemical and 

electronic structures of CdS/CIGSeRbF were investigated by Nicoara et al.[44] and Hauschild et al.[31], 

trying to explain the impact of RbF on the properties of the CIGSe surface/interface. In order to 

systemically study the effects of Rb metal evaporation and compare to the impact of lighter alkali 

elements (Na, K), we have conducted in-situ Rb and Cs deposition on CIGSe with subsequent 

HAXPES analysis using the HIKE end-station. 

 

 
Figure 5.12. Fitted O 1s (a and b) and normalized C 1s (c and d) lines measured with excitation energies of 
hν=2(2.1) keV for Rb/CIGSe and Cs/CIGSe sample series. All the spectra are background normalized. The 
respective fits with Voigt profiles and the residuals of the fits for O 1s are also displayed. 
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Figure 5.11 shows the HAXPES survey spectra of the investigated Rb/CIGSe and Cs/CIGSe 

sample series with an excitation energy of hν = 2 (2.1) keV, separately. As expected, all Cu, In, Ga, 

Se, Rb, and Cs photoemission and some Auger lines are present. The Cu, Rb, and Cs peaks decrease 

in intensity, and the In, Ga, and Se peaks first decrease upon alkali deposition but then increase 

with increasing annealing temperature. In addition, C-, and O-related XPS signals increase after 

Rb/Cs evaporation. 

Two different excitation energies were used for the Rb/CIGSe measurement because Rb LMM 

Auger lines were found to overlap with O 1s when measured at 2 keV and overlapped with In 3d 

signals when measured with 2.1 keV. For the annealing samples from 200 oC to 300 oC, only In 3d 

was measured with an excitation energy of hν = 2.1 keV. The rest of the spectra were measured at 

2 keV. Note that the annealing and measurement of the 300 oC Rb/CIGSe was performed 34 days 

after initial characterization (samples were stored in vacuum chamber at 1×10-8 mbar), which can 

explain why we can find some different features for this sample (see discussion below). 

The O 1s (a and c) and C 1s (b and d) signals is depicted in more detail in Figure 5.12. The O 1s 

spectra for Rb at 300 oC is missing because of measurement time limitation. The “slope” at high 

binding energy can be attributed to Rb LMM Auger spectra[137]. After Rb and Cs evaporation, the 

oxygen and carbon signals increase significantly and shift compared to the bare CIGSe sample. We 

see (at least) two oxygen species for both bare CIGSe samples. Moreover, additional O 1s peaks at 

lower binding energies and C 1s peaks at higher binding energy appear after Rb and Cs evaporation, 

which can be assigned to more oxygen and carbon species. Based on the O 1s fitting results, the 

peak at 530.0 eV (Oc) originates from metal-oxygen bonds[90]. The dominant O 1s feature at about 

531.6 eV (Ob) could be assigned to ascribed to (surface)−OH[138] groups and the peak area decreases 

with increasing annealing temperature. Xu et al.[139] reported the existence of LiInO2, where O 1s 

peaks located at 531.5 eV. However, according to the reported syntheses temperature and time[139-

144] of AlkInO2 (Alk= Li, Na, K, Cs), the time (≥4 h) and the temperature (≥600 °C) are higher than 

in our experiment, which excludes the presence of AlkInO2 here. The small peak at 532 eV (Oa) is 

assigned to adsorbed oxygen species(i.e. C=O)[145]. The C 1s also consists of three regions: i) at 

binding energy of 284.4 eV that corresponded to C–C bond, ii) at 285.8 eV attributed to C–O bond, 
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and iii) the small additional peak at 289 eV [146] can be assigned to carbonates. Similar as potassium, 

the carbon and oxygen contamination could be formed by gettering residual gas remaining in the 

vacuum of the preparation and analysis chamber by the highly reactive alkali elements at the 

beamline endstation. 

In the following, a detailed investigation of the chemical structure of Rb and Cs - CIGSe absorber 

as a function of annealing temperature will be given. Since the Rb 3d and Cs 3d spectra are the 

most pronounced signals for Rb and Cs core levels, we used those spectra to identify the chemical 

structure of the Rb or Cs species. All the spectra were normalized to the same height to compare 

the shape change during the annealing process. The fitting of background normalized Rb 3d/Ga 3p 

and Cs 3d core-level HAXPES spectra (taken at 2(2.1) keV) are shown in Figure 5.13 for all CIGSe 

samples. As observed in the survey spectra, the alkali signals attenuate and shift to high binding 

energy with increasing annealing temperature. Three Rb contributions are needed to fit the Rb 3d 

spectra reasonably and one Ga species is used to represent the Ga 3p line (except for the 300 °C 

sample). An increase of Ga 3p signal at 300 oC can be observed, which might indicate a potential 

diffusion process (Note that this sample was measured 34 days after the initial study.). Considering 

the long storage time (in vacuum) and the possible contamination by oxygen and carbon in the 

transfer procedure, it could be attributed to gallium oxide. Figure 5.13 shows the Rb 3d/Ga 3p and 

Cs 3d fitting results (note the different magnification factors). The d and p lines are composed of a 

doublet, the doublet separation for Rb 3d is 1.47 eV[147] in our fitting results and 3.37 eV[148] for Ga 

3p. The third Rb (Rbc:111.25 eV) species can be attributed to rubidium oxide[149], however, the 

attribution of Rba and Rbb is not straight proceed. The tendency of Rba and Rbb (Rba decreases and 

Rbb increases with increasing temperature) probably indicates an annealing induced chemical 

change from one Rb species into another. The fitted Cs 3d5/2 core-level HAXPES spectra taken at 

2 keV for all CIGSe samples are shown in Figure 5.13b. According to the Cs 3d comparison, no 

obvious Cs 3d shape change with increasing temperature can be observed. The small Csb (Cs 3d5/2: 

726 eV) contribution can be attributed to Cs-O[150-151]. In the main Cs peak, it is hard to distinguish 

if there is only one Cs contribution or two overlapping contributions as in Rb 3d. Rb and Cs 

contributions should be similar for Rb 4p and Cs 5p in the shallow core level region (i.e. at least 
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the same species should be proceed), we use the Rb 3d and Cs 3d fit results as input parameters to 

fit Rb 4p and Cs 5p spectral regions. 

