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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) and organo-metal mixed halide perovskites,
specifically CH3NH3PbI(3−x)Clx, thin film solar cells using various x-ray and electron spec-
troscopies. In particular, the impact of alkali treatments on the chemical and electronic sur-
face and near-surface structure of CIGSe absorbers is studied. For CH3NH3PbI(3−x)Clx the
compound formation is monitored and the peculiarities of the interface formation of CH3-
NH3PbI(3−x)Clx on compact and mesoporous TiO2 are examined.

Laboratory-based photoelectron spectroscopy (XPS) and synchrotron-based hard x-ray pho-
toelectron spectroscopy (HAXPES) are used to gain a depth-dependent picture of the chem-
ical structure in the surface and near-surface region of CIGSe and the influence of NaF and
NaF/KF post-deposition treatments (PDT) on alkali-free CIGSe absorbers. Two different
absorber series are studied using an alkali-rich and an alkali-poor PDT, each consisting of
an alkali-free, NaF-PDT, and NaF/KF-PDT sample. The alkali-free and NaF-PDT absorbers
show similar chemical properties, having a Cu- and Ga-depleted surface region and the same
chemical environment for indium and selenium is revealed by deriving the modified Auger
parameter α ′(In) and α ′(Se) using the kinetic energy of most the prominent Auger line to-
gether with the binding energy of the chosen core level. For both NaF/KF-PDT samples a
K-In-Se compound is present on top of a Cu-In-Ga-Se compound, with a nanopatterned sur-
face being more distinct for the alkali-rich treatment. The alkali-poor NaF/KF-PDT shows
a further Cu- and Ga-depletion compared to the alkali-free and NaF-PDT sample and the
alkali-rich NaF/KF-PDT has a surface region almost devoid of Cu and Ga. The findings
of the depth-dependent measurements reveal a bilayer structure of K-In-Se/Cu-In-Ga-Se for
the NaF/KF-PDT absorbers. This is in agreement with x-ray emission spectroscopy (XES)
studying the local Se density of occupied states showing the same chemical environment
for alkali-free and NaF-PDT CIGSe samples. For the NaF/KF-PDT an additional feature is
exhibited indicating the formation of Se-K bonds which is more distinct for the alkali-rich
NaF/KF-PDT sample.
The findings of the chemical structure also reflect on the electronic structure. Here, ultra-
violet photoelectron spectroscopy (UPS) and HAXPES is used to gain a depth-dependent
picture of the valence band region and valence band maximum (VBM). Inverse photoemis-
sion (IPES) is used to determine the position of the conduction band minimum (CBM). The
alkali-free and NaF-PDT samples as well as the alkali-poor NaF/KF-PDT sample exhibit
almost the same shift in VBM away from the Fermi level (EF ) for more surface sensitive

V



measurements. For the alkali-rich NaF-PDT sample a near-surface electronic band gap of
Esur f

g =(1.61[+0.14/-0.51]) eV is observed. In contrast, a large and more gradual change to-
wards the surface is obtained for the alkali-rich NaF/KF-PDT absorber. Here, a significant
band gap widening of the surface is observed with Esur f

g =(2.52[+0.14/-0.51]) eV. This can be
ascribed to the formation of a K-In-Se surface compound and a Cu- and Ga-devoid surface
region.

To in-situ monitor the compound formation of CH3NH3PbI(3−x)Clx on compact TiO2 (c-
TiO2) HAXPES is used. While annealing a drop-casted layer of precursor solution on c-TiO2

shifts in perovskite core levels during the transition temperature of 80-100◦C are observed.
The complete formation of the film to perovskite is confirmed with a standard CH3NH3Pb-
I(3−x)Clx on c-TiO2 sample with a nominal thickness of 300 nm. Further the Cl signal de-
crease at the onset of annealing and shows a depletion in the surface region above annealing
temperatures of 50◦C.
The chemical and electronic structure of CH3NH3PbI(3−x)Clx on mesoporous TiO2 (mp-
TiO2) and c-TiO2 using nominal perovskite layer thickness of 10, 30, 60, and 300 nm is
studied with HAXPES. With increasing layer thickness the perovskite related peaks increase,
while the substrate related core levels attenuate. For thinner layers, especially on mp-TiO2,
a second species is forming indicating the formation of Pb-Ti-(I) bonds. On c-TiO2 metallic
lead is present for thicker layers. All studied absorbers show island formation which is con-
firmed with scanning electron microscopy (SEM). Further, for both structures on mp- and
c-TiO2 thickness induced core level shifts are determined.
This thickness induced shift is also present for the electronic structure within the VBM.
A shift away from EF is determined for thinner layers revealing the influence of TiO2 va-
lence states. VBM values of about 1.6-1.7 (±0.1) eV are observed for layers where the
VBM is mainly derived of iodine states from the perovskite cover layer. VBM positions
of (3.27±0.10) eV and (3.62±0.1) eV are determined for c-TiO2 and mp-TiO2, respec-
tively. For both structure types on mp- and c-TiO2 valence band offsets (VBO) of about
1.6 eV considering interface induced band bending (IIBB) with an average IIBB value of
(-0.10±0.19) eV for 10 nm perovskite on c-TiO2 and (-0.30±0.19) eV for 10 nm perovskite
on mp-TiO2 is derived.

In the last years chalcopyrite-based solar cells reached a recent boost in efficiency due to al-
kali treatments. The findings of this thesis give insight on the beneficial effects caused by the
treatments. The chemical and electronic changes at the absorber surface are characterized.
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This will help to further improve the buffer/absorber interface in the future. The material
properties of the CH3NH3PbI(3−x)Clx / TiO2 interface are probed. The findings will help to
comprehend favorable or detrimental effects on device performance in future.
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1
Introduction

The challenges in energy production and the urgent energy revolution led to an awakening
demand in renewable energies. Especially thin film solar cells gained more and more in-
terest compared to the already established silicon solar cells. One of the main advantages
of thin film solar cells is the promise to reduce production cost and the direct band gap,
resulting in a higher absorption coefficient, for those materials. Two of the most promis-
ing candidates are chalcopyrite-based Cu(In1−x,Gax)(SySe1−y)2 (CIGSSe) and inorganic-
organic halide perovskite CH3NH3PbI(3−x)Clx solar cells to supersede Si solar cells. Recent
progress has led to conversion efficiencies for CIGSSe and perovskite solar cells over 22%.
[1–3]

On the one hand, for chalcopyrite-based (CIGSSe) solar cells the recent boost in power
conversion efficiencies was mainly brought about by using alkali post-deposition treatments
(PDT), in particular NaF and/or KF and lately also RbF and CsF. This trend for CIGSe solar
cells started gaining a new record efficiency at that time of 20.4% [4] using a combination
of NaF/KF-PDT for CIGSe on polyamide foil, an alkali-free substrate material. It is been
well establish, that Na diffusion into the absorber from the substrate material through the
Mo layer, in general soda lime glass, has a beneficial effect on device performance. So not
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1 Introduction

only for alkali-free substrates, like poylimide foil, a NaF-PDT led to further improve de-
vice efficiency without relying on the sodium diffusion from the substrate. Especially the
additional incorporation of other alkali elements, also on alkali-containing substrates led to
a constant improvement in device performances for Cu(In1−x,Gax)(SySe1−y)2 within the last
three years.[1, 2, 5–7]

On the other hand, the new and fast-emerging hybrid organic-inorganic perovskite-based so-
lar cells, e.g. CH3NH3PbI3 and CH3NH3PbI(3−x)Clx, that started 2009 with an efficiency of
3.8% [8] exceeding now 22% [3]. This steep increasing in efficiency over the past few years
is achieved through different improvements and changes within the solar cell structure, by
varying the organic and/or inorganic part and different types of layer structure using meso-
porous or planar electron transport materials.[9–14] Further, the addition of chlorine led to
an increase in efficiencies.[14–17]

To constantly improve device efficiencies and to overcome theoretical limits for single-
junction solar cells, tandem solar cells in various device structure are fabricated using advan-
tages of two absorber structures. In the last few years the fabrication of such tandem solar
cells with perovskite-based solar cells as top cells have gained more and more interested.
Not only in the combination of high-efficient silicon solar cells [18, 19] but also the use of
chalcopyrite-based solar cells is emerging.[19–21]

The aim of this thesis is to understand the crucial surfaces and interfaces of the two most
promising thin film solar cells, in particular Cu(In,Ga)Se2 and CH3NH3PbI(3−x)Clx by char-
acterizing the chemical and electronic properties and relate them to device performances.
The beneficial role of alkali treatments on CIGSe-based absorbers and the influence on to-
pography, the chemical, and electronic structure is not yet fully understood. Especially the
chemical and electronic properties between the absorber surface and the adjacent emitter is
of interest.
For CH3NH3PbI(3−x)Clx the fundamental properties regarding the material composition,
electronic structures, and role of chlorine are not yet understood.
Therefore we used a variety of non-destructive depth-dependent laboratory- and synchrotron-
based electron and x-ray spectroscopies to study the topography, chemical, and electronic
properties of those two thin film solar cell absorbers and related structures.
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In chapter 2 the two types of solar cell structures which are studied within this thesis are
introduced.

Chapter 3 focuses on the theoretical description of the applied measurement techniques,
analysis methods and data evaluation applied to characterize the absorber surfaces and inter-
faces, and the experimental details on the used instrumentations.

The effect of alkali post-deposition treatment on the topography of Cu(In,Ga)Se2 absorbers,
the chemical structure, in particular the influence of potassium on the surface and near-
surface structure of CIGSe, and the electronic structure will be elucidated in Chapter 4.

Chapter 5 discusses compound formation from precursor solution to CH3NH3PbI(3−x)Clx,
which was monitored during in-situ annealing and the presence of chlorine, the chemical
and electronic properties of the interface between CH3NH3PbI(3−x)Clx and the most com-
mon electron transport materials mesoporous and compact TiO2.
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2
Studied Thin Film Solar Cell Structures

In this chapter a brief introduction on the basics of thin film solar cells as energy conver-
sion devices will be given. The main focus will be on the two types of solar cell absorbers,
namely chalcopyrites and mixed-halide perovskites, which are studied within this thesis.

In a solar cell photons with an energy hν greater than the band gap Eg get absorbed and
excite electrons from the valence band into the conduction band. The hereby generated
electron-hole pairs get separated by an internal voltage generated by, e.g. a pn-junction. One
can differentiate between two types of pn-junctions, either a pn-homojunction where one
semi-conducting material gets doped differently or the pn-heterojunction where a n-doped
material and a p-doped material are different.
To absorb the highest amount of photons in the solar cell absorber the band gap should match
the terrestrial sun spectrum which is displayed in the left panel of Figure 2.1. Here the solar
spectrum is shown under mean-earth distance sun-air mass AM (AM0 - extraterrestrial) just
outside the Earth’s atmosphere and under AM1.5. Here the solar radiation passes 1.5 times
the atmosphere under not perpendicular incidence. This causes losses in intensity due to
scattering and absorption.
AM1.5 conditions are also used to test the efficiencies η of the respective solar cells and
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2 Studied Thin Film Solar Cell Structures

Figure 2.1: The left panel shows the solar irradiation at mean-earth distance (AM0- ex-
traterrestrial (black)) and under AM1.5 (red) as a function of photon energy (data taken
from table in [22]). The right panel shows the maximum theoretical efficiency η for a solar
cell under AM1.5 illumination. The maxima in energy and efficiency are marked with gray
dashed lines. Data taken from [23].

were taken into account by Shockley and Queisser [24] in their calculation of the maximum
theoretical efficiency η of a given solar cell. The theoretical limit, called Shockley-Queisser-
Limit, is displayed in the right panel of Figure 2.1. Thus the maximum efficiency of a single
junction solar cell is approximately 33% with a band gap of 1.1 to 1.4 eV.

2.1 Chalcopyrite-based Thin Film Solar Cell Devices

Chalcopyrite-based thin film solar cells are made from the Cu(In1−x,Gax)(SySe1−y)2 mate-
rial system (hereafter CIGSSe) and have gained more and more interest due to their high
perfomance. In comparison to crystalline silicon-wafer based solar cells chalcopyrite-based
absorbers have some advantages. First of all the CIGSSe material features a direct band gap
[25] and therefore a higher absorption coefficient. Moreover chalcopyrite-based absorbers
have a tunable band gap from Eg = 1.00 eV for CuInSe2 [26] to Eg = 2.43 eV for CuGaSe2

[26]. This allows to reach best efficiencies according to the Shockley-Queisser-Limit and
also allows a band gap grading to be incorporated into the absorber layer.[27] The commonly
used device structure is shown in Figure 2.2 where each layer fulfills a different purpose in
the solar cell. Usually soda-lime glass (SLG) is used as substrate material followed by a
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2.1 Chalcopyrite-based Thin Film Solar Cell Devices

molybdenum layer as the back contact. However, alternative substrate materials like poly-
imide [28] or metal foils [29] are also applied as substrate materials. The CIGSSe absorber is
covered with a thin buffer layer that is commonly CdS (alternatively ZnO, In2S3, In2Se3...),
and the ZnO window bi-layer that acts as front contact with an undoped (intrinsic) i-ZnO
and an aluminum doped n-ZnO layer. The in principle simple preparation of CIGSSe is an-
other advantage. For good reproducibility and deliberate optimization the stability of each
material used for the individual layers needs to be guaranteed throughout device deposition
and preparation.

Figure 2.2: Schematic of a typical CIGSSe solar cell layer stack.

2.1.1 Material Properties of Cu(In,Ga)Se2 Absorbers

The most efficient chalcopyrite-based solar cell absorbers have a Cu(In,Ga)Se2 composition
(hereafter CIGSe), i.e., they are sulfur-free (y=1). Besides the already listed advantages of
this material system, chalcopyrite-based absorbers exhibit more peculiarities. It is already
been long known that the formation of a good interface between buffer and absorber needs
an In-rich (Cu-poor) surface.[29] In general, a copper deficient surface region is accompa-
nied by a band gap widening and/or band bending.[30, 31] This results in a conduction type
inversion of the p-type absorber at the surface/interface and a minimization of interface re-
combination.[32, 33]
Moreover sodium-diffusion from the underlying soda-lime glass was found to be crucial
for high-efficient CIGSe solar cells.[34–37] Recent record efficiencies were reached using
a controlled incorporation of elements, mainly NaF and/or KF, in the absorber via a post-
deposition treatment (PDT) (further explanation in 2.1.2).[4, 7] It is already known that a
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2 Studied Thin Film Solar Cell Structures

NaF-PDT can further improve device efficiencies without relying solely on the sodium dif-
fusion from the substrate.[36, 38–40] Recently it has been exhibited that adding potassium
even further improves the device perfomance.[4, 7] These treatments, especially providing
potassium, can be applied during [41] or after [4, 7, 42–44] the absorber growth.

2.1.2 Deposition Method and Sample Properties

The Cu(In,Ga)Se2 absorbers used for the studies within this thesis were prepared by the Lab-
oratory for Thin Films and Photovoltaics of the Empa-Swiss Federal Laboratories for Mate-
rials and Science Technology (Empa) using a low-temperature multistage process (<500◦C).
They are grown according to Ref. [28] on commercially available 25 µm thick polyimide
(PI) films coated with a 600 nm thick molybdenum back contact. The roughly 2 µm thick
CIGSe absorber layers are grown by co-evaporation in a high-vacuum chamber with a base
pressure of ∼ 1.0 ·10−7 mbar equipped with Cu, In, Ga, and Se effusion cells.[28]
The PI films are inherently sodium free, and so an in-situ NaF-PDT was applied for 20 min
on some samples after the CIGSe growth according to Ref. [45]. Additionally several sam-
ples were treated with a KF-PDT for additional 20 min after the NaF-PDT in the presence
of selenium.[4] Two sample series were prepared including an alkali-free (i.e., untreated)
CIGSe absorber, a CIGSe absorber only treated with a NaF-PDT, and an absorber with a
combined NaF/KF-PDT. The difference between the two series is in the variation of the
alkali treatments and PDT rates: an "alkali-rich" treatment using an evaporation rate of ap-
proximately 1.5-2 nm/min with thicker covering layers on top of the CIGSe absorber and an
"alkali-poor" (rate=1-1.5 nm/min) treatment resulting in thinner cover layers.

For each studied sample another absorber was simultaniosly prepaired from which solar cell
devices were fabricated. For this the CdS layer was grown using a chemical bath deposi-
tion [46] followed by radio frequency (RF) sputter deposition of the i-ZnO/ZnO:Al window
layer, and evaporation of the grid as electric contacts.[4] For the sample series prepared un-
der alkali-rich post-deposition treatment conditions no anti-reflection coating (MgF2) was
applied and the evaporation of the grid was not deposited directly after sample growth due
to failure of the evaporator. This needs to be kept in mind looking at the solar cell results
in Table 2.1. For the second sample series (alkali-poor) the complete device was fabricated
immedialty after absorber growth.
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2.1 Chalcopyrite-based Thin Film Solar Cell Devices

For better understanding of the impact of the potassium treatment on the CIGSe structure and
to check the formation of a possible K-In-Se layer a KF-PDT In2Se3 reference sample was
prepared by Empa. Soda-lime glass was used as substrate material with a diffusion barrier in
this case together with a molybdenum layer. In2Se3 was deposited followed by a KF and Se
co-evaporation. The porous structure shows a film thickness of roughly 400 nm. Secondary
ion mass spectrometry (SIMS) shows the presence of potassium through the entire film with
a quasi-constant Se amount and a higher In amount towards the back. Ga and Na impurities
are present in the SIMS profile due to a hot Ga source during evaporation and sodium from
the K source material.

Table 2.1: Values for the open-circuit voltage (VOC), the short-circuit current density JSC,
the fill factor (FF) and the efficiency η for the studied Cu(In,Ga)Se2 samples.

sample VOC (mV) JSC (mA/cm2) FF (%) η (%)
alkali-free 579 34.1 67.9 13.4

NaF-PDT (alkali-rich) 645 34.2 69.4 15.3
NaF/KF-PDT (alkali-rich) 652 33.6 75.1 16.5

alkali-free 543 33.0 63.5 11.4
NaF-PDT (alkali-poor) 629 32.6 71.1 14.5

NaF/KF-PDT (alkali-poor) 639 32.3 74.7 15.4

To prevent surface contamination and minimize air exposure, all samples were sealed and
packed in a N2-filled glovebag attached to the deposition chamber at Empa and opened in
a N2-filled glovebox attached to the UHV-system at HZB. To remove the remaining alkali
fluoride from the surface of the PDT CIGSe samples the standard protocol developed at
Empa was followed: the samples were immersed in aqueous ammonia solution (1 mol/l) for
1-2 min and rinsed/stored in deionized (DI) H2O until introduced in the load lock chamber of
the glovebox where they were vacuum dried. The KF-PDT In2Se3 sample was only washed
in DI water. Unless specifically mentioned, no further cleaning (by, e.g. Ar+ sputtering) of
the sample surface was performed before measurements. All CIGSe samples on PI foil were
cut and taped on glass substrates before measurement to ensure a plane in surface.

9



2 Studied Thin Film Solar Cell Structures

2.2 Hybrid Organic-Inorganic Perovskite Solar Cells

Figure 2.3: Schematics of two layer stacks for perovskite solar cells. The mesoscopic struc-
ture with a mesoporous TiO2 (mp-TiO2) scaffold on top of a compact TiO2 (c-TiO2) layer
on FTO/glass covered with a perovskite layer, a hole-transport material (HTM), and Au/Ag
contact. On the other side is the planar structure with a c-TiO2 on FTO/glass cover with a
perovskite layer, HTM, and Au/Ag contact. Adapted from [47].

Hybrid organic-inorganic perovskite-based solar cells are a relativly new and fast-emerging
type of thin film solar cells that have shown a steep efficiency gain in the last few years.
This new era goes somewhat back to the so called "Grätzel-cells", i.e., dye-sensitized solar
cell first described by Michael Grätzel [48] in 1991. His research has laid the research foun-
dation for solid-state sensitized perovskite solar cells. Initiated with a dye as the absorbing
light material/harvester introduced in porous semiconductors for a larger covering area, they
were replaced by organic-inorganic perovskite-based materials with the first reported cell in
2009 [8] with an efficiency of 3.8% that has increased to over 21% [49], recently.
The material has an ABX3 crystal structure with A as the organic part, B the metal, and X
the halide part for the use as solar cell material. The most efficient and common type for
hybrid organic-inorganic solar cells is CH3NH3MX3 with M=Pb or Sn and X=I, Br, Cl (or
a mixture thereof), which was first reported in 1978 by Weber [50]. At present, the organic
part methylammonium (CH3NH+

3 , MA) is often replaced by formamidinium (HN=CHNH+
3 ,

FA) and the inorganic metal part with Sn, Cs, or a mixture of Pb,Sn, and/or Cs.
For these hybrid solar cells no universal layer stack structure has yet been established. How-
ever, the most efficient devices consist either of MAPbX3 on top of a thin mesoporous TiO2

(mp-TiO2) capped with a solid perovskite layer [9, 10], a solid perovskite layer as absorber
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2.2 Hybrid Organic-Inorganic Perovskite Solar Cells

on top of a mesoporous insulating scaffold [11, 12], or a solid perovskite layer on top of a
flat/compact TiO2 (c-TiO2) [13, 14]. The mesoscopic and the planar structure are sketched
in Figure 2.3.
Besides the low material and production cost another advantage is the low process tempera-
ture of around 100◦C. This is of benefit when applying this material as a top layer in e.g. a
tandem solar cell, especially when heat sensitive materials are used in the solar layer stack.
Nevertheless, the not yet established working principle of the solar cell, the fast degradation,
and the use of heavy metal are major disadvantages.

2.2.1 CH3NH3PbI3−xClx Absorbers

One of the most and commonly used methylammonium lead halide perovskites are CH3NH3-
PbI3 and CH3NH3PbI(3−x)Clx. The addition of chlorine results in an improved performance.
This type of hybrid perovskite solar cell shows a longer diffusion length [51], a high optical
absorption coefficient as well as better charge mobility and lifetime [52] in comparison to
Cl-free triiodide perovskites. However, the role and the exact presence and location of Cl
in the device remains unclear. One of the crucial points in performance is the strong depen-
dence on the processing parameters.
The addition of chlorine in the precursor solution reduces charge recombination [53] and
results in a high open-circuit voltage (VOC) [9]. According to Yu et al., "the function of Cl
(or Cl−) is to facilitate the release of excess CH3NH+

3 at a relatively low annealing tem-
perature", because a rich CH3NH+

3 environment negatively affects the crystal formation.[54]
After crystal formation the x-ray diffraction (XRD) structure of CH3NH3PbI(3−x)Clx is iden-
tical to the triiodide perovskite CH3NH3PbI3 [54] which leads to the conclusion that although
a ratio of 3:1 of CH3NH3I : PbCl2 is applied for the precursor solution, little to no chlorine
is left in the transformed perovskite film.
For methylammonium mixed lead halide perovskites a band gap of approximately 1.5 eV
[55, 56] is found, but a tunable band-gap can be achieved by replacing chlorine with bromin
and a variation in I:Br ratio. It is also proposed that a p-i-n structure is present in a CH3-
NH3PbI(3−x)Clx based device [57, 58], which is very different from the established working
principle in dye-sensitized solar cells.
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2.2.2 Deposition Methods

There are different approaches to deposit perovskite on various substrates. The widely used
methods are either the one-step method [9], the two-step or sequential deposition [59] or
evaporation [15]. Although evaporation of CH3NH3I and PbCl2 leads to the most uniform
films with the best coverage, the solution process methods are the standard techniques.
The absorber / ETM layer stack, CH3NH3PbI(3−x)Clx / c-TiO2 and CH3NH3PbI(3−x)Clx /
mp-TiO2 (see Figure 2.3) used within the studies of this thesis, if not specifically mentioned
otherwise, were prepared by the Clarendon Laboratory, Department of Physics, of the Uni-
versity of Oxford (hereafter U Oxford) following the one-step method and are explained
below.

2.2.2.1 TiO2 Substrate

To prepare the compact and mesoporous TiO2 substrates a commercially available fluorine-
doped tin oxide (FTO) coated glass (Pilkington TEC7) 7 Ω/sq was used. The compact TiO2

was prepared by spin-coating a solution of titanium isopropoxide in ethanol mildly diluted
with hydrochloric acid on FTO substrates at 2000 rpm for 60 s. The layers were dried at
150◦C and annealed for 45 min at 500◦C.
The mesoporous TiO2 layer was formed by spin-coating diluted in an anhydrous ethanol
TiO2 paste at 2000 rpm and sintered in air for 30 min at 550◦C.

2.2.2.2 Precursor Solution and CH3NH3PbI(3−x)Clx Deposition

The precursor solution was prepared according to Ref. [9, 13]. Methylammonium iodide
CH3NH3I (MAI) was prepared by reacting a solution of methylamine (CH3NH2) 33 wt%
in ethanol with hydriodic acid (HI) 57 wt% in water at room temperature. HI, which is
stabilized with 1.5% phosphoric acid (H3PO4), was added dropwise while stirring. For crys-
tallization of CH3NH3I a rotary evaporator was used and during drying at 100◦C a white
powder was formed.
The CH3NH3PbI(3−x)Clx precursor solution was formed by dissolving methylammonium io-
dide (CH3NH3I, MAI) and lead (II) chloride (PbCl2) in anhydrous N,N-dimethylformamide
(DMF) in a 3:1 molar ratio with a final concentration of 2.64 M MAI and 0.88 M PbCl2.
This solution will result in a later film thickness of approximately 300 nm on c-TiO2 when
preparing the absorbers. For thinner film thicknesses the precursor solution was diluted with
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DMF for thicknesses of about 60, 30, and 10 nm.

The respective CH3NH3PbI(3−x)Clx precursor solution, for layer thicknesses of 300, 60, 30,
and 10 nm on c-TiO2, were spin-coated on compact and mesoporous TiO2 at 2000 rpm for
45 s in a nitrogen filled glovebox. After spin-coating, the respective films dried for 30 min
in N2 environment before annealing at 90◦C for 2.5 h in a N2 atmosphere to complete crys-
tallization and perovskite formation.
For a complete solar cell device a hole transporting material (HTM) like 2,2’,7,7’-Tetrakis-
[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene (spiro-MeOTAD) would be spincoated
on top of the perovskite layer. The solar cell layer stack is finished by thermally evaporating
a gold or silver electrode. However, in our study we look at samples without the HTM.

Due to extreme moisture sensitivity and fast degradation, the samples where stored and trans-
ported in a dry nitrogen environment. Sample exposure to ambient air was kept at minimum.
No further cleaning or sample preparation was performed before measurements.
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3
Characterization Methods and

Instrumentation

This chapter focuses on the theoretical descriptions and explanations of the various measure-
ment techniques used within this thesis: XPS, UPS, HAXPES, XAES, IPES, XAS, XES,
SEM, and EDX. The data evaluation and analysis methods applied to absorber and interface
characterization are described. Last, the laboratory- and synchrotron-based instrumentation
and the respective experimental details are explained.

3.1 Direct Photoemission (UPS, XPS, HAXPES)

Photoelectron spectroscopy (PES) is based on the external photoelectric effect first discov-
ered by H. Hertz and W. Hallwachs in 1887/88.[60, 61] The theoretical description of this
effect, i.e., releasing an electron, if the sample gets irradiated with light, was successfully
done by A. Einstein in 1905.[62]
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During the photoemission process an electron gets excited from its ground (initial) state
|Ψi > | into a final state |Ψ f > | by a photon with the energy hν . The transition probability
wi→ f can be generally described by Fermi’s golden rule [63]:

wi→ f ∝ |< Ψ f |Ĥ|Ψi > |2 δ (Ei−E f −hν) (3.1)

Here, Ĥ is the perturbation operator assigned to the interaction of the system with an electro-
magnetic field Â. The δ -function represents the conservation of energy between the initial
state Ei and the final state E f by means of the photon energy hν .
Note, that here a single particle system is described, excluding many-body effects.

In general, to describe the photoemission process equation 3.1 can be simplified using vari-
ous approximations (more details can be found elsewhere [63–65]) and depicted in terms of
the kinetic energy EK of an electron in its final state outside matter:

EK = hν−EB−ϕ (3.2)

with EB as the binding energy of the electron inside matter, the work function ϕ = Evac−EF

as the difference between the Fermi level EF and the vacuum level Evac, and hν as the photon
energy releasing an electron from solid.

Depending on the photon energy hν , i.e hν>EB+ϕ , several "types" of electron states can be
released, i.e., electrons from core levels, shallow core levels, and valence band, represent-
ing the respective occupied states. This is illustrated on the left side for a semiconductor in
Figure 3.1. In our case, if x-rays with an energy of about hν=1 keV are used, the technique
will be referred to as x-ray photoelectron spectroscopy (XPS) and hard x-ray photoelectron
spectroscopy (HAXPES) when hν is between 2-8 keV. If ultraviolet (UV) excitation (e.g.
hν=21.22 eV) is used, the technique will be referred to as ultraviolet photoelectron spec-
troscopy (UPS) to probe the valence band.
In PES the electrons get detected with respect to their kinetic energy and therefore directly re-
lated to the materials core and valence levels through the respective binding energy. Hence,
PES is used to determine the chemical and electronic properties of the surface and near-
surface region.
XPS and HAXPES are applied in complementary fashion to gain a depth-dependent picture
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Figure 3.1: Left: Schematic of the photoemission process in a semiconductor where photons
with energies hν excite electrons from core levels (CL) and valence band (VB) states above
the vacuum level (Evac). Right: Schematic of the secondary Auger process showing the
electronic recombination of the CL hole (green dotted line).

of the chemical structure varying the excitation energy hν . This enables us to use the inten-
sities of the respective core levels to determine a depth-dependent compositional profile.
HAXPES and UPS is used in this thesis to study the valence band (VB) region and in par-
ticular to determine the valence band maximum (VBM). The valence band region can be
used in a first approximation as the total occupied density of states (TDOS) and determine
changes in the electronic structure.

3.2 X-ray Excited Auger Electron Spectroscopy (XAES)

A core hole that is generated by the photoemission process can get filled with an electron
from an outer shell, i.e., lower binding energy, by emitting an Auger electron or resulting

17



3 Characterization Methods and Instrumentation

in a fluorescence decay (see XES chapter 3.4). The emission of this Auger electron during
the Auger process is schematically drawn on the right side in Figure 3.1. The emission of
x-rays or Auger electrons are competing processes, however, the Auger decay is more likely
depending on the atomic number Z and the core level.[66–68] In our case the generated core
hole for the Auger process is excited with x-rays (XAES); electrons can be also used, then
this technique is often called AES.
The relaxation of an outer shell electron into the core hole requires an amount of energy
equal to (EB1−EB2) to be released. This energy excites the Auger electron at EB3 above the
vacuum level (Evac). This process can be written as:

EK = EB1−EB2−EB3−∆2,3−ϕ (3.3)

with ∆2,3 as the Coulomb interaction of the involved electronic states. This formulation also
shows that the kinetic energy of the Auger electron is independent of the excitation energy
and only depends on the binding energy of the involved final state holes.

Auger lines, like XPS and HAXPES, are highly influenced by the chemical surrounding
and can be used to identify chemical environment/chemical bonds. Commonly, pairs of
photoemission and Auger lines are used to obtain the modified Auger parameter [69]:

α
′ = EB +EK (3.4)

with EB as the binding energy of the respective core level and EK the kinetic energy of
the most prominent Auger line of the element of interest. The advantage of the modified
Auger parameter is to be independent of sample charging and surface potentials like band
bending.[70–72] By pairing a binding energy and kinetic energy, the energy hν cancels out,
making α ′ independet of the excitation energy as well.
The best way to present the modified Auger parameter α ′ is within a Wagner plot [69, 73],
where the derived Auger parameters, indicating the same chemical environment are located
along the diagonal lines, i.e., represented by a liner function with a slope of -1, plotting
Auger kinetic energy over binding energy.[73] Further information also on the nomenclature
can be found for example in [65].
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3.3 Inverse Photoemission (IPES)

Figure 3.2: Schematic of the inverse photoemission process in a semiconductor where low-
kinetic energy electrons couple into unoccupied states of the conduction band (CB), releasing
photons with the energy hν .

In comparison to the direct photoemission where the occupied states are measured, inverse
photoemission (IPES) is used to study the unoccupied states of the conduction band (CB).
Here, low-kinetic energy electrons couple into unoccupied states of the CB by releasing
photons with the energy hν (see Figure 3.2). The resulting photon can either be detected
at constant electron energy, i.e., all possible transitions are detected simultaneously using a
spectrometer, or with a bandpass detector, used in our study, at constant detection energy:

hν = EK +EB +ϕe−gun (3.5)
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with EK as the kinetic energy of the incoming electron and ϕe−gun as the work function of
the electron gun.

The major challenge using IPES is the significantly lower cross-section in the UV-regime
in the order of 10−5 in comparison to PES [74], resulting in longer measurement times and
potential radiation damage. Additional information about IPES can be found for example in
[74–76].
In this thesis IPES is used to probe the conduction band states and to determine the conduc-
tion band minimum (CBM).

3.4 X-ray Emission and Absorption Spectroscopy (XES,
XAS)

As already mentioned in section 3.2 the emission of an Auger electron and fluorescence are
two competing processes to fill the generated core hole. The detection of the fluorescence
photon over energy is called x-ray emission spectroscopy (XES) and schematically drawn
on the right in Figure 3.3. XES can be measured in resonant and non-resonant excitation.
However, in the following only the non-resonant excitation process is explained, considering
the absorption and emission of the excited and emitted photon as separate processes. In this
case Fermi’s golden rule (equation 3.1) can be used to describe the transition probability of
the two processes in matter. The intensity of photons having energy hν2 can then be ascribed
by replacing the δ -function with the density of states ρ in equation 3.1, considering also
dipole selection rules for initial and final state within ρ:

I(hν2)∝ |< Ψ f |Ĥ|Ψi > |2 ρ(Ei); Ei = E f +hν2 (3.6)

The transition probability for fluorescence is much lower (<1%) than for emitting an Auger
electron for low atomic numbers (Z<30). Therefore to generate enough fluorescence photons
to measure the x-ray emission process, high excitation intensities are needed, which can be
provided by synchrotron facilities.
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Figure 3.3: Left: Schematic of x-ray absorption, photon with the energy hν1 excites an
electron into an unoccupied state of the conduction band (CB), resulting in this case in the
fluorescence decay hν2 as the secondary process. Right: x-ray emission, photon with the
energy hν1 excites an electron above the vacuum level Evac; photo-generated hole gets filled
with an electron of lower binding energy emitting a photon of hν2.

XES is used to probe the local occupied density of states (LDOS) in the vicinity of the ex-
cited core hole and hence characteristically for each element. This enables us to monitor the
specific chemical environment of the selected material and element. XES is also insensitive
to sample charging.

X-ray absorption spectroscopy (XAS) can be used to study the unoccupied states, by varying
the photon energy hν1 to excite a core electron into an unoccupied state in the conduction
band. The absorption probability can be ascribe by following equation equal to 3.6

A(hν2)∝ |< Ψ f |Ĥ|Ψi > |2 ρ(Ei); Ei = E f +hν2 (3.7)
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also considering the respective dipole selection rules and the overlap of the wave functions
between initial and final state. The absorption process gets detected using secondary pro-
cesses like Auger electrons, secondary electrons or fluorescence. The emission of a fluores-
cence photon of the energy hν2 (fluorescence yield (FY)) is displayed on the left in Figure
3.3. In this thesis, XAS data are only shown in total fluorescence yield (TFY).

3.5 Scanning Electron Microscopy (SEM) and Energy
Dispersive X-ray Spectroscopy (EDX)

Scanning electron microscopy (SEM) and energy dispersive x-ray spectroscopy (EDX) are
both spatially resolved measurement techniques.
SEM is used to image the surface morphology of different materials with high resolution
using electrons to irradiate the sample. The accelerated electron beam penetrates the sample
interacting elastically and inelastically with matter releasing various types of radiation, i.e.,
secondary electrons (SE), backscattered electrons (BSE), x-rays, and sometime cathodolu-
minesence.[77] This interaction, i.e., SE and BSE, and the penetration depth of the electrons
are characteristic for the determination of the SEM image, measuring the result of those in-
teractions.

EDX, usually combined in the same set-up as SEM uses the fluorescence photons to study the
local chemical compositions.[77] The x-rays are element-specific. Their energy is equal to
the difference between the generate core hole and the lower bound electron of the secondary
process, comparable to XES (see section 3.4) and XAES (see section 3.2) using electrons
instead of photons to excite the sample.

For SEM and EDX electrons with an energy of a few keV are used containing the risk of
beam exposure-induced artifacts due to altering the material properties. This is in particular
important for the inorganic-organic perovskite materials. Here, beam induced artifacts can
be avoided by constantly changing the sample spot.
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3.6 Data Evaluation of Absorber and Interface Structures

3.6.1 Inelastic Mean Free Path and Attenuation Length

For most surface-sensitive spectroscopy techniques electrons are used. Their dependence in
penetration depth on the kinetic energy (EK) is illustrated in Figure 3.4.

Figure 3.4: Inelastic mean free path (IMFP) of electrons in pure elemental materials over
their kinetic energy as the "universal curve" according to Seah and Dench [78]. Lines mark
the used energies for this thesis.

The trend shown in Figure 3.4 for pure elements is called "universal curve" and shows the
behavior of in that case pure elements with respect to their inelastic mean free path (IMFP)
over the kinetic energy. This curve exhibits a minimum at around 40 eV with an IMFP lower
than 0.5 nm. Electrons with a kinetic energy <40 eV are mainly elastically scattered, whereas
for energies >40 eV electrons get inelastically scattered due to interactions with other elec-
trons.
The universal curve displays the electron reactions, where an electron only travels once
through matter. This is the case in PES, since a photon excites the electron.
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Further, by varying the excitation energy hν and therefore the kinetic energy this results in
differences in IMFP, as shown in Figure 3.4. The colored lines mark the maximum IMFP
that can be gained by the applied excitation energies used within this thesis.
To get material specific values the respective IMFP was calculated using the QUASES IMFP
TPP2M code.[79] This code only calculates reliable values for kinetic energies above 100 eV.
Hence, for IPES and UPS the IMFP was taken from the universal curve by Seah and Dench
[78].

The intensity from a certain information depth I(d) for PES and XAES is limited by the
IMFP of the respective photoelectron attenuating from the distance d and the attenuation due
to inelastic scattering under normal emission:

I(d) = I0e−
d

IMFP (3.8)

The actual probing depth, where 95% of the signal originates is 3·IMFP, however more than
60% of the signal comes from within less than a distance of one IMFP from the surface.
Although the largest contribution to any photoemission signal always comes from the sam-
ple surface, increasing excitation energies, and thus increasing IMFP, shifts the distribution
of signal according to equation 3.9, increasing the relative contributions of near-surface bulk
states to the measurement.[80]

For spectroscopy techniques using photons, e.g. XES and XAS, the limiting factor for the
probing depth is the attenuation length of the respective photon and therefore the transmis-
sion of the photon through matter. For calculating the effective attenuation length datt both
the exciting and the emitted photons have to be considered with an attenuation length of dexc

and dem, respectively and combined in equation [81]:

datt =
dex · sinα ·dem · sinβ

dex · sinα +dem · sinβ
(3.9)

with α and β as the angles between the sample surface and exciting and emitted photon.
This attenuation length datt can be used in equation 3.8 instead of the IMFP to calculate the
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probing depth for photon transmission.

The material and energy-dependent photon attenuation length dex and dem are obtained from
Henke et al.[82, 83]

3.6.2 Photoionization Cross-section

Using photoemission-based characterization methods the angular distribution of photoelec-
trons within the electric dipole approximation has to be considered.[84–86] For each core
level at each excitation energy the photoionization cross-section is distinct and has to be
taken into account.

Figures 3.5 and 3.6 show the energy dependence of the photoionization cross-sections of the
shallow core levels for the collected XPS/HAXPES Cu(In,Ga)Se2 data, namely Cu 3p3/2,
In 4d5/2, Ga 3d5/2, Se 3d5/2, K 3s, and Na 2s.[84, 86] Asymmetry parameters are used
to correct the cross-sections for the experimental geometry of the HiKE, BL47XU, and
BL15XU endstations (i.e., horizontally-polarized x-rays, with the direction of polarization
normal (gracing incidence) to the emission from the sample) as well as the geometry for
the laboratory set-up (magic angle). Panel 3.5a shows the photoionization cross-sections
in kbarns calculated for polarized hν in the endstation geometry. Figure 3.5b shows the
photoionization cross-sections in kbarns calculated for unpolarized hν and the laboratory
geometry. Figure 3.6 displays the cross-sections used for quantifying the intensity of the
shallow core levels as a function of the inelastic mean free path (IMFP) of the respective
excitation energy. For accurate and material specific values for the IMFP for 1253.56 eV
(Mg Kα ), 2 keV, 6 keV, and 8 keV we used the TPP2M code [79] resulting in approximately
3, 4, 10, and 12 nm, respectively.

For the 2 keV HAXPES data for CH3NH3PbI(3−x)Clx on TiO2 the respective photoionization
cross-sections for Pb 4f7/2, I 3d5/2, Ti 2p3/2, Cl 2p3/2, and I 4s can be directly calculated
from Ref. [84, 85].
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Figure 3.5: Excitation energy dependent
photoionization cross-section of selected
shallow core levels. a) Cross-sections cor-
rected for the experimental geometry of the
HAXPES setups for polarized photons. b)
The cross-sections for the laboratory setup
for unpolarized photons.

Figure 3.6: The cross-sections of the shal-
low core levels used for the quantification
of the data collected with the respective ex-
citation energy converted to IMFP accord-
ing to Ref. [79]

3.6.3 Determination of the Valence Band Maximum, Conduction Band
Minimum

For determining the valence band maximum (VBM) and conduction band minimum (CBM)
measured with UPS, HAXPES, and IPES, respectively, extrapolation of the leading edge is
used according to Ref. [87–89].
Several effects can have an impact on the derived VBM values. There is the change in pho-
toionization cross-section (see also section 3.6.2) and, for low excitation energies (i.e., He
I), also k-selective effects have to be considered.[88, 89] The band dispersion can lead to a
shift in the measured valence state positions. If the shifts and intensity changes significantly
affect the states of the uppermost valence band, this can lead to further uncertainty in the
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determination of the VBM. These effects, particularly the intensity changes related to pho-
toionization cross-section, are minimized by the linear approximation method. [80]

For deriving the electronic surface band gap Esur f
g the CBM value determined with IPES is

used together with the VBM value of the 2 keV HAXPES measurement. This approach is
used due to the more similar IMFP values (see Figure 3.4) of those two excitation energies
compared to the commonly used UPS/IPES method.

3.6.4 Interface Induced Band Bending and Band Offsets

The derived positions of the VBM and CBM can be used to estimate band offsets of the va-
lence and conduction band to characterize the behavior at the interface. Hence, this position
can be influenced by interface and surface properties between the substrate (S) and the cover
layer (Cl) and affect the band bending, hereafter referred to as interface induced band bend-
ing (IIBB).[90] To determine such effects at the interface the changes in core levels due to
depositions of a cover layer need to be monitored with increasing thickness. For calculating
the IIBB a bare sample (0 nm), i.e., no covering layer, one with a thick cover layer with no
substrate signals (y nm), and an intermediate cover layer thickness (x nm) including signals
from the substrate and the cover layer need to be measured using the respective core level
positions, resulting in an IIBB value:

IIBB =−(ES(0 nm)−ES(x nm))+(−ECl(x nm)+ECl(y nm)) (3.10)

This value together with the derived position of the VBM and CBM can be used to calculate
the valence band offset (VBO) and conduction band offset (CBO)

V BO =V BMS−V BMCl + IIBB (3.11)

CBO =CBMS−CBMCl + IIBB (3.12)

Positive values for the conduction band offset result in a so-called spike, negative CBO
values describe a cliff, and a vanishing CBO reveals a flat band alignment as illustrated in
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Figure 3.7. Depending on the band offset, this can have positive or negative effects on the
solar cell performance and are discussed where appropriate.

Figure 3.7: Schematics of band offset and alignment occurring in thin film solar cells.

3.7 Instrumentation/Experimental Details

3.7.1 Laboratory-based Techniques

For this thesis all laboratory-based XPS measurements were conducted using non-mono-
chromatized Mg Kα (1253.56 eV) and Al Kα (1486.58 eV) radiation and a SPECS PHOI-
BOS 150 MCD-9 electron energy analyzer positioned in the "magic angle" with a base pres-
sure of the analysis chamber of < 3 ·10−10 mbar. The electron energy analyzer was calibrated
according to D. Briggs et al.[91] For the collection of the (shallow) core levels and Auger
lines, the pass energy of the electron analyzer was set to 30 eV resulting in a combined ex-
perimental resolution of approximately 1 eV. For survey spectra the pass energy was set to
50 eV.
UPS measurements were conducted using non-monochromatized He I (21.22 eV) radiation
source. For the collection of the UPS valence band spectra a pass energy of 1 eV was used,
resulting in a combined energy resolution of <100 meV.
IPES measurements were conducted using a commercial PSP Vacuum Technology setup
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consisting of a low-energy electron gun and a solid-state photon detector. The electron gun
used a cathode with a BaO dispenser resulting in a sample current of 5-10 µA. The detector
consists of a photon energy bandpass filter (i.e., fluoride window in combination with a NaCl
coated Ta cone) and an electron multiplier. The energy resolution was approximately 1 eV.
The base pressure in the IPES chamber was < 5 ·10−9 mbar.
For a common UPS and IPES energy scale, the Fermi level (EF ) of a gold foil was measured
using both techniques.

SEM of Cu(In,Ga)Se2 (see chapter 4.1.1) was performed at Empa by Patrick Reinhard using
a Hitachi S-4800 with an in-lens detector. An acceleration voltage of 5 kV, a working dis-
tance of 5 mm and a magnification of 60000 were used for the measurements.

SEM of CH3NH3PbI(3−x)Clx (see chapter 5.2.1.2) was performed in-house using a com-
mercially available Zeiss UltraPlus scanning electron microscope at a working distance of
47.8 mm and an acceleration voltage of 5 kV for the primary electron beam.
EDX was performed at the same microscope using an Oxford Instruments X-Max 80 X-ray
detector and the AZtec acquisition and evaluation software. The beam energy and current
were 7 keV and about 1 nA, respectively. This set-up was used to study CH3NH3PbI(3−x)Clx
layers on compact and mesoporous TiO2.