 

 
Figure 5.13. Rb 3d/Ga 3p (a) and Cs 3d (b) HAXPES data of the alkali-CIGSe sample series, recorded with 
an excitation energy of hν = 2(2.1) keV. All the spectra are background normalized. For each fit, the residual 
is shown as well. Spectra are vertically offset for clarity. Note the different magnification factors. 
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Figure 5.14. HAXPES data of alkali (Rb, Cs)-CIGSe sample series, recorded with an excitation energy of 
hν = 2(2.1) keV: Rb4p/In4d/Ga 3d (a) and Cs 5p/In4d/Ga 3d (b). The respective fits with Voigt profiles 
(doublets) and the residuals of the fits are also displayed. Note the different magnification factors. The 
fitting of the Rb4p and Cs 5p spectra are based on the Rb 3d and Cs 3d fitting results in Figure 5.13. Spectra 
are vertically offset for clarity. 
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Figure 5.14 shows the fitted In 4d/Ga 3d/Rb 4p (a) and In 4d/Ga 3d/Cs 5p (b) spectra taken at 2 

keV for the different alkali/CIGSe sample series. Note the background peak at around 13.69 ± 0.05 

eV for all the spectra was attributed to the Se 4s contribution[152] in previous report. The doublet 

separations of In 4d and Ga 3d were fixed to 0.86 eV[82] and 0.46 eV[83], respectively. For the bare 

CIGSe absorbers, the Ina 4d5/2: 17.87 and Gaa 3d5/2: 19.76 eV contributions represent the 

chalcopyrite absorber[131-132] (error bar would be 0.05 eV for all the values). The main In and Ga 

peak shifts to lower binding energy and then shifts to high binding energy after alkali evaporation 

and annealing; this is attributed to a change in chemical environment. The In 4d peak is broader 

than that of the bare CIGSe sample, which means at least one new In species forms upon alkali 

deposition.  

Two new doublets, located at lower binding energy (around 14 and 11 eV, respectively), appear 

after Rb or Cs evaporation, which can be attributed to the Rb 4p and Cs 5p, respectively. These 

contributions decrease with increasing annealing temperature, indicating interdiffusion and/or 

incorporation process. The Rb 4p and Cs 5p doublet peak fitting is based on the Rb 3d and Cs 3d 

fitting results in Figure 5.13 (i.e. three Rb 3d contributions and two Cs 3d contributions). The 

doublet separations of Rb 4p and Cs 5p were 0.85 eV[153] and 1.72 eV[154], respectively. The second 

In 4d (Inb: 17.45eV for Rb/CIGSe and 17.49eV for Cs/CIGSe) peaks at low binding energy indicate 

an indium selenide (InxSey or alk-In-Se) compound. The origin of Inc (18.48 for Rb/CIGSe and 

18.56 eV for Cs/CIGSe) are suggested to be attributed to In-O bonds[155]. Ind (In 4d5/2: 16.68eV for 

Rb/CIGSe and 16.76 eV for Cs/CIGSe) can be assigned to metallic In[133] which decreases with 

increasing annealing temperature. The melting point of metallic indium is around 156.6 °C, which 

may explain the significant chemical changes observed above this temperature. 

According to the In-species identification there should be corresponding Se components and the 

Se 3d fitting spectra are displayed in Figure 5.15. The doublet separation of Se 3d was fixed to 

0.83eV.[84] The main Se species shift tendency is similar to In in Figure 5.14, which probably 

indicates a similar change of the chemical environment. For the bare CIGSe samples, the Sea 

species (Se 3d5/2:54.26 eV for Rb/CIGSe and 54.28 eV for Cs/CIGSe) can be observed which 

agrees with Se in a chalcopyrite absorber[131-132]. A new Se species (Seb: 53.34 eV for Rb/CIGSe 
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and 53.36 eV for Cs/CIGSe) appears after Rb and Cs evaporation which decreases with increasing 

annealing temperature. The binding energy agrees well with the reported data of selenides[156-157]. 

A third species (Sec: 54.90 eV for Rb/CIGSe and 54.92 eV for Cs/CIGSe) can be observed after 

annealing at 300 °C for both sample series, which we attribute to a Se-O species. Note the different 

magnification factors in Se 3d. 

 

 
Figure 5.15. HAXPES Se 3d data of alkalis (Rb, Cs)-CIGSe sample series, recorded with an excitation 
energy of hν = 2(2.1) keV: Rb/CIGSe (a) and Cs/CIGSe (b). The respective fits with Voigt profiles (doublets) 
and the residuals of the fits are also displayed. Note the different magnification factors. Spectra are 
vertically offset for clarity. 
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Based on the fitted In 4d/Ga 3d/Se 3d spectra, we can identify the different contributions related to 

CIGSe or other compounds (In-Se and Se related compound) shifted due to the chemical 

environment change because of the appearance of alkali elements (Rb, Cs). Rb and Cs induced 

similar chemical changes according to the detail spectra comparison. Since alkali (Rb and Cs) 

evaporation rate is not exactly same for different elements, the Rb and Cs content is not the same 

even though the evaporation times are similar. From the In 4d/Rb (Cs) intensity comparison in 

Figure 5.14, Rb content is higher than Cs content. 

 

 
Figure 5.16. The respective Cu 2p spectra (a for Rb, b for Cs) and fitting results (c for Rb, d for Cs) with 
Voigt profiles, the residuals of the fits are also displayed. Note the different magnification factors. Spectra 
are vertically offset for clarity. 
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5.4.2 Detail evolution of chemical composition upon Rb/Cs deposition 

Similar to what we did in chapter 5.3, we have exclusively focused on the intensity of the shallow 

core levels Rb 4p, Cs 5p, In 4d, Ga 3d, and, Se 3d, and Cu 3p (only for Rb/CIGSe). They have 

similar low binding energies and thus comparable high kinetic energies (between 1925−1995 eV 

for 2 keV excitation energy), that reduced the error bar and any uncertainties due to the morphology 

of the investigated film. Cu 2p was chosen for Cs/CIGSe because Cu 3p signals overlap by Cs 4d 

and the Cs signal is too strong compared to Cu 3p intensity, and it is hard to extract a meaningful 

Cu 3p signal from Cs 4d peak. 

Before starting the fit detail analysis on this region, we discuss a significant broadening of the Cu 

2p spectra (see Figure 5.16 a and b) for Rb/Cs sample series, indicating the presence of more than 

one Cu species. As shown in Figure 5.16, the spectra can be represented by the sum of two 

components. The dominant peak Cua at BEs from 932.4 eV to 932.9 eV is assigned to Cu in a 

Cu(In,Ga)Se2 as previous report[158-159]. Taking the experimental uncertainty into account, the 

experimentally determined Cu 2p (Cub) peaks at 933.6 eV are in good agreement with values 

reported for Cu-O[159-161]. So only the Cua component of Cu 2p3/2 peak (located at low binding 

energy) was used for quantifications of the chalcopyrite-related species. 

The intensity tendency of all considered absorber-related, rubidium, and cesium photoemission 

lines are shown in Figure 5.17 as a function of increasing annealing temperature. Note that for 

visual clarity, the bare sample and evaporated sample are set at 0 oC and 25 oC, respectively; in 

reality both were at 25 oC. In this case, the line intensities are normalized as each peak reaches one 

for the bare absorber layer (Figure 5.17 a and b wine lines) and new peak normalized to one for 

evaporated sample without annealing (Figure 5.17 a and b orange lines). 