3.7.2 Synchrotron-based Techniques

3.7.2.1 Synchrotron radiation

Most of the experiments done within this thesis were conducted at three different syn-
chrotron light sources: Berliner Elektronen Synchrotron (BESSY II) in Berlin, Advanced
Light Source (ALS) in Berkeley, and Super Photon Ring - 8 GeV (SPring-8) in Hyõgo.
Synchrotrons are large scale facilities functioning as an energy-tunable source using the prin-
ciple of relativistic electromagnetism to gain synchrotron radiation. Here, a charged particle
is moving at relativistic energies, i.e., near the speed of light, in a curved trajectory, the so
called storage ring. Before, those particles are generated as a beam in a linear accelerator,
accelerated in a booster ring and then inserted into the storage ring. The curved trajectory
of the charged particles is caused by bending magnets along the storage ring and insertion
devices placed in the straight section of the storage ring. To compensate the energy losses
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due to bending magnets and insertion devices, klystrons are used.
The following brief description is based on Ref. [92], which can be used for a more detailed
explanation:

In general, an accelerated particle emits electromagnetic waves. A particle that is constrained
to a circular trajectory is subjected to a centripetal force and therefore is accelerated leading
to radiation. In the case of synchrotron radiation, with particle having a velocity v close to
the speed of light c, the Lorentz factor γ describes the shape and direction of the radiation
[92]:

γ ≡ 1√
1− v2

c2

(3.13)

Figure 3.8: Scheme of the radiation emission of an electron traveling through a constant
magnetic field with the relativistic velocity v being accelerated towards the center with ac,
emitting radiation in a cone with an angle α . Adapted from Ref. [92].

Figure 3.8 shows schematically the emission collimated along the tangential direction with
an angle α ∼= 1

2γ
of a charged particle at relativistic speed traveling through a constant mag-

netic field.[92]
The spectrum of the emitted radiation covers the entire electromagnetic spectrum and the
energy can be expressed as the critical energy EC [92]:
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EC =
3ehBγ2

4πm
(3.14)

with the charge e, the mass m, the Plank constant h, and the magnetic flux B of the bending
magnetic. EC is the energy that divides the radiation emission into two equal parts of the
intensity.

Equation 3.14 can be rewritten for synchrotron radiation using electrons with the energy Er

and γ = Er
mc2 to [92]:

EC [keV ] = 0.655E2
r [GeV ] · B [T ] (3.15)

This energy has a peculiar spectrum depending on the particle trajectory influenced by the
magnetic field of the emitting devices which can be divided into bending magnets, wigglers,
and undulators. Bending magnets are simple dipole magnets, generating a uniform magnetic
field perpendicular to the electron orbit. Wigglers are high field superconducting magnet
arrays causing the electron to oscillate with large deviation angles around the ideal trajectory
compared to undulators using lower field arrays of magnets. Here the electrons slightly
oscillate around the ideal trajectory.[92] The basic principle of such insertion devices is
schematically shown in Figure 3.9.

They consist of stacked permanent magnet arrays with alternating polarity with a distance of
λU as the undulator frequency. The magnetic field B0 causes the electrons traveling through
to oscillate, emitting radiation. Under certain conditions the emission cones can overlap
resulting in constructive interference and therefore an increase in intensity at specific photon
energies.[92] These conditions can be described with the non-dimensional magnetic strength
K defined as [92]:

K ≡ eB0λU

2πmc
= 0.9337 ·B0 [T ] λU [cm] (3.16)
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Figure 3.9: Schematic of insertion device with alternating polarity of permanent magnets
with a magnetic field density of B0. The path of the electron (black) and the resulting syn-
chrotron radiation (blue) is indicated. GU represents the undulator gap, i.e., the distance
between the magnetic arrays and λU as the undulator frequency, i.e., the distance between
equally poled magnets.

For K�1 the insertion device is a wiggler, resulting in similar emission as bending magnets.
K=1 or smaller is characteristic for an undulator resulting in constructive interference of the
emission cones raising the photon intensity at a wavelength λ . Changes in B0 caused by a
change of the undulator gap GU results in changes of the photon energy.[92]

After synchrotron radiation is produced using bending magnets and insertion devices, this
radiation is led through beamlines to the endstation where the experiments are conducted.

3.7.2.2 Instrumentation and Experimental Details

BESSY II

BESSY II has a specific ring energy Er of 1.7 GeV and a critical energy EC of 1.9 keV and
is therefore most intense in the soft x-ray regime.
The HAXPES measurements were performed with an excitation energy of hν=2 keV at
the HiKE endstation [93] of the KMC-1 beamline [94]. The base pressure at HiKE was
< 1 ·10−8 mbar and it is equipped with a Scienta R4000 hemispherical electron energy ana-
lyzer positioned almost normal to the sample surface. The KMC-1 beamline uses a bending
magnet and a double crystal monochromator (DCM), allowing to tune the excitation energy
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between 2.0-10.0 keV. A pass energy of 200 eV was used for all detail spectra and 500 eV for
all survey spectra, respectively. The excitation energy was calibrated by measuring multiple
Au Fermi edges and 4f spectra of a grounded clean Au foil and setting the Au 4f7/2 binding
energy equal to 84.00 eV. Spectra were recorded using photon energies of 2 keV using the
Si(111) DCM crystal. For detail spectra the combined analyzer plus beamline resolution is
approximately 0.25 eV.

SPring-8

The ring energy Er of SPring-8 is 8 GeV resulting in a critical energy of EC=42.6 keV and
therefore suitable in the hard x-ray regime.
HAXPES experiments with an excitation energy of 6 keV were performed at the BL15XU
beamline [95, 96]. Beamline BL47XU [97] was used for experiments with an excitation
energy of 8 keV. The base pressure at BL47XU endstations was < 1 · 10−8 mbar and bet-
ter than < 1 · 10−7 mbar at BL15XU. Each endstation is equipped with a Scienta R4000
hemispherical electron energy analyzer with similar geometrical setups for beamline and an-
alyzer, as for the measurements at HiKE. Both beamlines uses undulators and are equipped
with double crystal monochromators (DCMs), allowing to tune the excitation energy be-
tween 4.0-36.0 keV at BL15XU, and between 5.2-37.7 keV at BL47XU. Pass energy and
energy calibration were the same as for the measurements at HiKE, using the 1st , 3rd , and
4th reflection order of the Si(111) DCM crystal resulting in a combined analyzer plus beam-
line resolution of approximately 0.25 eV.

Using undulators as insertion devices instead of bending magnets and the much higher
ring energy results in higher photon intensities and energies. The higher flux at beamline
BL15XU and BL47XU compared to the KMC-1 yields in a higher count rate reducing the
measurement time significantly, especially for the valence band region due to the decrease
in photoionization cross-sections for higher excitation energies (see section 3.6.2).

ALS

The ALS has a specific ring energy Er of 1.9 GeV and a critical energy EC of 2.4 keV and
also most intense in the soft x-ray regime.
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XES and XAS were performed in the soft x-ray fluorescence SXF endstation [98] of beam-
line 8.0.1 using an undulator. Photon energies of 120 eV and a range of 280-306 eV were
used for selenium M4,5 XES and carbon K / potassium L2,3 XAS measurements, respec-
tively. The XES energy scale was calibrated using elastically scattered photons in the range
of 100-120 eV in 2nd diffraction order. XAS spectra were recorded in the total fluores-
cence yield mode using a channeltron detector. To account for the strong background that
arises from the proximity of the K L2,3 edge to nearby C K edge, the absorption spectrum of
HOPG (highly-oriented pyrolytic graphite) was measured; this measurement was also used
for energy calibration.
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Impact of NaF/KF Post-depostition

Treatments on the Chemical and
Electronic Structure of Cu(In,Ga)Se2

Thin Film Solar Cell Absorbers
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3. E. Handick, P. Reinhard, R. G. Wilks, F. Pianezzi, T. Kunze, D. Kreikemeyer-Lorenzo,
L. Weinhardt, M. Blum, W. Yang, M. Gorgoi, E. Ikenaga, D. Gerlach, S. Ueda, Y. Ya-
mashita, T. Chikyow, C. Heske, S. Buecheler, A. N. Tiwari, and M. Bär, "Formation of
a K-In-Se surface species by NaF/KF post-deposition treatment of Cu(In,Ga)Se2 thin-
film solar cell absorbers" ACS Applied Materials & Interfaces 9, 3581-3589 (2017).
(Ref. [100])

In this chapter the properties of chalcopyrite-based thin film solar cell absorbers, in this
case Cu(In,Ga)Se2 (CIGSe), will be discussed. In the last years, alkali treatments of CIGSe
absorber surfaces have gained more and more interest due to the beneficial impact on the
device performance, but the influence on topography, the chemical, and electronic structure
is not yet determined. For a solar cell device one of the most crucial interfaces is formed
between the surface of the absorber and the adjacent emitter there in particular the chemical
and electronic properties are of interest.
First, the effect of alkali post-deposition treatment on the topography of those absorbers will
be elucidated. Second, the impact of such alkali treatments on the chemical structure will
be discussed. In particular the influence of potassium on the chemical surface structure is
derived, suggesting a possible bilayer structure. Finally, the effect on the electronic structure
most significantly a surface band gap widening for alkali-rich surfaces, is shown.

4.1 Impact of Alkali Treatments on Topography and the
Chemical Structure of CIGSe Absorbers

4.1.1 Topography study by SEM

Scanning electron microscope (SEM) measurements (conducted by Empa) show the topogra-
phy of the investigated samples and the impact of different alkali post-deposition treatments
(alkali-rich and alkali-poor) as introduced in chapter 2.1.2. Prior to imaging, all alkali treated
samples underwent a rinsing procedure as explained in 2.1.2.
Figure 4.1 allows comparing SEM top-view images of the alkali-rich (left column) and
alkali-poor (right column) CIGSe absorbers as well as alkali-free (a, d), NaF-PDT (b, e),
and NaF/KF-PDT (c, f) samples. Both alkali-free absorbers displayed in a) and d) show
the well-known facet-like CIGSe topography. This is also the case for the NaF-PDT CIGSe
absorbers subjected to an alkali-rich (b) and alkali-poor treatment (e). However, for the
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Figure 4.1: SEM top-view image of alkali-rich CIGSe absorbers (left column) and alkali-
poor CIGSe absorbers (right column) with an untreated (i.e., alkali-free) CIGSe (a, c) and
subjected to NaF-PDT (b, d), and NaF/KF-PDT (c, f). Adapted from [99].

alkali-rich NaF-PDT CIGSe the facet-like structure appears to be smoother which might be
a result of the stronger degree of NaF-PDT. The most prominent impact of alkali treatments
on the topography is apparent for the NaF/KF-PDT CIGSe samples (4.1c, f) confirming the
formation of a nanopatterned surface structure after applying an additional KF- treatment as
was previously reported by Empa [101]. This nanopatterned surface structure is more pro-
nounced, i.e., a presumably thicker surface layer with more distinct features is formed for
the alkali-rich NaF/KF-PDT, almost covering the well-known CIGSe structure (see also Fig-
ure 4.1a). The SEM image of the alkali-poor NaF/KF-PDT CIGSe (Figure 4.1f) also seems
to show this nanopatterning but significantly less pronounced so that the facet-like CIGSe
topography is still dominating. These findings of the topography suggest that a higher de-
gree of surface nanopatterning results from the alkali-rich NaF/KF-PDT in comparison to
the respective alkali-poor PDT. Thus, just by varying the PDT parameters the topography of
the absorbers can deliberately be "tuned".
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For the samples studied here the alkali-rich NaF/KF-PDT CIGSe is most similar to the ma-
terial that is described in Ref. [101] to achieve the highest efficiency. Nevertheless, the
alkali-poor NaF/KF-PDT CIGSe can to some extend also be related to the findings in Ref.
[101] with an increase in hole size and a wider distribution over the sample leads to a reduc-
tion in efficiency mainly due to some losses in FF and VOC (see also Table 2.1).
Note, that other high-efficiency CIGSe solar cell devices prepared by other groups, e.g. at
Zentrum für Sonnenenergie- und Wasserstoff-Forschung Baden-Württemberg (ZSW), never
shown this kind of surface patterning but reached (even higher) efficiencies. Therefore com-
paring the alkali-rich absorber with a more pronounced nanopatterning to the alkali-poor
absorber is of importance.

For further evaluation of these samples the differences in nanopatterning, i.e., possibly a
noncontinuous surface layer which might result in different optoelectronic properties, have
to be taken into account evaluating the impact of these alkali treatments. As becomes al-
ready apparent from the SEM study the nanopatterning surface for the NaF/KF-PDT CIGSe
absorbers also exhibit variations in domain size and also variations in the thickness of the
formed surface region, already suggesting an explanation for the difference in device perfor-
mance displayed in Table 2.1. For such nanostructured surfaces it has already been suggested
that they can act as passivation layers [80] (see also chapter 4.2) and that point openings can
be present in the surface layer [101]. Thus, the formation of point contacts seems possible
due to NaF/KF-PDT that could also beneficially impact open circuit voltage and fill factor
as proposed in [101]. Furthermore it would be consistent with our dataset for device perfor-
mance, showing an increase in VOC and fill factor for the alkali-rich NaF/KF-PDT CIGSe
(see Table 2.1).

4.1.2 Depth-resolved XPS/HAXPES Measurements

This subchapter compares the "depth-dependent" compositions of the differently treated
CIGSe absorbers with alkali-rich and alkali-poor PDTs. Here, the main question is how
the PDT influences the chemical structure of the Cu(In,Ga)Se2 absorber. To characterize the
samples we use photoelectron spectroscopy with different excitation energies (1253.56 eV,
1486.58 eV, 2 keV, 6 keV, and 8 keV) resulting in a variation in inelastic mean free path
(IMFP) of the photoele ctrons of maximum 2.7, 3.1, 4.0, 9.7, and 12.3 nm [79].
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Figure 4.2: Survey spectra of an alkali-free (black), a NaF-PDT (red), and a NaF/KF-PDT
(blue) CIGSe absorber measured with an excitation energy of hν=1486.58 eV (Al Kα ). The
post-deposition treated absorbers obtained an alkali-rich treatment. The respective core
level and Auger lines are marked. Vertical offset added for clarity.

The most common method to study the depth profile of materials and layer structures but
also most prone to artifacts in particular of thin film solar cell absorbers is secondary ion
mass spectroscopy (SIMS), which uses high energy ions to destructively sputter through
the sample. Our approach uses non-destructive XPS/HAXPES measurements where depth-
sensitivity is reach just with a variation in IMFP from approximately 2.7 to 12.3 nm [79].
Using the shallow core levels (Cu 3p, Se 3d, K 3s, and Ga 3d/In 4d/K 3p) the composition of
the surface and the near-surface region can be derived neglecting electron analyzer transmis-
sion and IMFP effects. By using synchrotron-based photoelectron spectroscopy with better
resolution than laboratory-based XPS in particular the separation of the different contribu-
tions in the region where Ga 3d, In 4d, and K 3p unambiguosly be possible, different species
can be detected and assigned.
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Figure 4.3: Survey spectra of an alkali-free (black), a NaF-PDT (red), and a NaF/KF-PDT
(blue) CIGSe absorber measured with an excitation energy of hν=2 keV. The post-deposition
treated absorbers underwent an alkali-rich treatment. The core level and Auger lines are
marked. The alkali-free absorber shows a slight Zn contamination of the surface. Vertical
offset added.

Figure 4.4: Survey spectra of an alkali-free (black), a NaF-PDT (red), and a NaF/KF-PDT
(blue) CIGSe absorber measured with an excitation energy of hν=2 keV. The post-deposition
treated absorbers underwent an alkali-poor treatment. The core level and Auger lines are
marked. Vertical offset added.
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Figure 4.5: Survey spectra of an alkali-free (black), a NaF-PDT (red), and a NaF/KF-PDT
(blue) CIGSe absorber measured with an excitation energy of hν=8 keV. The post-deposition
treated absorbers underwent an alkali-rich treatment. The core level and Auger lines are
marked. The alkali-free absorber shows a slight Zn contamination of the surface. Vertical
offset added.

Figure 4.6: Survey spectra of an alkali-free (black), a NaF-PDT (red), and a NaF/KF-PDT
(blue) CIGSe absorber measured with an excitation energy of hν=6 keV. The post-deposition
treated absorbers underwent an alkali-poor treatment. The core level and Auger lines are
marked. Vertical offset added.
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Figure 4.2 shows the survey spectra of the first set of samples with an alkali-rich treatment of
the respective CIGSe absorbers measured with Al Kα . For the alkali-free and the NaF-PDT
CIGSe absorbers all Cu(In,Ga)Se2 related core and Auger lines are present. The NaF/KF-
PDT CIGSe shows a Cu- and Ga-depleted surface, which is almost devoid of Cu and Ga,
in agreement with Ref. [4, 80]. Additionally, the corresponding alkali elements K (for the
NaF/KF-PDT) and Na (only for the NaF-PDT) are present due to the incorporation during
the PDT. It has already been suggested that K replaces Na during the PDT due to an ion-
exchange mechanism [4, 102]. Note, there is no clear indication of F remnants from the NaF
and KF treatments. Hence, the surface of the NaF/KF-PDT seems to be only composed of
K-In-Se. Further, C 1s and O 1s are detected most likely due to surface contamination and
will be intensively discussed in chapter 4.1.2.1.

Synchrotron-based HAXPES measurements were performed at 2 keV and 8 keV excitation,
and the respective survey spectra are displayed in Figure 4.3 and Figure 4.5. Again, the
alkali-free and NaF-PDT sample show the same behavior and all CIGSe related peaks. For
the NaF/KF-PDT CIGSe Cu and Ga core levels can be noticeably detected for 8 keV mea-
surements, however it is still Cu- and Ga-depleted compared to the NaF-PDT and alkali-free
CIGSe. Even with more bulk-sensitive 8 keV measurements a distinct Na signal is only vis-
ible for the NaF-PDT CIGSe sample and only a weak signal for the NaF/KF-PDT CIGSe
sample which is in agreement with the suggested ion-exchange [4, 102]. Even for 8 keV a
distinct K signal can be detected for the NaF/KF-PDT CIGSe absorber.

A second set of samples, also prepared by Empa, with an alkali-poor treatment was mea-
sured at excitation energies of hν=2 keV and 6 keV and used for comparison. In this series
the alkali-free and NaF-PDT CIGSe spectra show all material related core and Auger lines.
As for the alkali-rich treatment Na is only detected for the NaF-PDT CIGSe but no Na sig-
nal for the NaF/KF-PDT CIGSe. A weak K signal compared to the alkali-rich series for
the NaF/KF-PDT absorber can be detected. Again the NaF/KF-PDT shows a Cu- and Ga-
depleted surface in comparison to the alkali-free and NaF-PDT CIGSe of this sample series.
This first comparison of the survey spectra between the alkali-rich and alkali-poor series also
reveals the further differences in PDT in addition to the SEM studies. Both Na and K are less
pronounced for all excitation energies for the alkali-poor series. A more detailed analysis
and explanation is given below in section 4.1.2.2. Also the alkali-rich sample set shows an
increase in O 1s and C 1s signal intensity compared to the alkali-poor and is discussed in
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chapter 4.1.2.1.

4.1.2.1 Effect of Surface Contamination and Oxidation

Before starting a detailed analysis and explanation of the CIGSe samples and the influence
of alkali treatments on the chemical and later on the electronic structure, the effect of surface
contamination/oxidation must be discussed.
It is already known that surface contamination and/or oxidation of the absorber surface can
highly influence the performance of the solar cell [103–105], although these surface con-
taminants and oxides mainly get washed away during chemical bath deposition of CdS or
KCN etch. However, for our analysis of the absorber surfaces it is important to discuss the
influence of surface contamination and possible oxidation of the respective samples.

Figure 4.7: O 1s and C 1s lines measured with excitation energies of hν=1253.56 eV
(Mg Kα ) and 8 keV for alkali-rich absorbers (a,b) and with hν=2 keV and 6 keV for the
alkali-poor series (c,d). For each sample set the most surface sensitive and the "most" bulk-
sensitive measurements are shown. The spectra are background normalized. Vertical offset
added.
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As already seen in the survey spectra of Figure 4.2 to 4.6, O 1s and C 1s features can be
detected for all examined samples, indicating varying degrees of contamination/oxidation.
Figure 4.7 displays the O 1s and C 1s lines for each sample set (alkali-rich, alkali-poor) with
the most surface sensitive measurement (Mg Kα , 2 keV) and the more bulk sensitive mea-
surement (8 keV, 6 keV).

For the alkali-rich sample set the alkali-free absorber exhibits almost no oxygen for Mg Kα ;
by comparison the NaF-PDT and NaF/KF-PDT shows a significantly increased amount of
oxygen on the sample surface. This increase in surface oxidation might be the result of the
ammonia wash in ambient air and the vacuum drying process of the deionized water film
and possible water remnants in the molybdenum frame. This might also explain the second
species (indicated as I in Figure 4.7a) of surface contamination for the NaF-PDT sample,
possibly due to a shorter storage time in UHV of the NaF-PDT CIGSe sample. All three
samples show the same C 1s signal intensity for the Mg Kα -excited spectra (IMFP 2.7 nm).
The 8 keV measurements (IMFP 12.3 nm) show also oxygen and carbon.
Although the samples were stored in a nitrogen filled glovebox the 8 keV measurements
were conducted significantly later (about five month), and the samples had to be mounted
in air, trying to keep the exposure time to ambient conditions at minimum. Especially, the
second oxygen species (indicated as II in Figure 4.7a) for NaF/KF-PDT most likely indicates
a surface-oxide compound.
However, if we compare the O 1s core level to In 3d5/2 we get less than 6% for the O1s:In3d
ration for Mg Kα taking only the photoionization cross-sections in account, excluding the
IMFP and the transmission function of the analyzer due to the close binding energy window
for O 1s and In 3d. For 8 keV we get less than 14% O 1s:In 3d ration again only taking the
respective photoionization cross-sections into account.
The same samples were used for the measurements with an excitation energy of 2 keV, which
were performed 2-3 weeks after the 8 keV measurements. The results for the alkali-rich sam-
ples therefore show a significant amount of surface contamination/oxidation, which needs to
be kept in mind for later analysis (and will be discussed where appropriate).
Note, that for this set of samples the 2 and 8 keV measurement of the alkali-free absorber
show contamination by a Zn species. However, the Zn 2p:Cu 2p ratio for both excitation en-
ergies is only about 5%. This contamination will in particular effect the electronic structure,
especially if it is a metallic Zn species. This surface contamination occurred during mild
Ar+-treatments and analyzing the sample in a different UHV system and are therefore only
surface impurities.
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To support all findings and measurements a second set of samples was prepared; differing
deposition conditions at Empa resulted in an alkali-poor treatment. For this sample set, all
absorbers show O 1s and C 1s signal for 2 and 6 keV measurements. The O 1s:In 3d ratio is
about 15% for 2 and 6 keV measurements, except the alkali-free CIGSe sample exhibits an
O 1s:In 3d ratio of about 30% for 6 keV. For 2 keV most likely carbonates (indicated as III
in Figure 4.7d) at higher binding energy (EB ∼ 288 eV) are detected. Here, the time between
sample preparation and measurements was kept as short as possible and the samples were
mounted in nitrogen atmosphere and only briefly saw air (<5 min) while introducing into the
UHV system.

However, both sample sets show a contamination/oxidation layer of the sample surface most
likely due to physisorption effects. Incorporation of carbon and oxygen into the absorber
during absorber growth also cannot be excluded, especially given the significant signal ob-
served in the more bulk sensitive 6 and 8 keV measurements. In this context differences in
analyzer transmission function for electrons at different kinetic energies and difference in
cross-section (see chapter 3.6.2) cannot be neglected. Furthermore as already explained in
chapter 3.6 despite varying excitation energy and therefore probing-depth, due to exponential
behavior, signal from the sample surface will always be detected.

4.1.2.2 Depth-dependent Composition

In order to get a depth-dependent picture of the composition of the alkali-rich and alkali-poor
absorber sample sets, we used photoelectron spectroscopy with different excitation energies
(Mg Kα , 2 keV, 6 keV, and 8 keV) resulting in a variation in IMFP of the photoelectrons
from around max. 2.7-12.3 nm [79] (see also section 3.6) for high kinetic energies. To
derive the sample-specific compositions, we have used the intensity of the shallow core lev-
els Cu 3p, Na 2s, Se 3d, K 3s, Ga 3d, and In 4d, which fall within a narrow energy range
(approximately 70 eV). With this approach we are able to neglect the variations in electron
analyzer transmission and IMFP on signal intensity when quantifying the XPS/HAXPES re-
sults. Additionally when using the shallow core levels we have similar low binding energies
and therefore comparable high kinetic energies (between ∼1180 and 1240 eV for Mg Kα ,
∼1925 and 1990 eV for 2 keV, ∼5875 and 5937 eV for 6 keV, and ∼7865 and 7927 keV for
8 keV) and the samples are least affected and similarly attenuated by surface contamination
and/or oxidation of a given sample. As already discussed in section 4.1.2.1 for these data
sets it is important to consider contamination/oxidation, as oxygen and carbon are detected
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on all investigated samples for all excitation energies. However, we do not include carbon
and oxygen in the quantitative analysis assuming those contaminants are mainly located on
the surface.

Figure 4.8: Shallow core level photoemission data of the CIGSe absorber with an alkali-rich
NaF-PDT and NaF/KF-PDT taken with an excitation energy of hν=8 keV. Cu 3p (a), Na 2s
(b), Se 3d (c), K 3s (d), and Ga 3d/In 4d/ K 3p (e) are displayed with their respective doublet
Voigt fits and residua. Vertical offset added. Adapted from [100].

Figure 4.8 and Figure 4.9 exemplarily display Cu 3p, Na 2s, Se 3d, K 3s, and Ga 3d/In 4d/K 3p
with the according fits for the alkali-rich absorber set probed with 8 keV and the alkali-poor
absorbers measured at 6 keV. The remaining shallow core level fits for e xcitation energies
of Mg Kα and 2 keV are included in Appendix A.2.
The shallow core levels are simultaneously fitted with Voigt profiles [106] and linear back-
grounds; the backgrounds have been subtracted in all figures (see also chapter 3.6). Shape
and gwidth [106] are linked for each excitation energy and the doublet separation is fixed to
2.39 eV [107] for Cu 3p (panels a). The Se 3d data (panels c) are fitted using a doublet sepa-
ration of 0.83 eV [108]. For the NaF/KF-PDT CIGSe sample two (three) species are needed
for 8 keV (2 keV) for the alkali-rich NaF/KF-PDT and two species for 2 keV and 6 keV
for alkali-poor NaF/KF-PDT, with the same doublet separation, shape and gwidth. The blue
doublet, representing species Sea, and the cyan doublet, representing species Seb. For the
2 keV measurement (see [99] and Appendix A.2 ) an additional orange doublet (species Sec)
is most likely the result of surface oxidation of the sample as explained in section 4.1.2.1.
The panels e) show the fits for Ga 3d, In 4d, and K 3p lines. In 4d has a doublet separation of
0.86 eV [109], Ga 3d of 0.46 eV [110], and K 3p of 0.25 eV [111]. Due to the Ga-depleted
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Figure 4.9: Shallow core level photoemission data of the CIGSe absorber with an alkali-
poor NaF-PDT and NaF/KF-PDT taken with an excitation energy of hν=8 keV. Cu 3p (a),
Na 2s (b), Se 3d (c), K 3s (d), and Ga 3d/In 4d/ K 3p (e) are displayed with their respective
doublet Voigt fits and residua. Vertical offset added. Adapted from [99].

surface for the NaF/KF-PDT CIGSe sample and correspondingly low Ga 3d intensity, the
Ga 3d5/2 position of NaF/KF-PDT CIGSe sample is fixed to the Ga 3d5/2 position of NaF-
PDT CIGSe for the Mg Kα and 2 keV analysis. Also for the In 4d line of the NaF/KF-PDT
CIGSe two species are necessary to get to a reasonable fit. Again, the blue doublet represents
species Ina and the cyan doublet represents species Inb. For the 2 keV measurement (see [99]
and Appendix A.2) an additional orange doublet (species Inc) is requiered for a reasonable fit
and most likely the result of surface oxidation of the sample. The ratio between the Ina:Inb

components is the same as found for Se 3d data and 3.81 (2 keV) and 2.28 (8 keV) for alkali-
rich, as well as 0.39 (2 keV) and 0.15 (6 keV) for alkali-poor, respectively. K 3p is linked in
area and position to the nearby K 3s signal, taking into account the respective cross-section
ratio [84] for the area and an energy separation of K 3s (EB(K)=34.70 eV [112]) and K 3p3/2

(EB(K)=18.34 eV[111]) of 16.36 eV.

Figure 4.8a and Figure 4.9a show the Cu 3p lines, after correction by the In 4p background
(see Appendix A.1), for the alkali-free, NaF-PDT, and NaF/KF-PDT absorbers for both ab-
sorber sample sets. Both NaF/KF-PDT samples show a Cu depletion with respect to the
alkali-free and the NaF-PDT CIGSe, in agreement with Ref. [4, 80]. However, it is clearly
seen that the alkali-rich treated NaF/KF-PDT CIGSe absorber shows significantly less cop-
per for the more bulk sensitive 8 keV measurement as a result of different PDT parameters.
The Se 3d lines suggest only one species for both alkali-free and NaF-PDT absorbers (see
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4.8c and 4.9c). The NaF/KF-PDT CIGSe features a second species (Seb) at low binding
energy side, which we attribute to a K-In-Se type species. By implication, this attribution
means that the high binding contribution (Sea) represents the chalcopyrite structure (CIGSe),
with a binding energy similar to that of the alkali-free and NaF-PDT CIGSe. The Se 3d fits
for NaF/KF-PDT of the alkali-rich and alkali-poor absorber already indicate that the con-
tribution of a K-In-Se type species (Seb) in the alkali-poor absorbers is smaller than in the
alkali-rich absorbers.
Similar effects are seen in the core level fits for In 4d. Once more the NaF/KF-PDT absorbers
are depicted by two components with a K-In-Se type species (Inb) at lower binding energy
side and a CIGSe-species (Ina) matching the energy positions for alkali-free and NaF-PDT
CIGSe. The K-In-Se type species is again more pronounced for the alkali-rich treatment than
for the alkali-poor NaF/KF-PDT treatment. Further potassium (K 3s (4.8d, 4.9d) and K 3p
(4.8e, 4.9e)) is only apparent for the NaF/KF-PDT samples. Hence, a clear Ga contribution
is only seen for the alkali-free and NaF-PDT CIGSe absorbers, however slightly more Ga is
detected for the alkali-poor NaF/KF-PDT than for the respective alkali-rich sample.
As already mentioned potassium is only seen for the potassium treated samples, but a second
K-species is detected at higher binding energy (see Figure 4.9d) for the alkali-poor NaF/KF-
PDT. Possibly due to "unreacted" potassium, or K-In-Se/K-Se impurities [113].
Na 2s is shown in Figure 4.8b and 4.9b but will be neglected from further analysis. The
amount of Na found for the alkali-rich NaF-PDT CIGSe is less than 10 % that of K observed
for the alkali-rich NaF/KF-PDT CIGSe sample at 8 keV and even less for the alkali-poor
CIGSe absorbers.
Note, due to a poorer resolution of the XPS Mg Kα source only one species for Se and In of
the alkali-rich NaF/KF-PDT can be observed, however a K-In-Se type species and a CIGSe
species at the absorber surface is also assumed in this case.

Using the photoemission data (Figure 4.8, Figure 4.9 and Appendix A.2) of the respective
shallow core levels, the relative Cu, In, Ga, Se, and K to (Cu+In+Ga+Se+K) can be de-
rived as a function of the employed excitation energy and thus IMFP, displayed in Figure
4.10 and 4.11 for the alkali-rich treated CIGSe absorber set and in Figure 4.12 and 4.13
for the alkali-poor absorbers. All photoemission signal intensities are related to the relative
quantity of the element in question, weighted exponentially according to the IMFP and cor-
rected by the respective photoionization cross-section for used excitation energy (see chapter
3.6.2). For this purpose, the obtained values would reflect the true composition (within the
experimental uncertainty and calculated margins) if the samples had uniform composition
throughout the investigated volume. However, for nonuniform materials, like CIGSe, the
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Figure 4.10: The elemental ratios of (Cu+K), (In+Ga), and Se to the overall amount of
(Cu+Ina+b+Ga+Sea+b+K) of differently treated alkali-rich (CIGSe) absorbers taken with
excitation energy of hν =1253.56 eV (Mg Kα ), 2 keV, 6 keV, and 8 keV resulting in IMFPs of
2.7, 4.0, 9.7, and 12.3 nm.[79] The composition of the alkali-free CIGSe (black) is com-
pared to absorbers that underwent a NaF (red) post-deposition treatment (PDT), and a
NaF/KF-PDT (blue). For reference the ratio of a KF-PDT In2Se3 (gray) sample is also
shown. For the NaF/KF-PDT CIGSe sample the individual Cu/(Cu+Ina+b+Ga+Sea+b+K)
and K/(Cu+Ina+b+Ga+Sea+b+K) ratios (short dashed lines) as well as the Cu, (In+Ga),and
Se to (Cu+Ina+Ga+Sea) and K, In, and Se to(K+Inb+Seb) ratios (long dashed lines, open
symbols) representing a corresponding Cu-In-Ga-Se and K-In-Se composition are addition-
ally presented. The most common CIGSe-related stoichiometries ([Cu+K]:[In+Ga]:[Se] =
1:1:2, 1:3:5, and 1:5:8) are depicted in green. A general error margin of ±0.05 eV for Mg
Kα and 2 keV, and ±0.075 eV for 6 and 8 keV, is assumed. Adapted from [100].

results will represent an integrated composition throughout the volume of interest under the
further assumption that the main carbon and oxygen contributions arise from surface con-
tamination/oxidation and are therefore not included in the calculated composition.
It should be noted, that there are many different nonuniform compositions that could explain
the findings here. It is almost impossible to give an exact composition due to the assumption
of a nonuniform composition, nanopatterned surfaces of the NaF/KF-PDT CIGSe absorbers,
the uncertainty in determining the corresponding photoionization cross-sections, especially
for 6 and 8 keV, and the distributions of different species for Se and In. Therefore, we give
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Figure 4.11: (In+Ga)/(Cu+In+Ga+Se+K+Na), left, and Se/(Cu+In+Ga+Se+K+Na),
right, ratios of differently treated alkali-rich Cu(In,Ga)Se2 (CIGSe) absorbers, derived from
photoemission data recorded with excitation energies of hν =1253.56 eV (Mg Kα ), 2 keV,
6 keV, and 8 keV, resulting in IMFPs of 2.7, 4.0, 9.7, and 12.3 nm. The composition of the
alkali-free CIGSe (black) is compared to absorbers that underwent a alkali-rich NaF-PDT
(red) or a NaF/KF-PDT (blue), and to a KF-PDT In2Se3 reference (gray). For the NaF/KF-
PDT CIGSe absorber, the relative (In+Ga)/(Cu+Ina+Ga+Sea) and Se/(Cu+Ina+Ga+Sea)
ratios (dashed blue lines, open circular symbol) as well as the relative In/(K+Inb+Seb) and
Se/(K+Inb+Seb) ratios (dashed blue lines, open star symbol) are shown. These ratios are
also depicted for the KF-PDT In2Se3 reference, i.e., In/(Ina+Sea) and Se/(Ina+Sea) (dashed
gray lines, open circles) and In/(K+Inb+Seb) and Se/(K+Inb+Seb) (dashed gray lines, open
stars). The most common CIGSe-related compositions (1:1:2, 1:3:5, and 1:5:8) are depicted
in green, as well as In:Se=2:3 for In2Se3 in orange. A general error margin of ±0.05 eV for
Mg Kα and 2 keV, and ±0.075 eV for 6 and 8 keV, is assumed.

a depth-dependent picture and behavior of the elements of interest, displayed in Figure 4.10,
4.11 and 4.12, 4.13 and discuss it qualitatively.

First, we start by interpreting the compositional results for the alkali-rich CIGSe absorbers
displayed in 4.10 and 4.11 (see also Ref. [100]). The Cu, (In+Ga), and Se to (Cu+Ina+b+Ga+
Sea+b) profiles for the alkali-free and NaF-PDT CIGSe are almost identical. For these ab-
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sorbers the surface is Cu-poor and In-rich in comparison to the nominal Cu:(In,Ga):Se=1:1:2
stoichiometry. Cu-poor surfaces on high-efficient chalcopyrite absorbers have been reported
[30, 31, 114] and attributed to surface reconstruction [115] or the formation of ordered de-
fect/vacancy surface compounds [31, 116]. These well-known compositions with a 1:3:5
and 1:5:8 structure are indicated in green in Figure 4.10, 4.11 and 4.12, 4.13. The more
bulk-sensitive 8 keV measurement shows an increase in Cu content, whereas (In+Ga) and
Se (see Figure 4.13a,b) stay almost constant. The content of In and Ga, and therefore the
(In+Ga), as well as the Se content are consistent with Cu-deficient compositions like 1:3:5
and/or 1:5:8.

In contrast, the surface of the alkali-rich treated NaF/KF-PDT CIGSe is almost devoid of
Cu in comparison to the alkali-free and NaF-PDT samples (see Figure 4.10b), as reported in
[4, 80]. A significant and detectable Cu 3p signal for the alkali-rich NaF/KF-PDT is only
found for the most bulk sensitive 8 keV measurements. For 2 keV a weak Cu 2p signal is
already detected and therefore the amount of copper for Cu 3p for this sample was estimated
(for more details see Appendix A.3) due to the low signal to noise ratio of the measured
data. Within the experimental uncertainty the amount of copper derived for 8 keV is ap-
proaching the Cu content that is found at the surface of the alkali-free and NaF-PDT CIGSe.
The overall content of In, Ga, and Se to (Cu+Ina+b+Ga+Sea+b+K) also deviates from what
is found for the alkali-free and NaF-PDT sample. For the alkali-rich treated NaF/KF-PDT
sample a significant amount of K/(Cu+K+Ina+bGa+Sea+b) is found at the surface, indicated
in Figure 4.10b (additionally see survey spectra 4.2, 4.3, 4.5, and [4, 80]). With increasing
IMFP and thus increasing bulk sensitivity the K content decreases and therefore shows an
opposite behavior to the Cu content for this sample. DFT calculations suggest that K may
preferentially occupy Cu vacancies in a Cu-poor CIGSe material.[117] This model supports
our suggestions that a K-In-Se type surface compound is formed and is in agreement with
what we find for the electronic structure (detail discussion in 4.2 and [80, 113]). To verify
this statement, by assuming that K occupies a certain amount of Cu vacancies, we indicate a
(Cu+K) content in Figure 4.10a) and get a (Cu,K):(In,Ga):Se composition tending towards a
stoichiometric 1:1:2 composition. This assumption is also in general agreement with what is
observed for (In+Ga) and Se in Figure 4.11, but due to the large error bars a final conclusion
cannot be made.
To further elucidate these findings of the NaF/KF-PDT CIGSe surface composition we use
a KF-PDT In2Se3 reference sample. The overall K/(K+Ina+b+Sea+b) content is represented
in 4.10a and indicating either the formation of a KInSe2-In2Se2 mixture or a K-deficient
K:In:Se – type species. Recently, studies of Cu1−xKxInSe2 alloys showed that impurity
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phases like K2In12Se19 and K2Se are found for KInSe2 films.[113] Although the KF-PDT
In2Se3 deposition condition might have been different, the depicted K/(Cu+K+Ina+b+Ga+
Sea+b) profile of the alkali-rich NaF/KF-PDT CIGSe follows a similar trend.
Taking a closer look at the separated species for the NaF/KF-PDT sample the K/(K+Inb+Seb),
In/(K+Inb+Seb), and Se/(K+Inb+Seb) suggest within the error bars a 1:1:2 stoichiometry. For
the CIGSe species the Cu/(Cu+Ina+Ga+Sea) shows the same behavior as the alkali-free and
NaF/KF-PDT sample and a stoichiometry between Cu:(In+Ga):Se=1:3:5 and 1:5:8. How-
ever, although the (In+Ga)/(Cu+Ina+Ga+Sea) and Se/(Cu+Ina+Ga+Sea) follows a similar
trend to the potassium free absorbers they do not exactly match the stoichiometry. These
findings suggest a K-In-Se/CIGSe bilayer structure.

The same interpretation and analysis is also done for the alkali-poor CIGSe absorber set
displayed in Figure 4.12 and 4.13. As for the alkali-rich treated samples, the alkali-free and
NaF-PDT CIGSe are quite similar in their (Cu+K) (Figure 4.12a), (In+Ga) (Figure 4.13a),
and Se (Figure 4.13b) ratio. Both samples also show a Cu-deficient surface compared to the
nominal Cu:(In+Ga):Se=1:1:2 stoichiometry for the bulk. For the more bulk-sensitive 6 keV
measurement the Cu content increases. The alkali-free and NaF-PDT CIGSe sample show
an increase in (In+Ga) ratio and a decrease in Se deeper beneath the surface. Within the error
bars they can also be associated with a Cu:(In+Ga):Se=1:3:5 or 1:5:8 stoichiometry found
for Cu-poor CIGSe surfaces.

As opposed to the alkali-rich NaF/KF-PDT CIGSe sample the effect of an additional KF
treatment is less pronounced for the alkali-poor NaF/KF-PDT but still distinguishable. A
marginally Cu-poorer surface is depicted for the NaF/KF-PDT sample, although already for
2 keV the amount of Cu is noticeable especially in comparison to the alkali-rich NaF/KF-
PDT sample. The compositional changes for Cu and in particular for (In+Ga) and Se do not
deviate a lot within the experimental uncertainties from the alkali-free and NaF-PDT CIGSe
absorber. To illustrate the occupation of Cu vacancies with K [117], the (Cu+K)/(Cu+Ina+b+
Ga+Sea+b+K) is shown indicating (Cu+K) that fits to a 1:3:5 composition. The (In+Ga) and
Se only fit to 1:3:5 within the bigger error margins. The K/(K+Inb+Seb) profile (Figure
4.12b) indicates Se deficiency and cannot be associated with a simple K:In:Se=1:1:2 stoi-
chiometry, but may be explained by formed Cu1−xKxInSe2 alloys or incorporated impurities
as for reported KInSe2 films [113].
The difficulty in identifying the K-In-Se species and the CIGSe composition may arise with
the nonuniformity of this sample, as well as the presence of a really thin covering layer,
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Figure 4.12: The elemental ratios of (Cu+K) to the overall amount of
(Cu+Ina+b+Ga+Sea+b+K) of differently treated alkali-poor Cu(In,Ga)Se2 (CIGSe)
absorbers taken with excitation energy of hν =1253.56 eV (Mg Kα ), 2 keV, and 6 keV result-
ing in IMFPs of 2.7, 4.0, and 9.7 nm.[79] The composition of the alkali-free CIGSe (black)
is compared to absorbers that underwent a NaF (red) post-deposition treatment (PDT), and
a NaF/KF-PDT (blue). For reference the ratio of a KF-PDT In2Se3 (gray) sample is also
shown. For the NaF/KF-PDT CIGSe sample the individual Cu/(Cu+Ina+b+Ga+Sea+b+K)
and K/(Cu+Ina+b+Ga+Sea+b+K) ratios (short dashed lines, half-filled symbol) as well as
the Cu to (Cu+Ina+Ga+Sea) and K to(K+Inb+Seb) ratios (long dashed lines, open symbols)
representing a corresponding Cu-In-Ga-Se and K-In-Se composition are additionally
presented. The most common CIGSe-related stoichiometries ([Cu+K]:[In+Ga]:[Se] =
1:1:2, 1:3:5, and 1:5:8) are depicted in green. A general error margin of ±0.05 eV for Mg
Kα and 2 keV, and ±0.075 eV for 6 keV, is assumed.

probably exhibiting a gradient-like structure than a bilayer, with an additional nanopatterned
surface structure with a second potassium species. However trends are comparable to the
alkali-rich NaF/KF-PDT CIGSe, only less distinct.
It can be speculated that the less intensive NaF/KF-PDT treatment for the alkali-poor treated
sample resulting in a (Cu+K):(In+Ga):Se=1:3:5 surface structure, instead of a 1:1:2-like
composition as for the alkali-rich NaF/KF-PDT CIGSe sample, may explain the decrease in
VOC, FF, and efficiency (see Table 2.1) compared to the alkali-rich treated NaF/KF-PDT.
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Figure 4.13: (In+Ga)/(Cu+In+Ga+Se+K+Na), left, and Se/(Cu+In+Ga+Se+K+Na),
right, ratios of differently treated alkali-poor Cu(In,Ga)Se2 (CIGSe) absorbers, derived from
photoemission data recorded with excitation energies of hν =1253.56 eV (Mg Kα ), 2 keV,
and 6 keV resulting in IMFPs of 2.7, 4.0, and 9.7 nm. The composition of the alkali-free
CIGSe (black) is compared to absorbers that underwent a alkali-poor NaF-PDT (red) or
a NaF/KF-PDT (blue), and to a KF-PDT In2Se3 reference (gray). For the NaF/KF-PDT
CIGSe absorber, the relative (In+Ga)/(Cu+Ina+Ga+Sea) and Se/(Cu+Ina+Ga+Sea) ra-
tios (dashed blue lines, open circular symbol) as well as the relative In/(K+Inb+Seb) and
Se/(K+Inb+Seb) ratios (dashed blue lines, open star symbol) are shown. These ratios are
also depicted for the KF-PDT In2Se3 reference, i.e., In/(Ina+Sea) and Se/(Ina+Sea) (dashed
gray lines, open circles) and In/(K+Inb+Seb) and Se/(K+Inb+Seb) (dashed gray lines, open
stars). The most common CIGSe-related compositions (1:1:2, 1:3:5, and 1:5:8) are depicted
in green, as well as In:Se=2:3 for In2Se3 in orange. A general error margin of ±0.05 eV for
Mg Kα and 2 keV, and ±0.075 eV for 6 keV, is assumed.

To finalize the depth-dependent composition the ratios Ga:(In+Ga), (Ga+In):Cu, Se:Cu,
Se:K, and (Ga+In):K are derived and summarized in Figure 4.14 for alkali-rich and alkali-
poor samples.
For both sample sets (alkali-rich and alkali-poor) the alkali-free and NaF-PDT show the
same trends in Ga:(In+Ga), (Ga+In):Cu, Se:Cu and support the previous findings of the el-
emental contents. This also suggests that the Zn contamination for the alkali-free CIGSe of
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Figure 4.14: The elemental ratios of Ga:(In+Ga), (Ga+In):Cu, Se:Cu, Se:K, and (Ga+In):K
of differently treated CIGSe absorbers taken with excitation energy of hν =1253.56 eV (Mg
Kα ), 2 keV, 6 keV, and 8 keV resulting in IMFPs of maximum 2.7, 4.0, 9.7, and 12.3 nm.[79]
The composition of the alkali-free CIGSe (black) is compared to absorbers that underwent a
NaF (red) post-deposition treatment (PDT), and a NaF/KF-PDT (blue).

the alkali-rich absorber series has no major influence on the chemical structure. However, it
cannot be excluded that Zn has an impact, but it is impossible to distinguish it in our analysis;
the Zn:Cu ratio is about 5%. Note, that it is suggested that Zn can occupy Cu vacancies.[118]
The Ga:(In+Ga) aligns with the preferred average bulk ratio of 0.33-0.38 [4] for high-
efficient solar cells. Due to the Cu-depleted surface the ratio for (Ga+In):Cu is still higher
for the very surface, but it is tending to the desired ratio of 1.21-1.28 [4]. This behavior is
also in agreement with the Se:Cu ratio for these samples, especially for the almost Cu devoid
NaF/KF-PDT CIGSe of the alkali-rich sample series. Also the derived CIGSe compounds
for both NaF/KF-PDT absorbers show similar ratios as the respective alkali-free and NaF-
PDT CIGSe.