For the Rb/CIGSe sample series, a significant increase in Cu depletion can be observed at high 

temperature. Ina and Gaa tendency show differences up to 150 oC, and Ina is similar to Sea. We 

observe similar increases in intensity for Ina, Sea, and Gaa above 150 oC. For the Cs/CIGSe sample 

series, we observe a similar trend for Cua and Sea as well as for Ina and Gaa as for the Rb/CIGSe 

sample, the only difference is that the intensity increases of the Ina, Gaa and Sea components are 

more pronounced when T > 200 oC. The increase of the Ina/Sea/Gaa contributions and attenuation 
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of Cua contribution can be observed when T > 150 oC, suggesting the formation of a Cu-

deficient/free In-Ga-Se compound at the surface. The “new” alkali (Rba+Rbb, Csa), Inb and Seb 

signals decline at a similar rate after annealing in Figure 5.17 a and b, suggesting the existence of 

a Rb-(In)-Se and a Cs-(In)-Se compound, that degrades upon annealing. Note that the attribution 

of Inb is still not completely clear, as its intensity trend diverges from the Seb at some points and 

needs more evidence to prove. 
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Figure 5.17. (a) and (b): Evolution of the signal intensities of the Cu 3p (Cua), In 4d (Ina), Ga 3d (Gaa), Se 
3d (Sea), Rb 4p (Rba), Cs 5p (Csa) and Se 3d (Seb) XPS lines; (c) and (d) BE shift of the Rb/CIGSe and 
Cs/CIGSe sets with increasing annealing temperature.  
 

The binding energy shifts were calculated according the fitting results in Figure 5.14-5.16. Figure 

5.17 c and d display shift values of respective alkali and absorber related elements with increasing 

annealing temperature. Cu always behaves differently (i.e. shifted to higher binding energies) at 

low annealing temperature compared to other elements. Note that the Cu 2p signal has a 

significantly lower IMFP and is the most surface sensitive measurement, which may have some 

impact. The magnitude of the Ina/Gaa/Sea shifts in Figure 5.17 c and d differ, but the tendency is 

similar. Different values could be induced by the complicated and varying chemical environment 

including the different amount of Rb and Cs. We also find Inb/Seb (Rb) and Csa/Seb (Cs) show quite 

similar shift tendency with increasing annealing temperature, but it is still hard to specify the 

compound. Since O 1s XPS position (Oc) for In-O (Figure 5.14), Cu-O (Figure 5.16), Rb-O and 

Cs-O (Figure 5.14), Ga-O (Figure 5.14, 300 oC), Se-O (Figure 5.15 a, 300 oC) is hard to 

distinguish[90, 162], therefore the normalized intensity tendency of Rbc, Inc, Cub, and Rbc+Inc+Cub 

(from cross section corrected background normalized Rb 4p, In 4d, and Cu 3p spectra) and Oc 

(metal-oxide) species are compared in Figure 5.18a. Apparently, only Cu tendency is same/similar 

as Oc, the significant change of Inc and Rbc at 200 oC can be attributed to the disappear of metallic 

In and/or the phase transition. The tendency of Rbc+Inc+Cu and Oc show a similar situation within 

experimental uncertainty, indicating the attribution of Inc, Rbc, Cub and Oc are possibly related. 

Cua/Cub (Cu 3p) area was calculated based on the Cu 2p fitting results in Figure 5.16 for 

composition calculation. By assumption of Cub and Inc were attributed to CuO and In2O3 (most 

stable Cu-O and In-O compounds), taking the IMFP, the respective photoionization cross section, 

and transmission function into account, the Rbc /(Oc − OIn-c − OCu-b) ratio are estimated to around 

1:2, which is close to the RbO2. These results confirmed our previous Rbc, Inc, and Cub attribution. 

Overall, the Cu 2p, Se 3d, In 4d, Ga 3d, O 1s, and Rb 4p/Cs 5p intensity behaviors suggest a 

“redistribution” of the former elements at the alkalis (Rb, Cs)/CIGSe surface/interface. The 

explanation could be alkali (Rb, Cs)-induced formation of intermixed interfaces, as will be 

discussed below. 
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Figure. 5.18. Evolution of the intensity tendency of (Rbc+Inc+Cub) and Oc, the ratios of Rbc/(Oc−OIn-c+OCu-

b), Rba/Seb, (Rba+Inb)/Seb, (Rba+Rbb)/Seb, Csa/Seb, and (Csa+Inb)/Seb, as derived from the fit of the Rb 4p, 
In 4d, Cu 3p, O 1s, Cs 5p and Se 3d line as function of annealing temperature. 
 

To clarify the attribution of alkalis (Rba/Rbb/Csa), Inb and Seb, HAXPES-derived (Rba, Rba+Rbb, 

Rba+Inb, Csa, Csa+Inb): Seb ratio is determined within error bar for all samples as a function of 

annealing temperature and shown in Figure 5.18c. The Rb 4p (Rba, Rba+Rbb), Rba 4p/In 4d 

(Rba+Inb), Cs 5p (Csa), Csa 5p/In 4d (Csa+Inb), and Se 3d (Seb) signal intensities are related to the 

relative quantity of the element and corrected by the respective photoionization cross-section for 
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2(2.1) keV excitation energy. Appendix B.2 displays the cross-sections used for the quantification 

of the data collected with the respective excitation energy according to Ref.[68, 134]. 

As shown in Figure 5.18c, (Rba+Rbb)/Seb ratio and Csa/Seb ratios have very similar changes with 

different annealing temperature, which could indicate that the Cs could similarly have two Cs 

components in HAXPES spectra which overlap. The Rba/Seb ratio is below 2:1 and beyond 1:1 at 

low temperature (T ≤ 100 °C), indicating the Seb could be Rb2Se and/or Rb-(In)-Se for Rb/CIGSe 

sample series. At high temperature (T ≥ 150 °C), the decrease of Rba/Seb could be induced by the 

phase transformation (e.g. the incorporation of the melted metallic In) and its incorporation into 

the chemical reaction. The Rba/Seb ratio close to 1:2 (~ Rb/Se ratio in RbInSe2) above 150 °C, 

which is an indication that a Rb-In-Se layer may be formed. However, the small change of 

(Rba+Inb)/Seb compared to Rba/Seb ratio indicated the compound would be quite In-poor (if Inb is 

the associated species), but the stoichiometry change at 250 °C is more reasonable (the data point 

change with/without Inb).  

As with alkali/selenide ratio, the photoemission data (Figure 5.14 and Cu 3p peak from bare CIGSe 

absorber) of the respective shallow core levels and respective cross sections (Figure Appendix B.2) 

are used to derive the relative ratio as a function of increasing annealing temperature, displayed in 

Figure 5.19. Here, Cu 3p (only for Rb/CIGSe sample series and bare CIGSe absorber for Cs/CIGSe) 

was chosen to avoid the experimental uncertainty induced by transmission function and IMFP. The 

Cu 3p and In 4p peak are close together, so the In 4p signal needs to be subtracted before Cu 3p 

signal was fitted. The details of the subtraction and related explanation are shown in Appendix B.3. 

After In 4p subtraction, Cu 3p fitting results for Rb/CIGSe series are shown in Figure Appendix 

B.4. It is known that the Cs 4d and Cu 3p signals overlap, and the Cs signal is much stronger than 

Cu, thereby we only use Cs 5p signal for detail composition calculation. (Cu almost disappears as 

shown in Figure 5.16 a and b, especially after higher temperature annealing). Large error bars were 

added for three annealing points, since Seb and Cu signal still exist at this point (for Cs). 

For the bare absorber, the stoichiometry of Cua:(Ina+Gaa):Sea for both series is close to 1:1:2. After 

Rb and Cs evaporation, there are significant changes to the Cu and Se content due to Cu depletion 

and potential chemical reactions, but Ina+Gaa keep mostly constant for all the samples. After 
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continued annealing (≥250 °C), the stoichiometry of (Rbb+Cua):(Ina+Gaa):Sea1:1:2 (violet points 

for Cua+Alk and dark yellow points for Sea in Figure 5.19 a and c; olive points for Ina+Gaa in Figure 

5.19 b and d), which in agreement with the nominal Cu:(In+Ga):Se=1:1:2 stoichiometry. This also 

suggests that part of Rb (Rbb) occupies Cu vacancies after Rb evaporation. All these results suggest 

formation of (Rb,Cu)(In,Ga)Se2+Rb-(In)-Se after high temperature annealing. 

 

 
Figure. 5.19. Evolution of (Cua+Alk)/(Alk+Cua+Ina+Gaa+Sea), (Sea)/(Alk+Cua+Ina+Gaa+Sea), and (Ina+Gaa) 
/(Cua+Alk+Ina+Gaa+Sea) (Alk=Rbb, Csa) ratios of bare CIGSe, evaporated and annealed Rb/CIGSe (a and 
b) and Cs/CIGSe (c and d) samples, taken with 2(2.1) keV excitation.  
 

(Csa+Cua):(Ina+Gaa):Sea tends towards 1:3:5 (Figure 5.19 c and d) after 250/300C annealing. That 

means a Cu-deficient surface for Cs/CIGSe samples compared to the nominal 1:1:2 stoichiometry. 
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However, the possible Cs overlapping (Csa could be two Cs contributions) could change the 

calculation results. Note that these differences (e.g., 1:1:2 and 1:3:5 stoichiometry) could be 

impacted by experimental uncertainty.  

Until now we know alkalis-(indium)-selenide, metallic indium, copper oxide, indium oxide, 

rubidium superoxide and cesium (super)oxide appeared after Rb/Cs evaporation (with no additional 

heating). Ga-O formation at 300°C can be attributed to oxygen contamination after long storage 

time and contamination during transport procedure. For formation of metallic indium and alkali (K, 

Rb, Cs) selenides upon alkali evaporation, the possible chemical processes at the absorber surface 

can be described by equation 1-5[163] (Alk=K, Rb, Cs): 

𝑰𝒏𝟑+ + 𝟑𝑨𝒍𝒌 → 𝑰𝒏 + 𝟑𝑨𝒍𝒌+       (1) 

𝑪𝒖+ + 𝑨𝒍𝒌 → 𝑪𝒖 + 𝑨𝒍𝒌+       (2) 

𝟐𝑨𝒍𝒌+ + 𝑺𝒆𝟐− → 𝑨𝒍𝒌𝟐𝑺𝒆       (3) 

𝟒𝑰𝒏 + 𝟑𝑶𝟐 → 𝟐𝑰𝒏𝟐𝑶𝟑       (4) 

𝟐𝑪𝒖 + 𝑶𝟐 → 𝟐𝑪𝒖𝑶       (5) 

Alkalis (K, Rb, Cs) act as a reducing agent in this process and reduced In3+ to In metal. Then part 

of In/K/Rb/Cs/Cu metal was oxidized: even though all the evaporation process and measurement 

were performed in vacuum chamber; oxygen and carbon contamination still cannot be prevented. 

The metallic indium melts at around 150 °C, which may trigger formation of the non-uniform Alk-

In-Se phase transformation by:  

𝑨𝒍𝒌𝟐𝐒𝐞 + 𝑰𝒏 → 𝑨𝒍𝒌 − 𝑰𝒏 − 𝑺𝒆       (6) 

From HAXPES and calculation results, the disappearance of metallic indium and increase of 

Ina/Gaa/Sea intensity at about 250 oC are strong indications for the phase transition from Alk-(In)-

Se and CIGSe mixture.  

To finalize the composition the ratios, [Ga]/([In]+[Ga]) (GGI) and [Cu]/([Ga]+[In]) (CGI) are 

derived and summarized in Figure 5.20 for Alk/CIGSe with increasing annealing temperature. The 

GGI and CGI ratios were determined by HAXPES fitting results in Figure 5.14, Figure 5.15, and 

respective cross sections in Appendix B.2. Figure 5.20a display a continuous Cu depletion for 

Rb/CIGSe series. The difference with NaF+KF PDT[33] is that no Ga depletion appears to be 





110 

 

In-O bonds, the HAXPES results explained an mixed Alk-(In)-Se and CIGSe material formed in 

the proximity of the Alk/CIGSe surface. A schematic presentation of the suggested Alk (Rb, 

Cs)/CIGSe surface/interface structure is depicted in Figure 5. 21. 

 

5.4.3 Direct chemical structure comparison with RbF-PDT CIGSe 

(CIGSeRbF) samples 

 
Figure 5.22. The direct comparison of Cu 3p (a), Se 3d (b) and In 4d/Ga 3d (c) spectra of bare CIGSe, 
Rb/CIGSe, Rb/CIGSe-250°C, CIGSeNaF(PDT with NaF), CIGSeNaF+RbF std(CIGSe with NaF + standard RbF 
PDT), and CIGSeNaF+RbF inc(CIGSe with NaF + increased RbF) samples with respective fitting results, all 
the Rb evaporated samples were measure at 2 keV and PDT samples were measured at 2.11 keV. The 
residuals of the fits are also displayed. 
 