4.1.2.3 Modified Auger Parameter α’ for Indium and Selenium

For a more direct examination of the impact of alkali treatments especially on the chemical
speciation of the alkali-free, NaF-PDT, and NaF/KF-PDT CIGSe absorbers of the alkali-rich
treated sample series, we use the In M4N45N45 (Figure 4.15) and Se L3M45M45 Auger Lines
(Figure 4.16).
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Figure 4.15: In
MNN Auger line (left
panel) for different
CIGSe absorbers
together with the
respective In 3d5/2
core level line (right
panel).

Figure 4.16: Se
LMM Auger line (left
panel) for different
CIGSe absorbers
together with the
respective Se 3d
core level line (right
panel).

To be independent of variations in doping concentration, possible (surface) band bending,
and/or sample charging, the modified Auger parameter α’ of selenium α’(Se) = EB(Se 3d5/2)
+ EK(Se LMM) and indium α’(In) = EB(In 3d5/2) + EK(In MNN) is calculated (see also
chapter 3.2).

Both Auger spectra show almost identical structures for alkali-free, NaF-PDT, and NaF/KF-
PDT CIGSe, only slight shifts in kinetic energy can be observed. The same shifts are also
obvious for the respective core level lines of In 3d5/2 and Se 3d.
A different shape is exhibit for the In MNN Auger line for the KF-PDT In2Se3 reference
sample. Table 4.1 shows the derived values for In 3d5/2, Se 3d5/2, In M4N45N45, and
Se L3M45M45 of the alkali-free, NaF-PDT, NaF/KF-PDT CIGSe, and the KF-PDT In2Se3

reference sample (data see Figure 4.15 and 4.16).
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Indium MNN Auger kinetic energies for CuIn3Se5 are found at 407.40 eV [119] and at
408.40 eV for CuInSe2 [104]. The respective core level lines for In 3d5/2 are in a range
of EB=444.10 eV - 444.80 eV [104, 120] for CuInSe2. In2Se3 Auger kinetic energies are
located between 408.00 - 408.30 eV [104, 121] and 444.80 - 445.10 eV In 3d5/2 binding
energy [103, 121].
Metallic indium has In MNN Auger kinetic energies of 409.60 - 410.40 eV [121, 122] and In
3d5/2 binding energies of 443.15 - 444.60 eV [123, 124]. In-O can be found at binding ener-
gies around (444.7±0.7) eV and Auger kinetic energies of approximately 406.6 eV. Taking
both ranges for Auger kinetic energy and core level binding energy into account the pres-
ence of metallic indium and an In-O compound can be excluded for Mg Kα measurements.
Ranges taken from literature values for In2Se3 CuInSe2, and CuIn3Se5 are also indicated as
gray dashed boxes in Figure 4.17b
The same analysis of Auger kinetic and core level binding energy can be done for Se.
CuInSe2 has an EK=1307.30 eV [125] and EB=53.50 - 55.50 eV [126, 127] and elemen-
tal Se EK=1306.70 - 1307.00 eV [128, 129] and EB=54.64 - 55.50 eV [121, 130]. Se-O
compounds are located at around EB ∼59 eV which is higher than what we find for core
level binding energies (see Table 4.1). These ranges for Se and CuInSe2 are also indicated
as gray dashed boxes in Figure 4.17a.

Table 4.1: The peak position of the respective In and Se core level lines in binding energy
(EB) and the position of the main Auger line in kinetic energy (EK) measured with Mg Kα

and Al Kα . An error margin of ±0.10 eV is assumed.
sample EB(In 3d5/2) EB(Se 3d5/2) EK(In M4N45N45) EK(Se L3M45M45)

alkali-free 444.93 54.25 407.60 1306.87
NaF-PDT 444.67 53.96 407.86 1307.27

NaF/KF-PDT 444.66 53.70 407.51 1307.16
KF-PDT In2Se3 445.18 54.17 407.01 1306.90

Using the values from Table 4.1 for the respective binding energy of the core levels and the
kinetic energy of the Auger lines; α’ for Se and In are shown in Figure 4.17. Here, elements
with a similar chemical environment have the same modified Auger parameter and are lo-
cated along diagonal lines within the Wagner-plot (see also chapter 3.2).

The derived modified Auger parameter α’ of Se and In is almost identical for alkali-free and
NaF-PDT CIGSe, indicating a chemically similar environment, which is in agreement with
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Figure 4.17: The modified Auger parameters α’=EB+EK for selenium a) and indium b)
as derived for the alkali-free, NaF-PDT, NaF/KF-PDT CIGSe samples of the alkali-rich
absorbers as well as for the KF-PDT In2Se3 reference are displayed (filled symbols) in two
Wagner-plots with the kinetic energy of the main Auger line vs the binding energy of the
respective core level using lab-based Mg Kα and Al Kα . The diagonals represent lines
of constant modified Auger parameter α’. The half-filled symbols show the two species
(component a (CIGSe) and component b (K-In-Se)) of the NaF/KF-PDT and KF-PDT In2Se3
for 2 keV over the Auger kinetic energy derived by XPS. Adapted from [100]

the previously proposed composition. The K-containing alkali-rich NaF/KF-PDT CIGSe
and the KF-PDT In2Se3 reference sample deviate in α’(In) from the K-free CIGSe samples
and indicate a similar chemical structure for these two, which correlates with the finding of
the derived composition. This effect is rather small for Se and the modified Auger parameter
α’(Se) suggest similar chemical environments for alkali-free, NaF-PDT CIGSe, and KF-
PDT In2Se3. The NaF/KF-PDT sample is only slightly lower in the respective α’(Se) and
therefore the chemical variation on Se is rather small, as expected for selenium containing
samples.[121]
For deriving the modified Auger parameters only laboratory-based XPS data was used with
an insufficient resolution to separate the two species, i.e., comp. a (for the underlying CIGSe
or In-Se material) and comp. b (representing a K-In-Se type compound) found for NaF/KF-
PDT and KF-PDT In2Se3. To illustrate the differences in binding energy the 2 keV mea-
surements (similar IMFP to Mg Kα ) for Se 3d5/2 and In 3d5/2 are used representing comp.
a (CIGSe) and comp. b (K-In-Se) (half-open symbols) together with the respective Auger
kinetic energy derived for Mg Kα and Al Kα .
Note, the approach using two different excitation energies and thus different energy scales to
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gain the "modified Auger parameter" implies that the independence of (surface) band bend-
ing, variations in doping concentration, and sample charging are no longer guarantied.
Keeping this in mind, a carefully stated predication can be made, indicating the same chem-
ical environment for α’(In) and α’(Se) for the K-In-Se type compound of NaF/KF-PDT
CIGSe and KF-PDT In2Se3. The underlying substrate material (i.e., CIGSe for NaF/KF-
PDT and In-Se type compound for KF-PDT In2Se3) moving to higher binding energies are
in agreement with alkali-free, NaF-PDT CIGSe or an In2Se3 environment. The differences
in α’(In) for the underlying In-Se material to literature values for In2Se3 is possibly due to
differences in optoelectronic properties, e.g. differences in the position of the valence band
maximum depending on the In2Se3 thickness.[131]

For CIGSe modified Auger parameters for selenium and indium can be sates as α’(Se)=
(1361.20±0.24) eV and α’(In)=(852.56±0.24) eV, respectively, and α’(Se)=(1360.85±0.24)
eV as well as α’(In)=(852.13±0.24) eV for the K-In-Se species.

4.1.2.4 Valence Band Spectra

The chemical changes and the impact of alkali treatments also impact the valence band re-
gion. The compositional depth-dependent changes will be discussed in the following.
The valence band spectra (Figure 4.18) show four distinct main peaks (labeled I-IV) which
are most clearly seen for the higher resolved 2 keV, 6 keV, and 8 keV measurements. To
simplify matters these features are described in terms of the atomic orbitals that make the
largest contributions to the hybridized delocalized bands. Table 4.2 lists the attribution of
these features based on reported band structures [132, 133] and following the attribution in
Ref. [133]. Feature I is ascribed to anti-bonding hybridized Se p – Cu d states, feature II to
non-bonding Se p states, III to bonding hybridized Se p – Cu d states, and feature IV to In
s / Ga s derived states, respectively. Their respective orbital contribution helps explain the
observed dependence of relative intensities on excitation energy in the following.
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Figure 4.18: HAXPES derived valence band spectra of the alkali-free (black), NaF-PDT
(red), NaF/KF-PDT (blue) of alkali-rich (top) and alkali-poor (bottom) CIGSe absorbers
recorded with different excitation energies of hν=8 keV (a), hν=6 keV (d) and hν=2 keV
(b,e). Further respective UPS spectra (c, measured with He I [hν=21.22 eV]) are shown
for the alkali-rich samples. I-VI indicate the different features in the valence band region.
Adapted from [100].
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Table 4.2: Explanation of the origin for features I-VI in Figure 4.18
feature explanation

I anti-bonding hybridized Se p – Cu d states [133]
II non-bonding Se p states [133]
III bonding hybridized Se p – Cu d states [133]
IV In s / Ga s derived states [133]
V K s derived states
VI VB onset of buried CIGSe material

For both absorber series (alkali-poor and alkali-rich) the alkali-free and NaF-PDT CIGSe
are basically identical for excitation energies of 2 keV and 6/8 keV. In comparison to the
alkali-free and NaF-PDT, the NaF/KF-PDT CIGSe shows a notable difference in shape of
the valence band spectra around features II which is more pronounced for the alkali-rich
treated NaF/KF-PDT. This variation can be associated with the different amount of potas-
sium present at the sample surface of the NaF/KF-PDT CIGSe absorbers. This increase in
intensity in the 2-4 eV region is therefore attributed to K s derived states.[80] Due to the
diverse chemical environment of potassium in the CIGSe sample (see chapter 4.1.2.2 and
4.1.3.1), especially the second species for the alkali-poor NaF/KF-PDT, we cannot unam-
biguously describe this as an enhancement of feature II (non-bonding Se p states) and label
it as a new feature V.
Further, it is expected that the Na 3s binding energy is approximately 1 eV higher than that of
K 4s. [84, 86, 134] The higher intensity in feature III for the alkali-rich NaF-PDT CIGSe in
the valence band HAXPES spectra primarily in comparison to the respective NaF/KF-PDT
might be due to the differing Na concentration of the samples (see also 4.1.2.2). However,
there is no further difference between the alkali-free and alkali-rich NaF-PDT CIGSe and
no difference in the alkali-poor CIGSe absorbers. The observed shift in feature IV of the
alkali-rich NaF/KF-PDT CIGSe absorbers is due to the strong Ga-depletion at the surface
and therefore a change in the density of states ascribed to the In s / Ga s derived states in this
region.
The depth-dependet composition (see chapter 4.1.2.2) shows a surface region mainly com-
posed of K, In, and Se (K-In-Se/CIGSe bilayer). Therefore, we attribute the foot in the 8 keV
valence band spectrum (feature VI) to the upper valence band of the underlying CIGSe ma-
terial (i.e., equivalent to the VBM position of NaF-PDT CIGSe, see also Figure 4.24), acces-
sible due to the higher information depth for 8 keV compared to the more surface sensitive
2 keV and UPS measurements.

61



4 Impact of NaF/KF Post-depostition Treatments on the Chemical and Electronic Structure
of Cu(In,Ga)Se2 Thin Film Solar Cell Absorbers

To properly describe the valence band spectra in Figure 4.18 using different excitation ener-
gies resulting in pronounced spectral changes, we also need to consider changes in the chem-
ical and electronic structure, differing background contributions and the energy-dependence
of the relative photoionization cross-section. With increasing excitation energy primarily p-
and d-derived states (features I-III) get less pronounced than s-derived states (IV), leading
to a noticeably more pronounced contribution of IV in the NaF/KF-PDT spectra in Figure
4.18d [84, 86]. If only photoionization cross-section effects are considered (see also chap-
ter 3.6.2) assuming that the composition stays constant within the probed region a similar
but smaller intensity increase of IV would be expected with increasing excitation energy for
both NaF/KF-PDT CIGSe absorbers. However, from section 4.1.2 and Ref. [4, 101, 135]
it is know that the main distribution of potassium is at the surface and near-surface region.
This explains the rather constant intensity for feature V in the HAXPES valence band spec-
tra for the alkali-rich NaF/KF-PDT (Figure 4.24 a,b) and the decrease in intensity for 6 keV
compared to 2 keV for the alkali-poor NaF/KF-PDT (Figure 4.18 d,e). Furthermore, for the
alkali-poor NaF/KF-PDT CIGSe the lower amount of K at the sample surface results in a
less pronounced leading edge of the Cu derived states compared to the respective alkali-free
and NaF-PDT CIGSe absorber.

Summary
To shortly summarize the results of this section, we used depth-dependent lab- and synchrotron-
based photoelectron spectroscopy to study the impact of different alkali treatments on the
chemical surface and near-surface structure of CIGSe absorbers. We find that for both ab-
sorber sample sets the alkali-free and NaF-PDT CIGSe are similar, revealing a Cu-poor
surface. Additionally the derived modified Auger parameter α’(Se) and α’(In) suggests
the identical chemical environment for the alkali-free and alkali-rich NaF-PDT CIGSe. No
significant difference between the alkali-poor and alkali-rich NaF-PDT and the respective
alkali-free CIGSe is found. In contrast, the chemical structure of the alkali-rich NaF/KF-
PDT indicates two different species in core level lines and modified Auger parameter. These
can be associated with a K-containing (i.e., K-In-Se) compound and a K-free compound (i.e.,
Cu-In-Ga-Se) with the same Cu-poor structure of the alkali-free and NaF-PDT CIGSe. The
observed decrease in K and increase in Cu for more bulk sensitive measurements, a simi-
lar composition for the Cu-In-Ga-Se compound to the alkali-free and NaF-PDT, and the two
different species for In and Se are in agreement with the possible formation of a K-In-Se/Cu-
In-Ga-Se bilayer structure. The same is found for the alkali-poor NaF/KF-PDT CIGSe with
a thinner K-In-Se layer.
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4.1.3 X-ray Absorption and Emission

This subchapter will focus on x-ray emission and absorption spectroscopy to directly probe
the occupied and unoccupied local density of states to provide element-specific information.
Using K L2,3 XAS and Se M4,5 XES the chemical environment specifically of potassium and
selenium is examined in an attempt to verify the formation of a K-In-Se-type species.

4.1.3.1 K L2,3 XAS

Figure 4.19: The x-ray absorption spectra of C K and K L2,3 edge of the alkali-rich NaF-
PDT (red) and NaF/KF-PDT CIGSe (blue) absorbers. As a reference the HOPG (highly
oriented pyrolytic graphite) sample (black open dots) is shown. Measurements taken in total
fluorescence yield (TFY) mode. Vertical offset added.

The K LMM Auger line sits on top/next to the C KLL Auger line in XAES and thus it is
impossible to extract a meaningful modified Auger parameter and consequently no Wagner
plot can be drawn, as was done for Se and In in section 4.1.2.3. Hence, the K L2,3 absorption
edge was used to investigate the chemical environment of potassium.
We carried out C K / K L2,3 XAS measurements displayed in Figure 4.19 to also account
for the C K background. It can be clearly seen that the nearby C K-edge absorption signal
significantly contributes to the background signal of the K L2,3 edge. The HOPG (highly
oriented pyrolytic graphite) reference spectra was used for energy calibration using the pro-
nounced π* and σ* features at 285.4 and 291.7 eV [136] and C K background subtraction.
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Comparing it to the alkali-rich NaF/KF-PDT CIGSe no K L2,3 absorption edge is detected
for the alkali-rich NaF-PDT CIGSe absorber.

Figure 4.20: Potassium L2,3 x-ray absorption spectra, measured in total fluorescence yield
(TFY) mode, of the alkali-rich NaF/KF-PDT CIGSe sample (blue), the KF-PDT In2Se3 refer-
ence (gray) (as-deposited in a) and rinsed with ammonia or water in b)), and a KF powder-
reference (green). The spectra are corrected by the C K background of the HOPG. Vertical
offset added. b) adapted from [100].

Figure 4.20 displays the K L2,3 absorption edge of the alkali-rich NaF/KF-PDT CIGSe and
the KF-PDT In2Se3 as-deposited (i.e., including a NaF and/or KF capping layer) and after
ammonia/water rinse together with a KF reference (not rinsed). Both as-deposited samples
(see Figure 4.20a) have similar spectral features to the KF reference, with four sharp fea-
tures, which is found for all potassium halides [137, 138]. The four-peak pattern can be split
into two pairs (I, I’ and II, II’) arising from the splitting between L2 and L3 due to the spin
orbit splitting of the 2p states. The additional splitting between I and II as well as I’ and II’
can be ascribed to crystal field effects. [137–139]

In contrast, the alkali-rich NaF/KF-PDT and KF-PDT In2Se3 that were subjected to an am-
monia or water rinse to remove the remaining alkali fluoride capping layer and to simu-
late the first step during CdS bath deposition show two very broad features for the K L2,3
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XAS spectra without the distinct features (I, II, and I’, II’). This indicates that the chemi-
cal environment of the washed samples is comparable, but significantly different from the
as-deposited samples and the KF reference. This is in agreement with Ref. [102], and also
with the absence of a fluorine signal in photoemission measurements (see chapter 4.1.2),
indicating that little if any unreacted alkali remnants of the PDT are present after the rinsing
procedure. Both spectra of the washed alkali-rich NaF/KF-PDT and KF-PDT In2Se3 are
similar to what is found for K L2,3 XAS of K/GaAs [140] and K/Si [141, 142] and therefore
it cannot be unambiguously concluded which exact chemical surrounding potassium has for
the NaF/KF-PDT and KF-PDT In2Se3 sample.
Comparing the as-deposited to their respective rinsed samples lead to the conclusion that the
potassium which remains after the rinsing procedure is incorporated into the respective sub-
strate material, or forms a new compound distinct from the KF. This finding is in agreement
with the assumptions of Ref. [102] that "potassium remaining on the surface is not present
as KF and rather forms a compound or binds at an adsorption site during KF PDT".
Further, the as-deposited KF-PDT In2Se3 cannot be represented by a weighted superposition
of the KF reference and the washed KF-PDT In2Se3.

Note, the alkali-poor NaF/KF-PDT CIGSe absorber and the respective weak potassium sig-
nal made it impossible to detect a usable K L2,3 XAS signal for this sample.

4.1.3.2 Se M4,5 XES

An additional approach to verify the formation of a K-In-Se type species is using Se M4,5

XES to directly probe impact of different PDTs on the local density of occupied valence
states projected on the Se 3d core level. Here the hybridization of Se-derived valence band
electronic states with those of alkali elements is examined and the local electronic structure
of Se can be determined.

The Se M4,5 XES spectra for alkali-rich treated CIGSe absorbers are displayed in Figure
4.21a together with the KF-PDT In2Se3 and an In2Se3 (powder) reference sample. Once
again the alkali-free and the NaF-PDT CIGSe are identical, which is consistent with the find-
ings for the modified Auger parameter α*(Se) and the compositional depth-profile. Hence,
the local electronic structure of Se is the same for these samples. Comparing those with
the respective alkali-poor treated samples, the NaF-PDT (alkali-poor) is almost equal to the
alkali-rich NaF-PDT and the respective alkali-free CIGSe. However, the alkali-free of the
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Figure 4.21: Se M4,5 XES spectra of different Cu(In,Ga)Se2 absorbers subjected to an alkali-
rich (a) and alkali-poor (b) treatment are compared to KF-PDT In2Se3 and In2Se3 (powder)
reference samples. Vertical offset added. Panel a) adapted from [100]. Note, the In2Se3
was measured twice and used for internal energy calibration of the alkali-poor data, but the
KF-PDT In2Se3 only once.

alkali-poor series differs somewhat in shape from the alkali-poor NaF-PDT, the alkali-rich
NaF-PDT, and the alkali-free CIGSe absorber by showing a more pronounced minimum be-
tween 50-51 eV emission energy with a more distinct and slightly shifted maximum to higher
emission energy at around 52 eV. This could be due to the higher oxygen content observed in
the near-sruface region (see also chapter 4.1.2.1). Nevertheless the overall shape is for both
alkali-free and NaF-PDT CIGSe similar suggesting a comparable chemical environment for
selenium.
In contrast the K-containing samples, in that case the alkali-rich NaF/KF-PDT CIGSe and
the KF-PDT In2Se3, clearly deviate from the potassium free samples, by the presence of an
additional emission feature around 50 eV. This feature is not seen in the spectra of the alkali-
poor NaF-PDT CIGSe sample, which can be explained by the nominal amount of potassium
present for this sample.
For further comparison the spectrum of an In2Se3 (powder) reference is also displayed,
clearly deviating from all CIGSe samples and the KF-PDT In2Se3.
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The element-specific density of occupied (PDOS) states from XES is complementary to
valence band photoemission information (DOS), and so one can take advantage of known
attributions of valence band features to analyze the emission spectra. For this reason an at-
tribution of Se M4,5 and the 8 keV photoemission valence band measurements (see also [80]
and section 4.1.2.4) of the alkali-rich NaF-PDT and NaF/KF-PDT CIGSe is conducted due
to the fact that the alkali-rich NaF-PDT in general represents the remaining CIGSe samples
and the alkali-rich NaF/KF-PDT shows a clear impact by adding potassium.

Figure 4.22: Se M4,5 emission of the NaF-PDT and NaF/KF-PDT CIGSe samples (a) com-
pared to HAXPES data of the valence band (VB) region recorded with an excitation energy of
8 keV (b). Note, that the HAXPES data is a superposition of two VB spectra scaled according
to the respective area ratio of d-lines and shifted according to the Se 3d doublet separation
of 0.83 eV [108] and acts as an "artificial HAXPES-derived XES spectra." Adapted from
[100].

To directly compare the measured XES spectra with HAXPES valence band data an excita-
tion energy of hν=8 keV is chosen. This reuslts in an IMFP of 12.3 nm therefore is in the
same range as Se M4,5 XES with an effective attenuation length of 12.7 nm [82] (for CuInSe2
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and KInSe2) and least affected of surface contamination/oxidation. For further clarification,
we use a superposition of two valence band spectra offset by the Se 3d doublet separation
of 0.83 eV [108] and scaled with their respective multiplicity of (2j+1) to simulate the Se
M4,5 XES spectra (for more detail see Appendix A.4). To align the photoemission and x-
ray emission data the Se 3d core level binding energy of Sea at 8 keV for the NaF/KF-PDT
CIGSe absorber was used.
Using this approach of comparing occupied valence states, spectral differences can be ex-
plained by the influence of different processes during measurements. Variation in intensity
arise due to ionization cross-section for photoemission experiments and x-ray emission is
influenced by dipole selection rules. Hence, we use the spectral regions to associated them
with their particular electronic state. These are indicated (I’-III’,V’) in Figure 4.22b and
follow the annotation of [80] and Figure 4.18 in chapter 4.1.2.4.