For further chemical structure verification the effects of Rb metal deposition and successive 

annealing impact on CIGSe absorber layer, we compared all the core levels spectra (i.e. Cu 3p/In 
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4d/Ga3d/Se 3d) of Rb/CIGSe (bare CIGSe, Rb/CIGSe, and Rb/CIGSe-250°C) with alkali PDT 

CIGSe (CIGSeNaF, CIGSeNaF+RbF std, and CIGSe NaF+RbF inc) in Figure 5.22, all the PDT spectra are 

adopted from Ref.[164]. The Sec and Ine at high binding energy represent the chalcopyrite absorber, 

the Sed and Inf at low binding energy can be attributed to Rb-In-Se type species[164]. The binding 

energy of Inc species are in agreement with the equivalent binding energies of In-O. 

 

 
Figure 5.23. The realignment of Se 3d (a) and In 4d/Ga 3d (b) spectra of bare CIGSe, Rb/CIGSe, Rb/CIGSe-
250°C, CIGSeNaF, CIGSeNaF+RbF std, and CIGSeNaF+RbF inc samples according to the shift energy values based 
on values in Figure 5.22a. 
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We use the bare CIGSe as a standard, and all the peak center values relative to this peak center are 

labelled in Figure 5.22a. It is observed that there is an additional species in Se 3d spectra for all 

Rb-containing samples compared to that of CIGSeNaF sample which we attribute to Rb-In-Se 

species, which is also observed for In 4d/Ga 3d spectra in Figure 5.22b (Note that despite the 

different notation in Figure 5.22, it could be the same contribution). The doublet separation of Cu 

3p, Se 3d, and In 4d/Ga 3d are the same for the fitting of both sample series. To identify and 

compare the detail contribution, we realigned the binding energy scales according to the energy 

difference in Figure 5.22a (i.e. all the Cu 3p peaks are aligned with that of the bare CIGSe absorber), 

as shown in Figure 5.23. As the detailed discussion about Figure 5.14 and Figure 5.15, the Ina and 

Sea species before and after high temperature annealing are not exactly the same contribution: for 

bare sample and 250 °C, that is CIGSe absorber and (Rb,Cu)(In,Ga)Se compound, respectively. 

After realignment, it observed that the BE of Sea for bare CIGSe and Sec for CIGSeNaF are almost 

the same, the Sed for CIGSeNaF+RbF and Sea for Rb evaporated and annealed CIGSe sample are 

located at same line. Thus, we can attribute that to the same Se contribution, likely CIGSe absorber 

with Rb incorporation. All the comparison results confirmed our previous discussion results about 

the chemical structure of evaporated and annealed Rb/CIGSe samples. We don’t have a detailed 

investigation of CsF PDT samples, so only the chemical structure of NaF+RbF PDT and Rb/CIGSe 

are compared.  

The surface chemical structure after K/CIGSe at high temperature annealing is K-In-Se + CIGSe 

(1:3:5), while Rb-(In)-Se +(Rb,Cu)(In,Ga)Se (1:1:2) for Rb/CIGSe. The explanation could be 

K(In,Ga)Se2 (if exist) are overlapped with CIGSe ,but also could be induced by different alkali 

contents (Rb content is much higher than K for the alkali evaporation samples). 

 

5.5 Electronic structure of alkali/CIGSe (Alkali= K, Rb, Cs) and direct 

comparison with PDT CIGSe samples 

To analyze the impact of the chemical change on the electronic structure, we now focus on the 

valence band maximum measurements. Alkali treated CIGSe samples showed similar changes, and 

the valence band spectra with linear approximations of the leading edges are shown in Figure 5.24. 
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The valence band spectra show six distinct main features (labeled I−VI). According to Ref.[40, 

114] ,feature I and III presents the antibonding and bonding hybridized Se p − Cu d states, Region II 

can be ascribed to nonbonding Se p states and region IV is attributed to the In s/Ga s derived states. 

Similar feature change can be observed with alkalis evaporation and subsequent annealing. 

 

 
Figure 5.24. HAXPES derived valence band spectra of K/CIGSe(a), Rb/CIGSe(b), and Cs/CIGSe(c) 
absorbers recorded with excitation energies hν = 2(2.1) keV. Linear approximation of the leading edges is 

used to determine the position of the valence band maxima. The error bar for VBM is 0.1 eV. 
 

After alkali (K, Rb, Cs) evaporation, there are significant changes in the shapes of the valence band 

spectra. The new “bump” near 0 eV after alkali evaporation can be assigned to a Fermi edge of 

metallic indium. It disappears after annealing (200 oC) which agrees with the core levels in Figure 



114 

 

5.6 and 5.14. The decrease of feature I and III can be ascribed to Cu depletion and the presence of 

Alk-(In)-Se layer, the shift and decrease of feature IV can be explained by the metallic In and Ga 

attenuation at the interface and a corresponding change in the In s/Ga s derived states. No obvious 

change was observed for Feature II. In the subsequent annealing from 100 C to 300 C, the 

increase of feature IV also indicates the return of In s-Ga s derived states. The overall spectral 

contributions to the valence band are quite similar after alkalis evaporation, with the exception of 

the band edge positions toward higher binding energy. 

The band gaps for AlkxInySez (Alk=K, Rb, Cs; x=1 or 2, y=0 or 1; z=1 or 2) compounds have been 

calculated to be around 22.5 eV[31, 45, 165-167], and the band gaps of Alk2Se compounds are close to 

the band gaps of AlkInSe2 compounds. A linear approximation of the leading edge was used to 

derive values for the valence band maximum (VBM) from all valence band spectra. The bare 

absorber shows a VBM of 0.49/0.54/0.48 eV for the absorbers, respectively, which is close to 

reported CIGSe absorber layer within the experimental uncertainty[40]. After alkali evaporation and 

high temperature (250 °C) annealing, the VBM increase to 0.95/1.29/1.160.10 eV for K/CIGSe, 

Rb/CIGSe, and Cs/CIGSe, respectively. 
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Figure 5.25. The direct comparison of VBM spectra of bare CIGSe, K/CIGSe and CIGSeNaF+KF(a); bare 
CIGSe, Rb/CIGSe-250°C, CIGSeNaF+RbF std, and CIGSeNaF+RbF inc samples (b). Note that all the Rb 
evaporated samples were measure at 2 keV and PDT samples were measured at 2.11 keV. 
 

In order to compare the impact of the different PDTs on the electronic structure, the direct valence 

band spectra for alkali/CIGSe (alk=Rb, Cs) and CIGSe absorber with PDTs (NaF+KF PDT and 

NaF+RbF PDT) are shown in Figure 5.25. The VBM values for K/CIGSe after 250 °C annealing 

are close to the NaF+KF PDT[40] within the experimental uncertainty, which indicate a same/similar 

final state. Similar comparison for Rb treated CIGSe samples are shown in Figure 5.25b. The VBM 

value (1.29eV) for Rb/CIGSe sample is much bigger than that of the NaF+RbF treated CIGSe 

absorber (0.54/0.61 eV), which is also bigger than that (0.99 eV) of RbF/CIGSe absorber in the 

previous report[31], the difference can be attributed to different Rb content, different amounts of Rb-

In-Se, and/or different CIGSe absorber since all these absorber samples are prepared by different 

institutes. 

As we did for the chemical structure comparison in chapter 5.3.3 (for K) and 5.4.3 (for Rb), we did 

same realignment for the VBM spectra, as shown in Appendix B.5. All the features have 

same/similar binding energies after the realignment according to Cu 3p, which is agree with the 

finding of (Alk-(In)-Se + (alk incorporated) absorber) in chapter 5.4. 

5.6 Summary 

Alkali (K, Rb, Cs) evaporation and annealing induced changes of the chemical and electronic 

structure of CIGSe absorber surface films have been revealed by detailed HAXPES measurements 

on in-system prepared model systems. We find a redistribution of K/Rb/Cs, Se, In and O in the 

proximity of the CIGS interface during interface formation and annealing process. 

For Alk/CIGSe (Alk= K, Rb, Cs) sample series, the evolution of the detail spectra with increasing 

annealing temperature suggests that a Alk-(In)-Se, CuO, and In-O compound forms on the near-

surface of K/CIGSe and converted to Alk-(In)-Se + Cu(In, Ga)Se surface after high temperature 

annealing (T ≥ 200°C). The impact of heavy alkali metal (Rb, Cs) on the CIGSe surface are shown 

similar change as K treated sample series. The observed decreasing Rb or Cs and respective Se 

contributions with increase annealing temperature, the Alk/Se and detail ratio calculation results 
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provide evidence for the formation of a Alk-(In)-Se and (Alk,Cu)(In,Ga)Se mixed structure. The 

presence of a Alk-(In)-Se on top of the alk/CIGSe absorber results in a completely modified 

electronic surface structure. 
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6. Conclusion and Outlook 

 

 

For chalcopyrite-based thin film solar cell absorbers (Cu(In,Ga)Se2), the impact of different alkali 

post-deposition treatments (NaF PDT and NaF+KF PDT) on the chemical structure of the 

CdS/CIGSe interface was studied using lab-based and synchrotron-based photoelectron 

spectroscopy. In order to identify the role of potassium in interface formation, the results on 

buffer/absorber samples sets have been compared that underwent a NaF or a NaF+KF PDT prior 

CdS deposition. For both sample sets we find – independent of PDT – the buffer layer to be best 

described by a Cd(O,OH,S) compound rather than to be a pure CdS buffer. However, while the 

buffer/CIGSeNaF structure is formed without major interfacial interaction, significant elemental 

redistribution involving Cd, In, K, S, and Se in the proximity of the buffer/CIGSeNaF+KF 

heterojunction is revealed.  

When the CdS/CIGSeNaF interface is formed, Cd and S are both present for even the shortest CBD 

times, Cd-S and Cd-O bonds are formed in the early stages of CBD, the Se chemical environment 

does not change, the In chemical environment does not change, and for long CBD times the buffer 

grows as a Cd(O,OH,S)-like compound. The CdS/CIGSeNaF+KF interface structure is more complex, 

and the interpretation of the results is more ambiguous. When the interface is formed, Cd is initially 

present in much larger quantities than is S for the shortest CBD times, the Se chemical environment 

changes immediately upon CBD but appears stable thereafter indicating the formation of Cd-Se 

bonds at the interface. In is initially (i.e. for the bare CIGSeNaF+KF absorber) found in two distinct 

chemical environments (assumed to be of Cu-In-Se and K-In-Se type). Upon CBD a change of the 

chemical environment of In throughout the first minute of CBD can be observed, attributed to the 
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formation of among others In-O bonds for CBD times of 1, 2, and 4 min. The deposited Cd is 

initially (i.e., for the 5 s sample) a single species which might be best described by a CdSe-like 

species. Between 30s and 4 min, two Cd species can be identified; one which gradually transforms 

from CdSe-like to CdO-like and the other one being representative for the thick Cd(O,OH,S)-like 

buffer compound. From the perspective of the sulfur, there is some evidence of the formation of S-

In (in addition to formed S-Cd) bonds at the interface. In summary, the first stages (5s, 30s) of 

interface formation may be dominated by the growth of a Cd-In-(O,OH,S,Se) species with probably 

some Cd-In and (S,O)-Se composition gradient resulting in an In- and Se- rich composition close 

to the absorber, possibly formed due to modification/conversion of the existing K-In-Se layer and 

a Cd- and S,O-rich composition away from the absorber.  

The electronic structure (i.e., the position of VBM) and the impact of the different alkali post-

deposition treatments were studied HAXPES measurement. For the CdS/CIGSeNaF series, the 

derived VBM values are 0.51, 0.58, and 1.73 (+/- 0.10) for the CIGSeNaF, 5s and 15 min 

CdS/CIGSeNaF sample, respectively. The similar VBM spectra shape at short CBD process (5s) 

suggesting the VB is dominated by the absorber, which agrees with our previous chemical structure 

results. For the CdS/CIGSeNaF+KF series, the VBM values are 0.59, 0.96, 0.94, and 1.69 (+/- 0.10) 

for the CIGSeNaF+KF, 5s, 1 min, and 15 min CdS/CIGSeNaF+KF sample, respectively. The calculated 

VBO are −0.96 and −0.70 (±0.14) eV while the determined CBO are −0.28 (±0.14/0.51) and −0.93 

(±0.14/0.51) eV for CdS/CIGSeNaF and CdS/CIGSeNaF+KF, respectively. However, the big CBO for 

CdS/CIGSeNaF+KF is in conflict with working chalcopyrite-based solar cells. Taking the formation 

of an interface species after the CBD-CdS process on CIGSeNaF+KF into account, the electronic 

structure brought into agreement with the simulation for high efficiency chalcopyrite-based solar 

cells if this interface layer is as passivation layer. 

The chemical and electronic structure of alkali (K, Rb, Cs) treated surface CIGSe absorber during 

in-situ annealing (to mimic the thermal input similar to PDT) using photoelectron spectroscopy is 

monitored with an excitation energy of h=2 (2.1) keV. For Alk/CIGSe (Alk=K, Rb, Cs) series, 

we find a redistribution of Alk, Se, In, Cu and O in the proximity of the CIGSe surface upon alkali 

metal evaporation and subsequent annealing. After K evaporation, three new In species (Inb ~ K-
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In-Se species, Inc ~ In-O, and Ind ~ metallic In), one new Se species (Seb ~ K-In-Se species), and 

two K species (Ka ~ K-In-Se species and Kb ~ K-O species). The K-O and metallic In disappear 

when T ≥ 150 °C. The detail evolution of chemical contribution supports the formation of a K-In-

Se and Cu-poor CIGSe (1:3:5) surface structure, which is agree with the “real” PDT sample finding 

in the previous report. Heavy alkali treatments (Rb, Cs) show similar chemical information as 

potassium evaporation: similar chemical changes (i.e. metallic In, In-O, and alkali-O) are observed, 

the Alk/Se ratio and related detail calculation results provide direct evidence for the formation of a 

Alk-(In)-Se, However, the difference with K/CIGSe would be (Cu,Rb)(In,Ga)Se2 but not CIGSe 

(1:3:5), which could be induced by different alkali content and/or the possible overlapping between 

CIGSe and (Cu,K)(In,Ga)Se2 in the HAXPES spectra. 