Feature I’ is depict as a small shoulder on the low binding/high emission energy side. Due
to its copper character and therefore low transition probability this feature is almost non-
existing in the element specific Se M4,5 XES and located at around 52.5 eV emission energy.
The spectral region of feature II’ can be ascribed to non-bonding Se p states [133] and feature
III’ to bonding hybridized Se p- Cu d-states [133]. The additional feature V’ at EB ∼3 eV
is only present for the alkali-rich NaF/KF-PDT CIGSe absorber and is attributed to K 4s
derived states. [80] This feature can be assigned to the additional K-related peak in Se M4,5

XES at approximately 50 eV emission energy and is the most significant difference to the
K-free absorbers. It is shifted by 0.6 eV (indicated in Figure 4.22) downward in emission
energy due to a shift in binding energy of comp. b (K-In-Se type species, see 4.1.2.2) to
lower energies in comparison to comp. a (CIGSe species). The presence of this additional
feature in K-containing samples indicates the hybridization of K and Se states and therefore
proves the formation of K-Se bonds confirming the incorporation of K into the respective
substrate material (i.e., CIGSe and/or In-Se) or forming a new compound. This finding is
again in agreement with the assumptions of Ref. [102] of "the formation of a material con-
taining K, In, and Se". Also it confirms the findings for Cu1−xKxInSe2 alloys [113], and the
suggestions for co-evaporated KInSe2 on top of CIGSe [143].

The presence of this feature in the alkali-poor NaF/KF-PDT CIGSe in comparison to the
respective NaF-PDT seems at first sight non-existing, see direct comparison in Figure 4.23.
The shape of Se M4,5 spectrum of the alkali-rich NaF/KF-PDT, however, indicates that it can
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be represented by a spectral sum of the alkali-rich NaF-PDT and the KF-PDT In2Se3.

Figure 4.23: The Se M4,5 XES spectrum of the alkali-rich NaF/KF-PDT CIGSe absorber is
represented by a spectral sum of [0.5 · alkali-rich NaF-PDT CIGSe + 0.5 · KF-PDT In2Se3]
(dotted green) in a). The Se M4,5 XES spectrum of the alkali-poor NaF/KF-PDT CIGSe
absorber is represented by a spectral sum of [0.9 · alkali-poor NaF-PDT CIGSe + 0.1 · KF-
PDT In2Se3] (dotted green) in b). The difference between data and sum (residual) is also
shown. Panel a) adapted from [100].

Figure 4.23a shows the weighted sum of alkali-rich (0.5 · NaF-PDT CIGSe + 0.5 · KF-PDT
In2Se3) exactly representing the alkali-rich NaF/KF-PDT CIGSe. This is another indica-
tion and supporting the formation of a K-In-Se type species. The same approach can be
done for the alkali-poor NaF/KF-PDT to examine the formation of possible K-Se bonds also
in this case. Figure 4.23b) shows the spectral sum of (0.9 · NaF-PDT CIGSe + 0.1 · KF-
PDT In2Se3) to model the Se M4,5 spectrum of the alkali-poor NaF/KF-PDT CIGSe. It
can be clearly seen that the impact of potassium and the hybridization of K and Se is less
pronounced than for the alkali-rich NaF/KF-PDT sample. This can be due to the thinner
(nanopatterned) surface layer. However, similar to the findings for the alkali-rich NaF/KF-
PDT absorber we conclude that also in this case a K-In-Se type surface compound is formed.
If we assume for both systems a perfectly smooth bilayer structure of K-In-Se/CIGSe we
can roughly estimate a relative thickness for the K-containing layer using equation 3.8. The
weighted sum together with an attenuation length of 12.7 nm for Se M4,5 emission a layer
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thickness of approximately 8.8 nm for the alkali-rich NaF/KF-PDT and 1.3 nm for the alkali-
poor NaF/KF-PDT can be derived. This is in good agreement with the findings of the depth-
dependent valence band measurements of the shallow core levels. Here we clearly detect a
notable amount of the underlying CIGSe material for an excitation energy of hν=8 keV with
an IMFP of maximum 12.3 nm.

Summary
To conclude this section, we could experimentally confirm with K L2,3 XAS that, after rins-
ing with ammonia/water, no KF remnants are present and that NaF/KF-PDT and KF-PDT
In2Se3 have K present in the same chemical environment, that significantly differs from KF.
This suggest that K is incorporated into the CIGSe/In-Se substrate and/or forms a new fluo-
rine free compound.
Using Se M4,5 XES the local density of occupied states was examined showing the identical
Se structure for alkali-free and alkali-rich NaF-PDT and similar to what is found for the re-
spective alkali-poor CIGSe absorbers. The alkali-rich NaF/KF-PDT and the KF-PDT In2Se3

exhibit an additional feature ascribed to K 4s derived states indicating the formation of K-Se
bonds. This feature is much smaller for alkali-poor NaF/KF-PDT, but it can also be iden-
tified by a superposition of properly weighted NaF-PDT and KF-PDT In2Se3 Se M4,5 XES
spectra. The corresponding chalcopyrite spectra and the KF-PDT In2Se3 reference sample
also clearly deviate from an In2Se3 (powder) reference. This is another confirmation for the
formation of a K-In-Se type species (rather than a simpler Cu- and Ga-depletion) which can
be "tuned" by a different degree of alkali PDT.

4.2 Impact of Alkali Treatments on the Electronic
Structure

This section focuses on the influence of different alkali treatments (i.e., NaF and/or KF) on
the electronic structure of CIGSe absorbers in comparison to the respective alkali-free (i.e.,
untreated) CIGSe absorber. Especially, how the changes in the chemical structure based
on the NaF- and NaF/KF-PDT and the formation of a K-In-Se-type surface species will in-
fluence the electronic structure will be revealed. Photoelectron spectroscopy with different
excitation energies (He I (hν=21.22 eV), 2 keV, 6 keV, and 8 keV) was used resulting in a
variation in inelastic mean free path (IMFP) from 0.6, 4.0, 9.7, to 12.3 nm [78, 79]. This
allows to get a depth-dependent picture of the valence band (VB) structure and the position
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of the valence band maximum (VBM). To directly determine the complementary conduction
band minimum (CBM) inverse photoelectron spectroscopy (IPES) was used.

In chapter 4.1 on the chemical structure, we observed that both NaF/KF-PDT absorbers
exhibit a Cu- and Ga-depleted surface region with a depletion extent depending on the re-
spective treatment (i.e., alkali-poor or alkali-rich) in comparison to the respective alkali-free
and NaF-PDT CIGSe absorbers. The difference in PDT also reflects on the amount of potas-
sium found at the absorber surface forming a K-In-Se-type species. The chemical structures
for both alkali-free and NaF-PDT CIGSe absorbers are similar.

The valence band photoemission of the alkali-rich and alkali-poor absorbers are displayed
in Figure 4.24 with varying the excitation energy from 21.22 eV up to 8 keV. Excitation
energies of 8 keV and 6 keV (Figure 4.24a) with an IMFP of <12 nm and <10 nm were used
to probe the near-surface. Using excitation energies of 2 keV leads to an IMFP of <4 nm
(Figure 4.24b and e). With an IMFP of 0.6 nm [78] the UPS spectra of the alkali-rich CIGSe
absorbers (Figure 4.24c) (hν=21.22 eV, He I) are the most surface sensitive.

As already explained in section 4.1.2.4 to properly describe the valence band spectra in Fig-
ure 4.24 using different excitation energies resulting in pronounced spectral changes, we
also need to consider changes in the chemical and electronic structure, differing background
contributions and the energy-dependence of the relative photoionization cross-section. In
addition, the different degree of surface contamination (for detailed explanation see chapter
4.1.2.1) may also affect the spectral shape, especially for the surface sensitive UPS mea-
surements. This may be the reason for the less pronounced leading edge in the UPS (He I)
valence band spectra of the alkali-rich NaF-PDT CIGSe in comparison to the alkali-free and
NaF/KF-PDT CIGSe. This will be considered with an increased error margin of the deter-
mined VBM value.
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Figure 4.24: HAXPES derived valence band spectra of the alkali-free (black), NaF-PDT
(red), NaF/KF-PDT (blue) of alkali-rich (top) and alkali-poor (bottom) CIGSe absorbers
recorded with different excitation energies of hν=8 keV (a), hν=6 keV (d) and hν=2 keV
(b,e). UPS spectra (c) are measured with He I (hν=21.22 eV). Linear approximation of the
leading edges is used to determine the position of the valence band maxima. Note, due to
Zn contamination no VBM is derived for the alkali-free absorber of the alkali-rich series for
2 keV and 8 keV. Adapted from [80].
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To derive the respective values for the VBM for all valence band spectra in Figure 4.24, a
linear extrapolation of the leading edge is used (see also chapter 3.6). For the alkali-free
CIGSe absorbers of the alkali-rich treated samples the VBM value is -0.86 (±0.1) eV for the
21.22 eV excited spectra. Due to Zn contamination no VBM is derived for 2 keV and 8 keV.
However, due to the almost exact spectral similarity (see Appendix A.5) it seems legitimate
to employ the derived VBM values of the alkali-free sample from the alkali-poor series.
Therefore, we depict the VBM value for the alkali-free CIGSe to be at -0.76 (±0.15) eV for
8 keV and -0.72 (±0.15) eV for 2 keV. For the alkali-rich NaF-PDT CIGSe VBM values
are -0.55, -0.58 (± 0.10) for 8 keV, 2 keV, and 21.22 eV, and -0.66 +0.10/−0.15) eV and
for the alkali-rich NaF/KF-PDT, they are -0.95, -1.10, and -1.26 (± 0.10) eV, respectively.
The VBM values for the alkali-poor absorbers are -0.76, -0.72 (±0.1) eV for the alkali-free
CIGSe, and -0.56, -0.65 (±0.1) eV for NaF-PDT and NaF/KF-PDT CIGSe for 6 keV and
2 keV, respectively. All is schematically displayed in Figure 4.26. In general, for all CIGSe
absorbers the obtained values for the VBM shifts away from the Fermi level (EF ) with de-
creasing excitation energy.

The alkali-free CIGSe exhibits a small excitation energy-dependent downward shift of (-
0.10 [±0.21] eV) towards the surface, and a similar shift of (-0.11 [+0.14/−0.21] eV) can
be seen for the alkali-rich NaF-PDT CIGSe. The alkali-rich NaF/KF-PDT CIGSe reveals a
larger shift of (-0.31 [±0.14] eV).
Such VBM shifts can be explained by a downward surface band bending or by a widened
band gap at the surface. The depth-dependet composition (see chapter 4.1.2.2) shows a sur-
face region mainly composed of K, In, and Se (K-In-Se/CIGSe bilayer), thus we attribute
the observed VBM shift of the alkali-rich NaF/KF-PDT CIGSe sample mainly to a depth-
dependent chemical and electronic structure change in the surface region. The smaller shift
of (-0.10 [±0.21] eV) for the alkali-free and (-0.11 [+0.14/−0.21] eV) for the alkali-rich
NaF-PDT CIGSe may be explained with possible structure changes. Here, reported shifts
in the VBM spectra of in-situ grown CuInSe2 and CuIn3Se5 are approximately 0.0 and -0.2
(±0.1) eV. [144] For the studied samples we also observe a minor depth-dependent change
in composition (see chapter 4.1.2.2).
Note, such surface-related shifts cannot be stated for the alkali-poor absorbers due to the
missing UPS measurements. However, one would except similar VBM values for the alkali-
free and NaF-PDT CIGSe as found for the respective alkali-rich absorbers. For NaF/KF-PDT
a surface VBM value is expected in the range of the alkali-rich NaF-PDT.
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Comparing the derived UPS VBM values of the alkali-rich NaF/KF-PDT CIGSe sample to
the respective alkali-free and NaF-PDT CIGSe results in shifts of (-0.40 [±0.14] eV) and
(-0.60 [+0.14/−0.18] eV). This is also in agreement with a VBM shift of -0.3 to -0.4 eV
between an untreated absorber (deposited on Mo-coated soda lime glass) and a KF UHV
heat treated absorber (not a NaF/KF-PDT under the presence of Se) reported in a previous
study by Pistor et al. [42].
The VBM shift closer to the Fermi level (EF ) for the NaF-PDT compared to the respective
alkali-free sample is due to Na incorporation and the changes in doping concentration. It is
known that Na makes the absorber material more p-type.[145]

Figure 4.25: (a) IPES spectra with linear approximation of the leading edges (highlighted
in green and gray) are used to determine the CBM. (b) IPES spectra plotted over each other
to highlight the shift of the NaF/KF-PDT CIGSe CBM. Adapted from [80].

IPES is used to probe the unoccupied conduction band states of the alkali-rich CIGSe ab-
sorbers (Figure 4.25). All three curves are very similar. The curves for the alkali-free and
NaF-PDT CIGSe absorber are basically identical when plotted on top of each other (Fig-
ure 4.25b) and reveal a noticeable change in spectral shape compared to the NaF/KF-PDT
CIGSe. This affects the derived CBM value (Figure 4.25a) obtained from linear extrap-
olation of the leading edge. Due to the lower experimental resolution of the IPES setup
(see also chapter 3.7.1) and the presence of a large tail an asymmetric error margin of
(+0.10/−0.50 eV) is assigned reflecting the experimental uncertainty. For linear extrapo-
lation the region with a clearly linear shape is used and highlighted in Figure 4.25a. The
hereby derived CBM values are 1.03 (+0.10/−0.50) eV for the alkali-free and NaF-PDT
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CIGSe and 1.42 (+0.10/−0.50) eV for the NaF/KF-PDT CIGSe, respectively. Consider-
ing the asymmetric error margin those values can be seen as upper bounds of the CBM.
The relative shift between the NaF/KF-PDT and the alkali-free and NaF-PDT CIGSe of
+0.40(±0.10) eV is less prone to experimental uncertainty.

The derived values for the VBM and the CBM by UPS/HAXPES and IPES are associated
in Figure 4.26 as a function of the corresponding photoelectron IMFP. For both sample sets,
i.e., alkali-rich and alkali-poor, a depth-dependent shift for the VBM values is observed.
The electronic surface band gap is derived using the VBM values of the 2 keV HAXPES
measurements and the CBM determined from IPES due to similar IMFPs (see also chap-
ter 3.6). For the alkali-free CIGSe the determined electronic surface band gap is 1.77
(+0.18/−0.52) eV and for the NaF-PDT CIGSe 1.61 (+0.14/−0.51) eV of the alkali-rich
absorbers. Both values found for the alkali-rich absorbers are larger than the lowest band
gap found for the bulk by quantum efficiency measurements of around 1.15 eV [4]. The
computed band gap value [26] of approximately 1.22 eV considering the Ga-grading towards
the surface with a maximum Ga:(Ga+In) surface composition of 0.36 [28, 146] (excluding
Cu-deficiency effects), is still lower than the derived band gap from HAXPES/IPES mea-
surements. Such band gap widening at the surface has been observed for high-efficiency
chalcopyrite absorbers.[30, 114] This effect has been related to a decrease in p-d interband
repulsion caused by a Cu-deficient surface composition [147] associated with phase forma-
tion [144] or reconstruction [148, 149]. Note, that the lower error margin of the electronic
surface band gaps for the alkali-free and alkali-rich NaF-PDT CIGSe is in the range of the
observed bulk band gaps. Nevertheless, similar surface band gaps are observed for other
high-performing CIGSe absorbers.[26]
An electronic surface band gap of 2.52 (+0.14/−0.51) eV is derived for the alkali-rich
NaF/KF-PDT. It is considerablly larger than the corresponding values for the alkali-free and
NaF-PDT CIGSe and bulk band gap of about 1.22 eV, that includes the Ga-gradient [4, 28,
102].
Note, no near-surface electronic band gaps can be determined for the alkali-poor series be-
cause of missing IPES measurements. However, for the alkali-free and the respective alkali-
poor NaF-PDT similar band gap values as determined for the alkali-rich absorbers are ex-
pected. It can be speculated that the CBM value for the alkali-poor NaF/KF-PDT might more
likely be in the range of the alkali-rich NaF-PDT CIGSe instead of the alkali-rich NaF/KF-
PDT CIGSe. This speculation is based on the findings found for the chemical structure of
the alkali-poor sample set compared to the alkali-rich samples (see also chapter 4.1).
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Figure 4.26: Schematic of the energy band positions for alkali-free, NaF-PDT, and NaF/KF-
PDT CIGSe for alkali-rich (top) and alkali-poor (bottom) thin film solar cell absorbers with
respect to the Fermi level EF , determined using direct and inverse photoemission measure-
ments having different IMFP. The gray boxes indicate the experimental uncertainty. The
(∗) indicates the adapted VBM values due to Zn-contamination for the alkali-free CIGSe
absorber. Adapted from [80].
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As already described in chapter 4.1.2.2 and for example [100, 102] the surface of the alkali-
rich NaF/KF-PDT is mainly composed of K, In, and Se forming a K-In-Se/CIGSe bilayer
structure. Therefore, the near surface region is more appropriately compared to the electronic
structure of compounds such as In2Se3 and KInSe2. For In2Se3 a pronounced thickness de-
pendence of the band gap has been observed, with band gap values exceeding 2.5 eV for
2.6 µm.[131] For KInSe2 band gap values of 2.7 eV [150, 151] are reported. Both values are
in good agreement with the surface band gap determined for the alkali-rich NaF/KF-PDT
CIGSe absorber.

Together with the findings of chapter 4.1.2, the electronic surface and near-surface struc-
ture indicated in Figure 4.26 shows significant valence and conduction band offsets. The
photogenerated charge carriers (i.e., electrons and holes) are collected at the front and back
contact, respectively, of the solar cell device and mostly generated in the absorber bulk.
Therefore electrons have to pass through the interface between bulk and surface region to
reach the front contact where such a valence band offset (VBO) would disable hole transport
or possibly accelerate them to the back contact. Additionally in general a positive conduction
band offset (CBO) would block electron transport across the interface. However, previous
work suggest the positive effect of CB discontinuities at the buffer/absorber interface with
positive CBO (i.e., spike-like, see also chapter 3.6) of +0.3 [152, 153] and 0.4 eV [154]
without negatively influencing the efficiency.

Also buffer deposition may change the electronic structure of the bulk/surface interface of
the CIGSe absorber.[155, 156] Maybe VBOs and CBOs as seen for the alkali-rich NaF/KF-
PDT with a significant band gap widening towards the surface can have a positive impact on
device performance by acting as a chemical passivation layer. This is known from silicon-
heterojunction solar cells [157] and in agreement with a reduced interface recombination
rate observed for similar NaF/KF-PDT CIGSe absorbers. [158]
Furthermore the NaF/KF-PDT CIGSe absorbers show a certain degree of nanopatterning at
the absorber surface as seen in chapter 4.1.1 and in Ref. [101] that may impact the electronic
structure. As the VBM (CBM) are dominated by the material possessing the occupied (un-
occupied) density of states in the region of EF , the presence of a band gap widened K-In-Se
(i.e., Cu- and Ga-depleted) surface region blocking holes and electrons would not be negated
in case of a non-continuous surface layer on top of the CIGSe material as seen for the studied
NaF/KF-PDT CIGSe absorbers. Especially for the alkali-rich NaF/KF-PDT CIGSe the ex-
tend of nanopatterning with domain size and surface region thickness needs to be considered
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in further discussing the findings. The layer thickness of this nanopatterned region, which
may act as a passivation layer, and the distinct patterning in domain size resulting in geo-
metrical features as in Ref. [101] can act as point openings in the surface layer. Such "point
contacts" may even explain the beneficial effect of the alkali-rich NaF/KF-PDT treatment on
the open circuit voltage and fill factor (see also Table 2.1 in chapter 2.1.2) of corresponding
CIGSe devices which is in agreement with simulation results in Ref. [101]. In the case
of a thin surface region and/or only loosely distributed domains (i.e., the nanopatterning
is [almost] nonexistent as reported in Ref. [159]), then the downward shift of the VBM
that is reported to be more pronounced for alkali-rich NaF/KF-PDT CIGSe (compared to
alkali-rich NaF-PDT CIGSe) [80] could explain the improved performance by an increased
charge selectivity more efficiently repelling holes from the emitter/absorber contact. These
considerations are certainly only relevant considering that the extent of surface nanopattern-
ing itself does not have an impact on the properties of the surface layer as seen in chapter 4.1.

Summary
In summary, we have used direct and inverse photoemission to study the electronic struc-
ture (i.e., the position of VBM and CBM) of high-efficient CIGSe thin film solar cell ab-
sorbers subjected to different alkali post-deposition treatments (i.e., alkali-rich and alkali-
poor). For the alkali-rich treated CIGSe absorbers we find VBM values of -0.76, -0.72
(±0.15) eV, and 0.86 (±0.10) eV for the alkali-free CIGSe and -0.55, -0.58 (±0.10) eV,
and -0.66 (+0.10/−0.15) eV for NaF-PDT CIGSe with increasing surface sensitivity. For
the respective alkali-poor absorbers we observe VBM values of -0.76, -0.72 (±0.10) eV for
alkali-free CIGSe and -0.59, -0.65 (±0.10) eV for NaF-PDT and NaF/KF-PDT CIGSe. A
large and more gradual change in the VBM of the alkali-rich NaF/KF-PDT CIGSe sample
is observed with bulk values of -0.95, -1.10, and -1.26 (±0.10) eV for the surface. Together
with the CBM provided with IPES measurements the near-surface electronic band gap value
is obtained. For the alkali-rich NaF-PDT CIGSe a band gap of (1.61 [+0.14/−0.51] eV) at
the surface is observed which is larger than the observed bulk value of 1.15 eV. The shift in
VBM for the NaF-PDT sample compared to the alkali-free sample is due to Na incorporation
resulting in a more p-type material. A significant band gap widening at the surface of (2.25
[+0.14/−0.51] eV) for the alkali-rich NaF/KF-PDT CIGSe is attributed to the formation of
a heavily Cu- and Ga-depleted near-surface region which is mainly composed of K, In, and
Se. This value is therefore compared to band gap values for In2Se3 and KInSe2 compounds.
The alkali-rich NaF/KF-PDT induced band gap widening at the CIGSe surface forming a
beneficial passivation layer between emitter and absorber might be the reason for the ob-
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served performance leap of respective solar cell devices and the difference in performance
between the alkali-poor and alkali-rich NaF/KF-PDT CIGSe.[80]
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5
Characterization of Compound and

Interface Formation of Mixed-halide
Perovskite Absorbers

This chapter focuses on the characterization of organo-metal mixed halide perovskites, specif-
ically CH3NH3PbI(3−x)Clx. In the last few years organo-metal mixed halide perovskite solar
cells have shown their huge potential, already reaching power conversion efficiencies compa-
rable to polycrystalline chalcopyrite and even silicon solar cells. However, the fundamental
properties regarding the material composition, electronic structures, and role of chlorine are
not yet understood.
In the first part, the compound formation, which was monitored during in-situ annealing and
the presence of chlorine will be discussed. Second, the chemical and electronic properties
of the interface between perovskite and the most common electron transport materials meso-
porous and compact TiO2 is explored. SEM and EDX are used to explain the topography
and to map the elemental distribution, complementing the spectroscopy analysis.
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5.1 Compound Formation (in-situ annealing)

This section focuses on the study of compound formation during in-situ annealing from
precursor solution to the final perovskite absorber layer. To study the crystallization behavior
we monitored the process during in-situ annealing using photoelectron spectroscopy with an
excitation energy of hν=2 keV.

5.1.1 Sample Preparation and Handling

Figure 5.1: Schematics of the sample preparation. The precursor solution is drop-casted
onto compact TiO2 (c-TiO2) on FTO/glass. The solution was dried in the UHV-chamber
followed by in-situ annealing monitoring perovskite formation with HAXPES.

For this experiment the sample has been prepared according to the following procedure:
As substrate material a compact TiO2 sample was used prepared for us by the Department of
Chemistry at Uppsala University according to [160]. Briefly, the TiO2 film was prepared on
a pre-cleaned FTO/glass substrate by spray pyrolysis in air using 0.2 mol/l Ti-isopropoxide
and 2 mol/l acetylaceton in isopropanol on a hot plate at 500◦C. The resulting TiO2 film
is about 100 nm thick. The substrate was heated to 150◦C for 10 min. prior to perovskite
deposition to remove possible water residues from handling and storage of the substrate in
air.
The precursor solution was prepared according to Ref. [9, 13]. The CH3NH3I (MAI) was
prepared in-house as described in chapter 2.2.2.2. For this experiment, we dissolved about
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0.81 g MAI with 0.47 g commercially available PbCl2 in 4 ml DMF and stirred it for 4-5 h.

Figure 5.1 displays the samples studied in this experiment. In a first step the solution was
drop-casted onto the c-TiO2 substrate mounted on the respective sample holder before im-
mediate (less than 3 min, i.e., time after drop-casting) introduction in the UHV-system of
the HiKE endstation at the KMC-1 beamline at BESSY II. The chamber was pumped down
reaching a pressure of 3 · 10−8 mbar in approximately an hour. The sample color changed
from the yellow solution to a brownish film in the drying process.
Prior to in-situ annealing the sample was measured as introduced at room temperature (RT)
for about 4h. In a next step the sample was slowly in-situ annealed from RT to approximately
150◦C while monitoring chosen core levels and the shallow core levels of the extended va-
lence band. During annealing the sample color changed to brown. After in-situ annealing
the sample (brown colored) was measured in more detail again.

5.1.2 Results

This section compares in detail the compound formation of perovskite during annealing and
elucidates the results before and after annealing the sample.

As already explained, measurements were done before and after the annealing step. The
survey spectra recorded with an excitation energy of hν=2 keV are shown in Figure 5.2. The
maximal IMPF reached for shallow core levels is approximetly 3.5 nm [79] assuming the
material to be represented by a PbCl2. Both survey spectra show the most prominent per-
ovskite related core level and Auger lines for lead and iodine and additionally Ti lines from
the substrate. Further, for both spectra C 1s and O 1s can be detected which can be assigned
to carbon in the CH3NH3PbI(3−x)Clx framework and oxygen from the TiO2 substrates as
well as surface contamination due to short sample handling in air.
Moreover, for the measurements taken before the annealing step, in addition to Pb, I, and
N, chlorine is present. This already indicates that the composition of the sample property
changed during annealing.

Figure 5.3 shows the Ti 2p, N 1s, Cl 2p, and Pb 4f core levels and the VBM taken with a
photon energy of hν=2 keV before and after annealing. Figure 5.3a shows the Ti 2p core
level revealing no shift in binding energy position before and after annealing. However, the
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Figure 5.2: Survey spectra of the CH3NH3PbI(3−x)Clx sample before (black) and after (red)
in-situ annealing measured with an excitation energy of hν=2 keV. The core level and Auger
lines are labeled. Vertical offset added for clarity.

signal intensity for the sample after annealing is slightly higher, indicating structural and/or
morphological changes due to the annealing step. This is in agreement with previous find-
ings confirming holes in the final perovskite layer.[13] So it is likely that the drop-casted
precursor film is also not fully covering the entire c-TiO2 substrate.
Figure 5.3b shows the N 1s line with a decrease in signal intensity after annealing. This
decrease can be explained with nitrogen leaving the sample in form of gaseous N2 and in the
form of CH3NH+

3 or CH3NH3Cl.[54, 161]
The Cl 2p core level line is displayed in Figure 5.3c showing a significant difference be-
tween the drop-casted solution on c-TiO2 before annealing and the perovskite sample after
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Figure 5.3: Ti 2p (a), N 1s (b), Cl 2p (c), and Pb 4f (d) core level lines and the valence band
maximum (e) of the CH3NH3PbI(3−x)Clx sample before (red) and after (black) anneal. Panel
(e) also includes the VBM measurement (blue) of a standard 300 nm CH3NH3PbI(3−x)Clx
film on compact TiO2 as a reference (see section 5.2.1). Linear extrapolation of the leading
edge (see also chapter 3.6) is used to derive the VBM positions.

annealing. Prior to the in-situ heating a strong Cl 2p signal can be detected; during heating
the sample the Cl 2p signal in the surface region (IMFP max. 3.3 nm) has decreased to
a level below the detection limit, i.e., the estimated concentration ratio of Cl:I is less than
0.024.[162].
Further, notable changes in the Pb 4f core level occur (see Figure 5.3d). After annealing the
sample to form the perovskite layer, a shift of 0.5 eV to higher binding energies is observed.
The same shift can be seen for the VBM position (Figure 5.3e). The initially deposited
precursor solution has a VBM value of (0.92 [±0.10] eV) and the final perovskite structure
after the annealing step a VBM position of (1.41 [±0.10] eV). For comparison in panel (e)
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includes the VBM spectra of a standard 300 nm CH3NH3PbI(3−x)Clx on c-TiO2 (detailed
sample explanation in chapter 5.2.1 and 5.2.2) with a VBM value of (1.64 [±0.10] eV). The
0.2 eV difference may be explained due to differences in Cl:I ratio, different doping, layer
thickness, and/or substrate interactions. From previous studies it is known that the VBM is
mainly composed by I 5p states [55, 163, 164] which might be the explanation for the shift
to lower binding energies for the annealed sample. In comparison to the standard sample
prepared at University of Oxford, as explained in chapter 2.2.2.2, the sample used for in-situ
annealing was prepared in-house with a different precursor solution although the molar ratio
of 3:1 for MAI:PbCl2 was kept the same. Further, temperature differences, composition, and
different preparation environment also can have a huge impact.

Figure 5.4: The Cl 2p region as a function of temperature measured with an excitation
energy of hν=2 keV (left panel). The Cl 2p region is indicated with dashed black lines. The
red box shows the region with detectable Cl 2p signal. The right panel shows the integrated
Cl intensity over temperature. The data is normalized to the background.

Figure 5.4 shows the Cl 2p signal monitored during in-situ annealing with an excitation
energy of 2 keV indicating that the decrease in Cl intensity in the surface region occurs at
relatively low temperatures. Above 50◦C the Cl signal has already fallen below the detection
limit (see also right panel in Figure 5.4). For clarity a red box marks the region of detectable
Cl signal intensity.
Such decrease in Cl signal during annealing is in agreement with literature [54, 161, 165]
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suggesting that Cl evaporates in the form of methylammonium chloride (MACl) according
to the most common formation reaction [54, 166]:

PbCl2 +3CH3NH3I−−→ CH3NH3PbI3 +2CH3NH3Cl

It is also possible that Cl desorbs from the film as gaseous Cl2 that is pumped away under
UHV conditions during the annealing. Both mechanisms can also occur in inert atmosphere
and in air. The extent of Cl depletion not only depends on the annealing time and temper-
ature, but also on the formation and desorption of MACl and Cl2 and the diffusion through
the perovskite layer.
Further, during the annealing step Cl can diffuse deeper into the bulk towards the MAPb-
I(3−x)Clx / TiO2 interface.[167] This is in agreement with HAXPES and FY-XAS measure-
ments we performed, some of which show Cl depletion in the surface and near-surface re-
gion, but a detectable Cl content located deeper in the bulk towards the TiO2 interface.[162]
The ratio of Cl:I (using Cl 2p3/2 and I 4s) in the present film before annealing is about 0.56
and therefore close to the concentration ratio of the initial solution of 0.66. For the film after
annealing and a Cl signal below the detection limit, we estimated the concentration ratio of
Cl:I to be less than 0.024.[162]
These earlier findings, and the drop in Cl concentration below the detection limit in Figure
5.4 support some previously published statements. Yu et al. propose "that the function of
Cl (or more precisely, Cl−) is to facilitate the release of excess CH3NH+

3 at relatively low
annealing temperature."[54] Also Chae et al. find a Cl-rich phase below 60◦C and a Cl-poor
phase with further annealing and increase in temperature.[165] This is in agreement with our
findings shown in Figure 5.4, in particular for the Cl intensity in the right panel.

From literature it is known that the investigated perovskite systems undergo a structural
phase transition with temperature due to the molecular motion of the methylammonium
cations.[47] We additionally monitored the Pb 4f core level during in-situ annealing (see
Figure 5.5) to investigate possible compound formation processes.
Figure 5.5a again compares the Pb 4f core level in a smaller binding energy window before
and after annealing taken with an excitation energy of hν=2 keV. The shift of 0.5 eV to
higher binding energies for the formed perovskite layer after annealing can be clearly seen.
The standard 300 nm CH3NH3PbI(3−x)Clx layer on compact TiO2 included as a reference
depicts almost the same Pb 4f core level binding energies as the film after annealing. The
small binding energy difference can possibly be explained with the two different precursor
solutions and also the different annealing environment. The same shift is also present for
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Figure 5.5: a) displays the Pb 4f spectra before (black) and after (red) annealing together
with a standard 300 nm CH3NH3PbI(3−x)Clx film on compact TiO2 (blue) as reference.
b) Pb 4f region as a function of time and temperature measured with an excitation energy of
hν=2 keV. The data is normalized to the background.

the position of the VBM (see Figures 5.3e and 5.6). Additionally for the standard perovskite
sample metallic Pb is present. However, it obviously deviates from the film prior to heating.
Figure 5.5b reveals the monitored Pb 4f core level evolution over annealing time and tem-
perature. A notable shift in the Pb 4f peak position between 80-100◦C is identified at the
transition temperature for the compound formation to the final perovskite structure. This
transition temperature of about 80◦C has also been reported for similar CH3NH3PbI(3−x)Clx
by other groups using x-ray scattering.[166, 168] The same shift over annealing time and
temperature can be also seen on the shallow core levels in Figure 5.6. The perovskite related
I 4d and Pb 5d lines show also a shift to higher binding energies at the transition tempera-
ture whereas the Ti 3p line from the substrate stays constant. The nitrogen signal monitored
during annealing is too weak to make an exact statement due to the photoionization cross-
section, although we can detected N 1s before and after annealing (see also Figure 5.3b).
These shifts in perovskite-related material lines, but not in the Ti line, are attributed to com-
pound formation from precursor solution to the final perovskite layer.

Further, with the shift in binding energy a narrowing of the peaks is seen. With increasing
temperature and a binding energy shift to higher energies the width of the Pb 4f peaks gets
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Figure 5.6: The top panel displays the shallow core level region before (black) and after
(red) annealing. The bottom panel shows the I 4d, Ti 3p,O 2s/Pb 5d, and the valence band
maximum as a function of temperature measured with an excitation energy of hν=2 keV. The
data is normalized to the background.

significantly smaller. Identical observations are found for I 4d core levels.
The broad peak in the beginning of the annealing step can be attributed to more than one lead
species. Most likely a mixture of PbCl2, PbI2, an intermediate phase of (CH3NH3)x−yPbI2+xCly
[54], CH3NH3PbI(3−x)Clx, CH3NH3PbI3, and Pb0 is present. After annealing only one
species seems to be present in the surface region in the form of CH3NH3PbI3.

Summary
To summarize this section, we have monitored the compound formation during in-situ an-
nealing of a drop-casted layer of precursor solution on c-TiO2. Spectra were taken before,
during, and after annealing, revealing a shift in the Pb 4f peak position during its transition
temperature between 80-100◦C. This is in agreement with the formation of the perovskite
layer and can be confirmed with a standard 300 nm perovskite layer on c-TiO2. Further the
Cl 2p signal decreases drastically at the onset of annealing and is depleted in the surface
region after temperatures of 50◦C.
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5.2 CH3NH3PbI(3−x)Clx / TiO2 Interface

5.2.1 Chemical Structure

5.2.1.1 HAXPES Measurements

We use hard x-ray photoelectron spectroscopy (HAXPES) measurements with an excitation
energy of hν=2 keV to study the chemical and electronic properties of the CH3NH3Pb-
I(3−x)Clx / TiO2 interface. For this purpose the two most common electron transport materi-
als (ETM), compact TiO2 (c-TiO2) and mesoporous TiO2 (mp-TiO2), are used as substrates
and covered with different nominal layer thicknesses (10, 30, 60, and 300 nm) of CH3-
NH3PbI(3−x)Clx. The exact procedure of the sample preparation can be found in chapter
2.2.2.

To gain first insight on the investigated samples, survey spectra taken at hν=2 keV with an
IMFP of <3.5 nm are used (Figure 5.7 and 5.8). Both ETM substrates show the Auger and
core level lines associated with the TiO2 material. Additionally, carbon related peaks are
detected due to surface contamination associated with sample fabrication and transport in
air.
With increasing CH3NH3PbI(3−x)Clx layer thickness the perovskite related peaks, mainly
iodine and lead, increase in intensity while the substrate related peak intensity (Ti and O)
decreases (see also Figure 5.9). Even for the thickest perovskite layer of 300 nm oxygen
is found and of course carbon. This is most likely a combination of carbon from the MAI-
framework and carbon from surface contamination. The oxygen lines might be composed
of TiO2 related substrate contributions due to not closed absorber layers [13] and surface
contamination. The samples have been briefly (< 2min) exposed to air before introduction
in the UHV system. A N 1s signal for the all absorber layers is also detected. Especially
for thinner layer the signal intensity is weaker due to the 10 times lower photoionization
cross-section compared to Pb 4d5/2.

Further it can clearly be seen that the nominal thicknesses of 10-300 nm estimated from
the precursor solution (for more detail see chapter 2.2.2.2) results in differences in actual
layer thickness on the two substrate materials. This can be determined by comparing the
attenuation of Ti substrate signal with the increase of perovskite material peaks like iodine
and lead.
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Figure 5.7: Survey spectra of bare compact TiO2 (c-TiO2) as substrate material (black) and
of nominal 10 nm (red), 30 nm (gray), 60 nm (blue), and 300 nm (green) CH3NH3PbI(3−x)Clx
on top of c-TiO2 measured with an excitation energy of hν=2 keV. The core level and Auger
lines are marked. Vertical offset added for clarity.

Figure 5.8: Survey spectra of bare mesoporous TiO2 (mp-TiO2) as substrate material (black)
and of nominal 10 nm (red), 30 nm (gray), 60 nm (blue), and 300 nm (green) CH3NH3Pb-
I(3−x)Clx on top of mp-TiO2 measured with an excitation energy of hν=2 keV. The core level
and Auger lines are marked. Vertical offset added for clarity.
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Figure 5.9: Pb 4f7/2, I 3d5/2, Ti 2p3/2, Cl 2p3/2, and N 1s intensities, normalized to "one"
for the highest intensity for each core level for CH3NH3PbI(3−x)Clx on compact TiO2 (a)
and on mesoporous TiO2 (b) with nominal thicknesses of 10, 30, 60, and 300 nm.

The attenuation of the substrate signal and the increase in perovskite related signal is less
pronounced for the thickness-series on mp-TiO2. A significantly thicker layer and/or bet-
ter coverage is gained on top of the planar c-TiO2 than for the mp-TiO2. The difference
can most likely be explained by the diffusion of the precursor solution into the pores of the
mesoporous scaffold, i.e., the surface area of the mp-TiO2 is therefore much lager.
Additionally, no notable Cl-signals are detected in the surface region within the survey spec-
tra. However, detail scans (see Figures 5.9 and 5.12) reveal minor Cl contributions for the
thinner layers of the mesoscopic structure due to the better signal-to-noise ratio and a smaller
step size.

To get more specific insight into the chemical structure of the MAPbI(3−x)Clx / TiO2 inter-
face we use the Pb 4f core level lines shown in Figure 5.10 and 5.11.
Both panels (a) show the complete Pb 4f core level line spectra, including the spin orbit
split 4f lines and the complex satellite features stretched over a range of 20-30 eV to higher
binding energy. These satellite features arise because of electron (kinetic) energy losses due
to the transition between the valence and conduction band in Pb(II) halides.[169, 170]

The Pb 4f core levels are simultaneously fitted with Voigt profiles [106] and linear back-
grounds; the backgrounds have been subtracted in all figures. Shape and gwidth [106], i.e.,
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Figure 5.10: Photoemission data of the thickness series of CH3NH3PbI(3−x)Clx on compact
TiO2 taken with an excitation energy of hν=2 keV of the extended Pb 4f. a) Pb 4f core level
lines with the complex satellite features are displayed with their respective doublet Voigt fits.
Vertical offset added. Panel b) shows the main Pb 4f core level line region.

the FWHM of Gaussian and Lorentzian, are linked for the core level lines and the doublet
separation is fixed to 4.9 eV [171]. The satellite features have their significant intensity
overlap with the main peaks in the Pb 4f spectra, and so they need to be considered when
quantifying the various Pb species. Further, the satellite signal is contributing to the Pb
halide signal. The satellite region is fitted for each spectrum with four doublets using Voigt
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Figure 5.11: Photoemission data of the thickness series of CH3NH3PbI(3−x)Clx on meso-
porous TiO2 taken with an excitation energy of hν=2 keV of the extended Pb 4f. a) Pb 4f
core level lines with the complex satellite features are displayed with their respective doublet
Voigt fits. Vertical offset added. Panel b) shows the main Pb 4f core level line region.

profiles [106] and a fixed doublet separation of 4.9 eV as for the main Pb 4f core level.
Lorentzian and Gaussian (shape and gwidth [106]), is only linked within each doublet.
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For the thinner perovskite layers, two species for the main Pb 4f lines are needed to achieve
a satisfactory fit.
For the 30, 60, and 300 nm CH3NH3PbI(3−x)Clx layer on c-TiO2 and 300 nm on mp-TiO2

an additional species at lower binding energy is needed also using Voigt profiles with the
respective Pb 4f doublet separation of coupled shape and gwidth [106], i.e., Lorentzian and
Gaussian widths. Further the center is linked to the main Pb 4f core level line with an energy
separation of 1.7 eV.
The blue doublet (Pba) is ascribed to the perovskite absorber [55, 172], the cyan doublet
(Pbb) is most likely the result of a Pb-Ti-(I) type species [173–175], and the green doublet
(Pbc) is attributed to metallic lead (Pb0) [176–178]. Such Pb-Ti-(I) type species have also
been observed in X-PEEM studies by our group within the I line.[179] Further, Pb remnants
are determined after rinsing of the perovskite layer on the c-TiO2 substrate material with
DMF, shifted to higher binding energies compared to the original perovskite peak, suggest-
ing the formation of Pb-Ti bonds (see Appendix A.6).

Table 5.1: Pb 4f peak position in binding energy of the different species measured with hν=
2 keV. An error margin of ±0.10 eV is assumed.

sample Pba Pbb Pbc Pbc:Pba ratio Pbb:Pba ratio
300 nm perovskite / c-TiO2 138.67 - 136.92 0.11 -
60 nm perovskite / c-TiO2 138.70 - 136.94 0.05 -
30 nm perovskite / c-TiO2 138.74 139.44 136.99 0.02 0.24
10 nm perovskite / c-TiO2 138.90 139.48 - - 0.82

300 nm perovskite / mp-TiO2 138.73 - - - -
60 nm perovskite / mp-TiO2 138.94 139.54 - - 0.95
30 nm perovskite / mp-TiO2 139.11 139.67 - - 0.94
10 nm perovskite / mp-TiO2 139.12 139.66 - - 0.88

Two species for the main Pb 4f are seen in the spectra of the 10 nm and 30 nm absorber
material on c-TiO2 and mp-TiO2 as well as for 60 nm perovskite on mp-TiO2. Species
Pba (blue doublet) representing the perovskite material significantly increases compared to
species Pbb for increasing layer thickness on c-TiO2, in contrast to the layers on mp-TiO2.
For these CH3NH3PbI(3−x)Clx layers species Pbb, which is assumed to be a Pb-Ti-(I) type
species, is notably present for the first three layers and vanished for the thick 300 nm layer.
Note, that within our study it is not possible to specifically derive the composition of this
species. Literature shows the presence of PbTiO3 [173–175] for simliar binding energies.
PbO and PbO2 are at approximately 137.7 eV [121] binding energy and therefore at lower
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EB than the main perovskite species. This would be in agreement with our findings of a
more pronounced Pbb species for the mesoscopic structure due to the increase in surface
area, which means an increase in interface area.

An enhanced metallic lead Pb0 (species Pbc) formation is observed for the perovskite layers
on c-TiO2 compared to mp-TiO2. However, there is no indication that the chosen substrate
material has caused the formation of metallic lead due to different Ti states or hydrogen com-
pounds. For mp-TiO2 and for c-TiO2 the O 1s and Ti 2p core level lines have the identical
shape and so does the respective O KLL Auger line (see Appendix A.7). In the surface re-
gion we quantitatively determine a Pb0 fraction to the spectral contribution of the main Pb 4f
signal (Pba) of 0.02 for 30 nm, 0.05 for 60 nm, and 0.11 for 300 nm (see also Table 5.1) .
In our previous studies on c-TiO2 we found an enhanced Pb0 signal for more bulk-sensitive
measurements and a reduction for post-annealed samples.[170] Moreover, for the 60 nm
sample used for the previous study the Pb0:Pb ratio for excitation energies of 2 keV was half
of what we find here for the 60 nm CH3NH3PbI(3−x)Clx on c-TiO2. Although we find an
increase in the fraction of metallic Pb, an increase with increasing bulk-sensitivity cannot
be excluded for these samples. Further, it cannot entirely be excluded that no PbO/PbO2 is
present, nevertheless, all spectra are fitted reasonably well without including a species repre-
senting those oxides. Only a minor Pb0 is found for the 300 nm perovskite layer on mp-TiO2.

Figure 5.10b and 5.11b display the main Pb 4f contributions without the satellite features.
Both show a thickness dependent shift of the main Pb 4f lines to lower binding energy with
increasing layer thickness (see also Table 5.1). This shift correlates with an increase of
species Pba ascribed to the perovskite species and a decrease of the Pbb component. This is
also accompanied by a narrowing of the peaks for thicker perovskite layers. This shift can
be due to chemical differences, i.e., different species, and possible interface induced band
bending towards the CH3NH3PbI(3−x)Clx / TiO2 interface.

Simlar spectral changes to what is observed in Pb 4f are also to some extent observed for
Cl 2p and I 4s, displayed in Figure 5.12. A thickness dependent increase in I 4s intensity
is observed for both series. Additionally a shift to lower binding energies is observed for
increasing layer thicknesses similar to the Pb shift. Detectable Cl 2p signals are only de-
termined for the 10-60 nm MAPbI(3−x)Clx on mp-TiO2. Here the Cl:I ratio is determined
to be 1.57 for 10 nm, 0.54 for 30 nm, and 0.45 for 60 nm perovskite layer thickness using
the Cl 2p3/2 and I 4s line; it decreases with increasing layer thickness (respective fits are
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Figure 5.12: Photoemission data of Cl 2p, P 2s, and I 4s of the thickness-series of CH3-
NH3PbI(3−x)Clx on compact (panel a) and mesoporous TiO2 (panel b) taken with an excita-
tion energy of hν=2 keV. Vertical offset added.

Table 5.2: Cl:I and P:I ratio using the Cl 2p3/2, I 4s, and P 2s core level measured with hν=
2 keV.

sample Cl:I P:I
300 nm perovskite / c-TiO2 - -
60 nm perovskite / c-TiO2 - 0.06
30 nm perovskite / c-TiO2 - 0.39
10 nm perovskite / c-TiO2 - 1.71

300 nm perovskite / mp-TiO2 - 0.18
60 nm perovskite / mp-TiO2 0.45 1.73
30 nm perovskite / mp-TiO2 0.54 2.18
10 nm perovskite / mp-TiO2 1.57 2.59

in Appendix A.8). This could be again an indication that some of the chlorine is diffusing
towards the perovskite/TiO2 interface.[162, 167] For the mesoscopic structure the respective
thicknesses are significantly lower than what was estimated for the solution resulting in the
respective layer thickness for the planar structure. It is also possible that chlorine might be
trapped in the mp-TiO2. However, the difference in Cl:I trends between the two TiO2 types
may explain the empirical preference that the mesoscopic structure is almost exclusively used

97



5 Characterization of Compound and Interface Formation of Mixed-halide Perovskite
Absorbers

for triiodide perovskites (CH3NH3PbI3) and not for the mixed halide CH3NH3PbI(3−x)Clx.