The electronic structures for all the alkali/CIGSe (K,Rb,Cs) are compared and the determined VBM 

values are 0.95, 1.29, 1.16 eV (±0.1 eV) for high temperature annealed K/CIGSe, Rb/CIGSe, and 

Cs/CIGSe, respectively. which are similar with that of (NaF+KF PDT) and different with the 

NaF+RbF PDT. The difference between alkali/CIGSe and the “real” PDT samples could be 

attributed to different amounts of alkalis being present on the CIGSe absorber surface. 

All these results based on alkali treated CIGSe study (PDTs, alkali evaporation and subsequent 

annealing treatment) on the chemical and electronic structure provide some insights into the 

mechanism for underlying the formation of the alkali/CIGSe surface. The gained detailed 

understanding paves the way to deliberately facilitate the generation of a surface structure that 

enables the in-situ formation of a high-quality interface during the induction period of a chemical 

bath process and fully exploit it as novel approach of forming high-quality interfaces in solar cells 

and other energy conversion devices. 
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Appendix  

 

A.1. Direct In MNN spectra comparison  

 
Figure A.1.1. The normalized and shifted In MNN spectra of CIGSeNaF (black) and CIGSeNaF+KF (red) 
samples, measured with an excitation energy of 1253.56 eV (Mg Kα). 
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A.2. Cu 3p background correction 

 

 
Figure A.2.1. The In 4p background correction approach for the Cu 3p line using the respectively scaled 
and shifted In 4d line of the KF-PDT In2Se3 reference spectrum employed to the data set of the 
CdS/CIGSeNaF sample series (CBD time: 0s (a), 5 s (b), 30 s, (c), 1 min (d), 2 min (e), 4 min (f) 15 min (g), 
and 24 min (h)), measured with an excitation energy of 1253.56 eV (Mg Kα). The as-measured spectra are 
shown in black, individually shifted and scaled references spectra in red, and the green spectra correspond 
to the resulting difference used for Cd 4p background. 
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Figure A.2.2. The In 4p background correction approach for the Cu 3p line using the respectively scaled 
and shifted In 4d line of the KF-PDT In2Se3 reference spectrum employed to the data set of the 
CdS/CIGSeNaF+KF sample series (CBD time: 0s (a), 5 s (b), 30 s, (c), 1 min (d), 2 min (e), 4 min (f) 8 min (g), 
and 15 min (h)), measured with an excitation energy of 1253.56 eV (Mg Kα). The as-measured spectra are 
shown in black, individually shifted and scaled references spectra in red, and the green spectra correspond 
to the resulting difference used for Cd 4p background correction. 
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Figure A.2.3. The Cd 4p background correction approach for the Cu 3p line using the respectively scaled 
and shifted Cd 4d line of the 24 min CdS/CIGSeNaF sample employed to the whole data set (CBD time: 0s 
(a), 5 s (b), 30 s, (c), 1 min (d), 2 min (e), 4 min (f) 15 min (g), and 24 min (h)), measured with an excitation 
energy of 1253.56 eV (Mg Kα). The In 4p-corrected spectra are shown in green, individually shifted and 
scaled references spectra in wine, and the orange spectra correspond to the resulting difference used for 
further data evaluation. 
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Figure A.2.4. The Cd 4p background correction approach for the Cu 3p line using the respectively scaled 
and shifted Cd 4d line of the 15 min CdS/CIGSeNaF+KF sample employed to the whole data set (CBD time: 
0s (a), 5 s (b), 30 s, (c), 1 min (d), 2 min (e), 4 min (f) 8 min (g), and 15 min (h)), measured with an excitation 
energy of 1253.56 eV (Mg Kα). The In 4p-corrected spectra are shown in green, individually shifted and 
scaled references spectra in navy, and the orange spectra correspond to the resulting difference used for 
further data evaluation. 
 

Figures A.2.1-A.2.4 visualize the Cu 3p background correction, subtracting (1) a properly shifted 

and scaled KF-PDT In2Se3 reference spectrum and (2) a properly shifted and scaled CdS reference 

spectrum (i.e., the spectrum of the thickest CdS sample of the respective sample series) to account 
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for the broad In 4p and Cd 4p background (between 80 and 60 eV) that overlaps with the Cu 3p 

signal, respectively. For the proper energy shift and scaling factor for the reference spectra were 

derived by bringing the In 4d and Cd 4d lines, respectively, to maximum overlap. The “negative” 

overshoot in the range of the In 4d & Cd 4d line in the difference spectra can be explained by 

different composition profiles and/or slight variations of the core level binding energies. 
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A.3 HAXPES spectra 
A.3.1 HAXPES survey spectra 

 

 
Figure A.3.1. HAXPES survey spectra (normalized to background at a binding energy of 0 eV) of 
CdS/CIGSeNaF (a) and CdS/CIGSeNaF+KF (b) with increasing CBD time (varied between 0 and 24 [15] min). 
All the spectra were measured with excitation energies of hν=2 keV (Mg Kα). All prominent photoemission 
and Auger lines are labeled. Spectra are vertically offset for clarity. 
 

The HAXPES survey spectra of the two CdS/CIGSe sample series are shown in Figure A.3.1. As 

expected, all Cu, In, Ga, Se, Cd, and S photoemission and Auger lines are present. The Cu, In, Ga, 
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and Se peaks decrease in intensity, and Cd and S peaks increase with increasing CBD time, as 

expected. A Na-related XPS signal can only be observed for CdS/CIGSeNaF samples. In addition, 

the presence of substantial C- and O-related XPS signals suggest surface contamination and/or 

incorporation of C and O into the deposited absorber and buffer layers (as discussed below). The 

Cu and Ga signals intensity of the bare CIGSeNaF+KF is significantly lower than for the CIGSeNaF 

absorber, consistent with a strong surface Cu depletion as previously reported[26, 29, 69]. 

 

A.3.2 Direct comparison of HAXPES VBM spectra 

 

 
Figure A.3.2: Direct HAXPES derived valence band spectra of our CIGSeNaF (black), CIGSeNaF+KF (green), 
alkali-rich (red and blue in a), and alkali-poor (red and blue in b) CIGSe absorbers recorded with excitation 
energies of hν=2 keV. Linear approximation of the leading edges is used to determine the position of the 
valence band maxima. The alkali-rich and alkali-poor sample spectra are adapted from [50]. 

 

The valence band photoemission of the CIGSeNaF, CIGSeNaF+KF, alkali-rich, and alkali-poor 

reference absorbers are displayed in Figure A.3.2 with the excitation energy hν= 2 keV. To derive 

the respective VBM values for all valence band spectra, a linear extrapolation of the leading edge 
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is used. For the CIGSeNaF and CIGSeNaF+KF absorbers, the VBM values are 0.51 and 0.59 (±0.1) eV, 

respectively. To get more details about the impact of different treatment on the electronic structure, 

a direct VB spectra comparison of alkali-rich(poor), CIGSeNaF, and CIGSeNaF+KF samples are shown 

in Figure A.3.3 a&b. Note that all the spectra in Figure A.3.3 are normalized to same height for 

comparison. As we can observe in Figure A.3.3 a&b, no big difference can be observed for the 

CIGSeNaF (black), alkali-rich (red in Figure A.3.3a) and alkali-poor (red in Figure A.3.3b) spectra, 

which indicate similar structure for all the NaF PDT related samples, which is different for all the 

NaF+KF PDT samples. The VB spectra of all the NaF+KF PDT related samples are directly 

compared in Figure A.3.3c. Features intensity change with different samples. In previous Se 

chemical results (Figure 4.17 and 4.18a), the K contribution (22%) are falling between alkali-rich 

(50%) and alkali-poor (10%), the results here is consistent with this conclusion. The decrease of 

Feature I and III can be attributed to Cu depletion while Feature III attenuation is induced by Ga 

depletion. Based on the calculation results, feature VII are dominated by Se p states in KInSe2 

compound, which indicate the alkali-rich sample have more Se (KInSe2) contribution compare to 

the rest two samples. 

 

 

Figure A.3.3: Normalized HAXPES derived valence band spectra of our CIGSeNaF (black), CIGSeNaF+KF 
(green), alkali-rich (red and blue in a), and alkali-poor (red and blue in b) CIGSe absorbers recorded with 
excitation energies of hν=2 keV. Direct comparison about CIGSNaF+KF, alkali-rich and alkali-poor are shown 
in Figure c. The alkali-rich and alkali-poor sample spectra are adapted from [50]. 
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B.1 In 4p background correction for K/CIGSe series 

 

Figure B.1. The In 4p background correction approach for the Cu 3p line using the respectively scaled and 
shifted In 4d line of the In2Se3 reference spectrum employed to the data set of the K/CIGSe sample series 
(annealing temperature: bare (a), K/CIGSe (b), K/CIGSe-100 °C (c), K/CIGSe-150 °C (d), K/CIGSe-200 °C 
(e), K/CIGSe-250 °C (f), and K/CIGSe-300 °C (g), measured with an excitation energy of hν=2 keV. The as-
measured spectra are shown in black, individually shifted and scaled references spectra in red, and the 
green spectra correspond to the resulting difference. 

 

Figures B.1 visualize the Cu 3p background correction of K/CIGSe sample series, subtracting a properly 

shifted and scaled In2Se3 reference spectrum to account for the broad In 4p background (between 80 



131 

 

and 60 eV) that overlaps with the Cu 3p signal, respectively. For the proper energy shift and scaling 

factor for the reference spectra were derived by bringing the In 4d lines to maximum overlap. The 

“negative” overshoot in the range of the In 4d line in the difference spectra can be explained by different 

composition profiles and/or slight variations of the core level binding energies.  

 

B.2 Cross sections. 

 
Figure B.2. Excitation energy dependent photoionization cross-section of selected shallow core levels. 
Cross-sections corrected for the experimental geometry of the HAXPES setups for polarized photons. 
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B.3 In 4p background correction for Rb/CIGSe and Cs/CIGSe sample 

series 

 
Figure B.3.1. The In 4p background correction approach for the Cu 3p line using the respectively scaled 
and shifted In 4d line of the In2Se3 reference spectrum employed to the data set of the K/CIGSe sample 
series (annealing temperature: bare (a), Rb/CIGSe (b), Rb/CIGSe-100 °C (c), Rb/CIGSe-150 °C (d), 
Rb/CIGSe-200 °C (e), Rb/CIGSe-250 °C (f), and Rb/CIGSe-300 °C (g), measured with an excitation energy 
of hν=2 keV. The as-measured spectra are shown in black, individually shifted and scaled references spectra 
in red, and the green spectra correspond to the resulting difference. 
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Figure B.3.2. The In 4p background correction approach for the Cu 3p line using the respectively scaled 
and shifted In 4d line of the In2Se3 reference spectrum employed to the data set of the K/CIGSe sample 
series (annealing temperature: bare (a), Cs/CIGSe (b), Cs/CIGSe-100 °C (c), Cs/CIGSe-150 °C (d), 
Cs/CIGSe-200 °C (e), Cs/CIGSe-250 °C (f), and Cs/CIGSe-300 °C (g), measured with an excitation energy 
of hν=2 keV. The as-measured spectra are shown in black, individually shifted and scaled references spectra 
in red, and the green spectra correspond to the resulting difference. 

 

Figures B.3.1-B.3.2 visualize the Cu 3p background correction of Rb/CIGSe (B.3.1) and Cs/CIGSe 

series (B.3.2), subtracting a properly shifted and scaled In2Se3 reference spectrum to account for 

the broad In 4p background (between 80 and 60 eV) that overlaps with the Cu 3p signal, 

respectively. For the proper energy shift and scaling factor for the reference spectra were derived 
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by bringing the In 4d lines to maximum overlap. The “negative” overshoot in the range of the In 

4d line in the difference spectra can be explained by different composition profiles and/or slight 

variations of the core level binding energies.  

 

B.4 Cu 3p fitting spectra of Rb/CIGSe sample series 

 
Figure B.4. Cu 3p HAXPES data with respective Voigt fits of the Rb/CIGSe sample series, measured with 
excitation energies of 2 keV. All spectra are displayed after subtraction of a linear background. For each 
fit, the residual is shown as well. Note the different magnification factors.  
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B.5 The direct comparison of realigned-VBM spectra for alk/CIGSe 

and PDTs CIGSe samples 

 
Figure B.5. The direct comparison of realigned-VBM spectra of bare CIGSe, K/CIGSe and CIGSeNaF+KF(a); 
bare CIGSe, Rb/CIGSe-250°C, CIGSeNaF+RbF std, and CIGSeNaF+RbF inc samples (b) according to the the 
realigned Cu 3p. Note that all the Rb evaporated samples were measure at 2 keV and PDT samples were 
measured at 2.11 keV. 
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