Figure 5.13: Ti 2p spectra of the thickness-series of CH3NH3PbI(3−x)Clx on compact (panel
a) mesoporous TiO2 (panel b) taken with an excitation energy of hν=2 keV. The green spec-
trum for 300 nm MAPbI(3−x)Clx on c-TiO2 is magnified by a factor of 10.

For all thin layers a significant amount of phosphorous (P 2s) is detected; the P:I ratio is listed
in Table 5.2. The origin of P is not clear yet. However, some amount can be associated with
remnants from the precursor solution; the HI used for preparing the MAI is stabilized with
H3PO2. The precursor solution itself was not further stabilized with phosphoric acid. Fur-
ther, we found that rinsing the perovskite layer of the TiO2 substrate with DMF results also
in enhanced phosphor remnants or P is accumulated at the interface (see Appendix A.6).
As explained in section 2.2.2.2 to achieve thinner layer thicknesses the original precursor
solution is diluted with DMF. Especially for the mesoscopic structure a distinct amount of
phosphorus is present even for the thickest layer, whereas for the planar structure no P is
present for the standard thickness of 300 nm. However, no P is found on the bare TiO2 sub-
strate materials.

Figure 5.13 reveals the attenuating Ti 2p signal for perovskite layers on c-TiO2 and mp-TiO2.
For all investigated layers, even the standard 300 nm CH3NH3PbI(3−x)Clx on c-TiO2, a Ti
signal is present, confirming holes in the layer.[13] Such holes even for the standard sample
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thickness can act as point openings/pin holes having detrimental effects on the charge carrier
recombination. In comparison to the material perovskite related peaks no shift can be iden-
tified for the Ti 2p signal.

Table 5.3: The nominal and "effective" layer thicknesses for perovskite on compact and
mesoporous TiO2

c-TiO2 mp-TiO2

nominal (nm) 300 60 30 10 300 60 30 10
effective (nm) 16.3 6.7 2.5 1.5 6.1 1.3 0.9 0.9

The intensity of the Ti 2p3/2 line can be used to calculate an "effective" layer thickness using
equation 3.8 and the respective IMFP of 2.9 nm. The derived layer thickness are shown in
Table 5.3 for the nominal perovskite layers of 300, 60, 30, and 10 nm on c-TiO2 and mp-
TiO2.
Note: For calculating such "effective" layer thicknesses a closed cover layer is assumed
which is not the case for any of the studied samples.

5.2.1.2 SEM and EDX Measurements

To correlate the findings of chemical properties at the perovskite / TiO2 interface with the
morphology we performed SEM and EDX measurements on the 60 nm and 300 nm samples.

Figure 5.14a shows the SEM image of a chosen sample area of the nominal 60 nm perovskite
on c-TiO2. Panels (b-f) show the EDX maps of the chosen emission signal.
The SEM image clearly shows a layer coverage of the c-TiO2 substrate forming islands and
is in agreement with literature.[13, 180] The uncovered parts show the compact TiO2 sub-
strate material.

This also reflects in the respective EDX maps of the same sample spot and is also in agree-
ment with the HAXPES measurements performed. The oxygen signal is anticorrelated to
that of Pb and I. The titanium signal is too noisy to conclude something.
Further, for this sample spot detectable chlorine signals are determined (see Figure 5.14c
light blue spots). The Cl spots are more to the edge of the particular perovskite island and
maybe even underneath the Pb. This is in good agreement with our findings using HAXPES
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and FY-XAS measurements, that the Cl is found to be located towards the perovskite / TiO2

interface.[162]

Figure 5.14: a) SEM image of a 60 nm CH3NH3PbI(3−x)Clx on compact TiO2 sample and
corresponding EDX maps (b-f) of the same sample spot.

Figures 5.15 and 5.16 show the SEM images and EDX maps of the 300 nm perovskite on
compact and mesoporous TiO2. For both samples the SEM images again reveal not closed
perovskite layers on TiO2 forming islands. Especially for the layer on c-TiO2 the particu-
lar grain size is significantly increased compared to the 60 nm layer and also to the 300 nm
layer on mp-TiO2. Small grains and islands scattered on the mesoporous substrate are found,
leaving most parts of the substrate uncovered.
Note, that for the 300 nm perovskite on c-TiO2 sample the Ti 2p signal measured with HAX-
PES (see also Figure 5.13a) was insignificantly small. This is likely due to the measurement
position that is in gracing incidence.
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Figure 5.15: a) SEM image of a 300 nm CH3NH3PbI(3−x)Clx on compact TiO2 sample and
corresponding EDX maps (b-f) of the same sample spot.

Figure 5.16: a) SEM image of a 300 nm CH3NH3PbI(3−x)Clx on mesoporous TiO2 sample
and corresponding EDX maps (b-f) of the same sample spot.
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In both cases the Pb and I signal is again anti-correlated to the Ti and O signal, in agreement
with a not complete coverage of the substrate material. However, no Cl signals are detected
for nominal thicknesses of 300 nm.
For the 60 nm layer on mp-TiO2 the layer was to thin too detect any usable signal.

Summary
To conclude this section, we have used hν=2 keV HAXPES measurement to study the chemi-
cal structure of CH3NH3PbI(3−x)Clx and the TiO2 interface using the most common compact
and mesoporous substrate materials. For each absorber layer a perovskite material related
species is found. However, for thinner perovskite covering layers, especially on top of mp-
TiO2, a second species is forming indicating the formation of Pb-Ti-(I) bonds. Further, for
the thicker MAPbI(3−x)Clx layers on c-TiO2 metallic Pb is present. All absorber samples
show an island formation on top of the substrate material not completely covering the mate-
rial. This is more pronounced for the mesoscopic structure. For both structures, planar and
mesoscopic, thickness induced core level shifts are determined, indicating chemical changes
and/or band bending.

5.2.2 Electronic Structure

This section elucidates the electronic structure of the perovskite / TiO2 interface on the two
different ETM materials, namely compact and mesoporous TiO2. Especially the changes
due to substrate material and layer thickness can be determined and are related to changes
in the chemical structure. Therefore, we have used photoelectron spectroscopy with an exci-
tation energy of hν=2 keV with an IMFP of approximately 3.5 nm to monitor the interface
formation and in particular study the changes of the valence band structure and the position
of the valence band maximum (VBM).

In chapter 5.2.1 the chemical interface formation revealed an attenuation of the substrate
signal and an increase in perovskite related signals with layer thickness; this was less pro-
nounced for the mesoscopic structure. Even for the thickest layers, holes due to island forma-
tion are present. For the layers on compact TiO2 no chlorine is found in the surface region.
Moreover, a shift in binding energy, especially for Pb 4f, is found for increasing thickness
and an enhanced formation of Pb0 for the planar structure.
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Figure 5.17: HAXPES derived valence band spectra of the planar (a) and mesoscopic struc-
ture (b) recorded with an excitation energy of hν=2 keV for the bare compact and meso-
porous TiO2 substrate (black) and MAPbI(3−x)Clx layer thicknesses of 10 nm (red), 30 nm
(gray), 60 nm (blue), and 300 nm (green). Linear approximation of the leading edges is used
to determine the position of the valence band maxima.

Figure 5.17 displays the valence band photoemission of the CH3NH3PbI(3−x)Clx thick-
ness series of the planar and mesoscopic structure measured with an excitation energy of
hν=2 keV. Instead of using UPS with better photoionization cross-section for determination
of the valence band maxima, synchrotron-based HAXPES is used with the advantage of no
satellites and less, if any, beamdamage. UV radiation, which is used for UPS leads to the
degradation of the perovskite material. With an IMFP of about 3.5 nm for 2 keV instead of
<1 nm for UPS, HAXPES is preferably more representative for the DOS of the perovskite
material in the bulk instead of UPS representing the immediate surface. Further, the 2 keV
measurements are less influenced by surface contamination.
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The chemical changes previously described (section 5.2.1) also influence the valence band
region and the contribution to the valence band maximum by showing distinct differences,
especially for the planar structure.
The bare TiO2 substrates both show two pronounced features between 5-9 eV mainly dom-
inated by O 2p states.[181] The difference in spectral shape for compact and mesoporous
TiO2 is most likely caused by the differences in total density of states (TDOS) for the valence
band region as is also the case for anatase and rutile TiO2.[181] With increasing layer thick-
ness the perovskite related contributions in the region 2-6 eV increase. They can be mainly
assigned to I 5p orbitals due to the higher energy level than Pb 6s and can be associated with
Pb-I-Pb bonds.[55, 182] The feature arising at 10 eV has I 5p an Pb 6s character.[55] The
contribution at approximately 14 eV is associated with I 4s states.
The organic CH3NH+

3 framework also contributes to the VBM, however, these states are
not experimentally detectable with HAXPES in comparison to the I and Pb states due to
the lower photoionization cross-section for these materials. The cross-section for iodine-
derived valence states is about 500 times higher than carbon-related and ×100 higher than
nitrogen-related states, respectively, Pb-derived valence states are 100 and 20 times higher.
X-ray emission measurements of the N K edge show the organic contribution to the elec-
tronic structure of CH3NH3PbI(3−x)Clx, but is not included within the studies here.
The conduction band (CB) for TiO2 is mainly derived from Ti p-states [181], and the CB of
the perovskite material from Pb p-states.[55, 182]

For both absorber series, the contributions from the TiO2 substrate material attenuates with
layer thickness, however only for the 300 nm MAPbI(3−x)Clx on c-TiO2 no obvious de-
tectable features from the substrate are present, in agreement with the findings for the chem-
ical structure in chapter 5.2.1. For all other samples a notable fraction of O 2p states from
the TiO2 is present, especially for the samples in the mesoscopic structure. Here, even for a
nominal thickness of 60 nm the main contribution to the VBM originates from the substrate
material; only for the 300 nm MAPI on mp-TiO2 the VBM is dominated by I 5p states from
the perovskite layer.
For the planar structure a nominal thickness of 30 nm is enough to show the predominate
character of the perovskite states in the valence band.

To derive the respective values of the VBM from the valence band spectra of the planar
structure (Figure 5.17a) and the mesoscopic structure (Figure 5.17b) linear extrapolation of
the leading edge is used. For the planar structure the VBM value of the bare c-TiO2 is
3.27 (±0.1) eV and 1.88, 1.69, 1.67, and 1.64 (±0.1) eV for 10, 30, 60, and 300 nm MAPb-

104



5.2 CH3NH3PbI(3−x)Clx / TiO2 Interface

I(3−x)Clx on c-TiO2, respectively. For the mesoscopic structure the derived VBM values are
3.59 (±0.1) eV for bare mp-TiO2 and 2.23, 2.16, 2.00, and 1.71 (±0.1) eV for 10, 30, 60,
and 300 nm MAPbI(3−x)Clx on mp-TiO2, respectively. In general, for both structure types
the VBM shifts towards the Fermi level (EF ) with increasing layer thickness due to the pre-
dominate character of the perovskite states in the valence band. The VBM values are listed
in Table 5.4 and are schematically drawn in Figure 5.18.

Table 5.4: Values for the valence band maximum (VBM) determined from Figure 5.17 to-
gether with the derived valence band offsets (VBO) considering interface induced band
bending (IIBB), according to equation 3.10 and 3.12, using ∆IIBB. The respective IIBB
value are determined using the Ti 2p3/2 and Pb 4f7/2 lines for IIBB1 and Ti 2p3/2 and I 3d5/2
lines for IIBB2. ∆IIBB is the average of IIBB1 and IIBB2. The error margin for the VBM is
(±0.1 eV), (±0.26 eV) for VBO, and (±0.19 eV) for IIBB.

sample VBM VBO IIBB1 IIBB2 ∆IIBB
bare c-TiO2 3.27 - - - -

10 nm perovskite / c-TiO2 1.88 1.53 -0.17 -0.04 -0.10
30 nm perovskite / c-TiO2 1.69 1.66 0.01 0.05 0.03
60 nm perovskite / c-TiO2 1.67 1.69 0.05 0.07 0.06

300 nm perovskite / c-TiO2 1.64 - - - -
bare mp-TiO2 3.62 - - - -

10 nm perovskite / mp-TiO2 2.23 1.59 -0.37 -0.22 -0.30
30 nm perovskite / mp-TiO2 2.16 1.59 -0.37 -0.26 -0.32
60 nm perovskite / mp-TiO2 1.98 1.74 -0.18 -0.16 -0.17
300 nm perovskite / mp-TiO2 1.71 - - - -

Such VBM values are mostly in agreement with what is found in literature for the substrate
and the standard layer thickness of 300 nm.
For anatase TiO2 optical band gap values are found at 3.4 eV [183, 184] and 3.2 eV [181].
Schulz et al. determine a VBM value of 3.2 eV and a CBM value of 0.1 eV for the surface
region for dense TiO2 using a combination of UPS and IPES.[56]
In general, band gap values for rutile TiO2 are stated to be smaller than for anatase. Band
gap values of about 3.0 eV are reported [181, 184, 185] and an electronic band gap of 3.2 eV
is derived by Lindblad et al. [55]. These values are all smaller than the 3.6 eV for the meso-
porous TiO2 used in our studies even considering the error margin of (±0.1) eV. However,
it is suggested that differences in fabrication of TiO2 layers can highly influence the valence
band properties that are dominated by O 2p.[181]
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Similar comparisons can be done for the standard 300 nm perovskite layers. VBM values
of 1.3 eV [56] for CH3NH3PbI(3−x)Clx on dense TiO2 and 1.62 eV [176] for CH3NH3Pb-
I(3−x)Clx on mp-TiO2 are determined using photoelectron spectroscopy. The same is done
for pure triiodide films of CH3NH3PbI3 and VBM values are 1.4 eV [56] and 1.72 eV [186]
on dense/compact TiO2 and about 1.5 eV [55] on mp-TiO2. The VBM values derived in our
study are at the upper bound of what is found in literature. However, the conditions of sam-
ple fabrication are even more crucial for the absorber layer and can therefore significantly
alter the electronic structure. Schulz et al. derived a CBM value of 0.4 eV for CH3NH3Pb-
I(3−x)Clx and 0.3 eV for CH3NH3PbI3 using IPES leading in both cases to an electronic band
gap of 1.7 eV for the perovskite absorber layer.[56]

The derived VBM values listed in Table 5.4 and schematically shown in Figure 5.18 can
be used to determine the valence band offset (VBO) between the substrate material and the
thickest perovskite layer. Taking the core level shifts for the perovskite layers into account
(see also chapter 5.2.1), indicating possible band bending, the VBO can be calculated ac-
cording to equation 3.12 taking the interface induced band bending (IIBB) [90] into account
(equation 3.10). An average IIBB (∆IIBB) was calculated using the Pb 4f and I 3d core level
for the cover layer and Ti 2p core levels for the substrate for all nominal layer thickness in
each structure. Note, that for calculating IIBB values closed covering layers are assumed,
which is not found for the perovskite layers in this study (see also chapter 5.2.1). Figure 5.19
shows the interface band structure using the calculated average IIBB for the perovskite lay-
ers. Further, the derived VBO values considering IIBB are about 1.6 eV and with increasing
layer thickness the peak positions tends towards the "bulk" value of the thick layers.
Note: Since small regions without interface contact will have different band bending, assy-
metric broadening of the peaks could be expected. If we assume holes that are significantly
smaller than the size of the depletion region, we can neglect their effect and account for the
structural inhomogeneity with a small increase in the error margin.

Further a thickness dependent picture of the valence band position in the planar and meso-
scopic structure with respect to EF can be drawn (Figure 5.18).
For the 30, 60, and 300 nm layer on c-TiO2 the VBM values stay basically constant and
only for the thinnest 10 nm layer shifts away from the Fermi level towards the VBM value
of the TiO2 substrate layer, suggesting band bending towards the TiO2. This might indicate
a more homogeneous layer formation on top of c-TiO2. This could also indicate that the
interface is "completely" formed after a thickness of 10 nm of MAPbI(3−x)Clx on c-TiO2.
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Figure 5.18: Schematic of the valence band positions for the planar (left) and mesoscopic
structure (right) with respect to the Fermi level EF , determined using hν=2 keV photoe-
mission measurements having different nominal and "effekitve" CH3NH3PbI(3−x)Clx layer
thicknesses. The "effective" layer thickness was calculated using the Ti 2p3/2 line and equa-
tion 3.8 under the assumption of closed layers. The gray boxes indicate the experimental
uncertainty.

It is also suggested that metallic Pb leads to Fermi level pinning due to the shallow donor
levels.[176] For the layers in the planar structure Pb0 is present in all samples, except the
10 nm one, which is consistent with the findings for the VBM values. In our previous study
on similar samples a Fermi edge due to the presence ob Pb0 was measured with an excitation
energy of hν=6 keV.[170] In this study it was observed that, to reduce the amount of metallic
lead a short post-annealing process in air helps improving the solar cell performance.[170]
An enhanced formation of metallic Pb can be detrimental by introducing shunt paths and/or
forming sub-band gap states.[55, 170, 187] For the Pb0 containing samples in this study no
detectable Fermi edge is present, which might be due to a not sufficient signal-to-noise ratio
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Absorbers

Figure 5.19: Schematic of the valence band positions for the planar (left) and mesoscopic
structure (right) with respect to the Fermi level EF , determined using hν=2 keV photoemis-
sion measurements having different CH3NH3PbI(3−x)Clx layer thicknesses using the average
IIBB values. The gray boxes indicate the experimental uncertainty.

for these measurements. Although the amount of Pb0 for the 60 nm sample is twice from
what we observed for the samples used within Ref. [170] no clear Fermi edge was measured
at hν=2 keV within that study as well.
Comparing the VBM energy levels for the planar structure with electronic band gap values
found in literature, Eg=1.7 eV [56] for CH3NH3PbI(3−x)Clx and 3.3 eV for dense TiO2 this
would lead to CBM values of 0.06 eV for the 300 nm MAPbI(3−x)Clx layer and 0.03 eV for
the c-TiO2. In both cases the CBM would be close to the Fermi level. Schulz et al. determine
a VBM value of about 1 eV and a CBM value of approximately 2.3 eV for the hole transport
layer using spiro-MeOTAD on CH3NH3PbI(3−x)Clx.[56] Applying these values to our find-
ings, we would get a VBO of 0.64 eV at the interface of spiro-MeOTAD / perovskite and a
CBO of 2.24 eV. This would suggest a large spike between the hole transport layer and the
perovskite material and a flat-band behavior of the perovskite / TiO2 interface. The impor-
tant band alignment for these perovskite solar cell is the interface between spiro-MeOTAD /
CH3NH3PbI(3−x)Clx. In this case the VBM of the HTM is closer to EF than the perovskite
material, consequently no hole extraction barrier is present.[56] However, the large VBO
value of about 0.6 eV limits the built-in field.[56] Further it leads to thermoionic losses of
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5.2 CH3NH3PbI(3−x)Clx / TiO2 Interface

the holes [188] leading to a reduction in VOC.[56]

In the case of the mesoscopic structure the VBM values gradually shift away from the Fermi
level towards the TiO2 VBM value. This might most likely be a mixture of band bending to-
wards the TiO2 interface and chemical changes (see chapter 5.2.1) or a more gradual change
of the electronic structure at the interface due to a 3-D interface. Especially for the 10, 30,
and 60 nm layer on mp-TiO2 two Pb species are found and also a significant amount of Cl.
Comparing the valence band positions for the mesoscopic structure to the band gap values
determined by Schulz et al. [56], in all cases the Fermi level would overlap with the conduc-
tion band. This has detrimental effects on the performance of the solar cell due to a missing
junction because of a non-existing conduction band in that case. This might be another indi-
cation on why the chlorine-based mixed halide perovskites (CH3NH3PbI(3−x)Clx) are mostly
used within the planar structure.
For both structure types the perovskite material shows an n-type behavior.

Summary
To conclude this section we have used photoelectron spectroscopy with an excitation energy
of hν=2 keV to characterize the electronic structure of various perovskite layers in the planar
and mesoscopic structure. For both structure types the VBM shifts towards the Fermi level
EF with increasing layer thickness. For the mesoscopic structure the VBM is significantly
influenced by valence states of the TiO2 substrate due to chemical changes and/or interface
induced band bending. For the planar structure the VBM stays almost constant and shows
downward band bending towards the TiO2 substrate for the thinnest layer. This is also the
case for CH3NH3PbI(3−x)Clx on mp-TiO2.
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6
Conclusion and Outlook

For chalcopyrite-based thin film solar cell absorbers (Cu(In,Ga)Se2) the impact of differ-
ent alkali treatments (alkali-rich and alkali-poor) on the chemical surface and near-surface
structure was studied using depth-dependent laboratory- and synchrotron-based photoelec-
tron spectroscopy. A Cu-poor surface is revealed for the alkali-free and NaF-PDT CIGSe
absorber of both series. The same chemical environment for indium and selenium is re-
vealed, deriving the modified Auger parameter α ′(In) and α ′(Se). Altogether no significant
differences are present for the alkali-rich and alkali-poor NaF-PDT CIGSe and the respec-
tive alkali-free CIGSe absorber. In contrast, a further Cu and Ga-depletion for the alkali-poor
NaF/KF-PDT compared the respective alkali-free and NaF-PDT sample is observed and the
chemical surface and near-surface structure of the alkali-rich NaF/KF-PDT CIGSe absorber
reveals a Cu- and Ga-devoid surface region. Additionally, the topography of the NaF/KF-
PDT samples show a nanopatterned structure with more distinct features for the alkali-rich
sample. Further, two different species for both NaF/KF-PDT absorbers as evident from core
level lines and the modified Auger parameter are present. These species can be assigned to
a K-containing (i.e., K-In-Se) compound and a K-free (i.e., Cu-In-Ga-Se) compound with
the same Cu-poor structure as that of the alkali-free and NaF-PDT CIGSe. A decrease in
K and an increase in Cu is observed for more bulk sensitive measurements. The derived
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composition for the Cu-In-Ga-Se compound is similar to what is found for the alkali-free
and NaF-PDT sample. The same is found for the In and Se species of the modified Auger
parameter. The findings for the chemical structure support the formation of a K-In-Se/Cu-In-
Ga-Se bilayer structure, with a more pronounced K-In-Se for the alkali-rich NaF/KF-PDT
CIGSe sample.

Using K L2,3 we experimentally confirm that, after rinsing with ammonia/water, no KF rem-
nants are present for NaF/KF-PDT and KF-PDT In2Se3, which is also in agreement with the
findings using photoelectron spectroscopy. The chemical environment for the samples after
rinsing is the same but clearly differs from the KF (powder) reference, suggesting that K is
incorporated into the CIGSe/In-Se substrate and/or forms a new fluorine-free compound.

The local Se density of occupied states for the CIGSe sample was examined using Se M4,5

XES revealing the identical Se structure for alkali-free and alkali-rich NaF-PDT and similar
to what is found for the respective alkali-poor CIGSe absorbers. The alkali-rich NaF/KF-
PDT and the KF-PDT In2Se3 exhibit an additional feature ascribed to K 4s derived states in-
dicating the formation of Se-K bonds. This feature is much smaller for alkali-poor NaF/KF-
PDT, but it can also be identified by a superposition of properly weighted NaF-PDT and
KF-PDT In2Se3 Se M4,5 XES spectra. The corresponding chalcopyrite spectra and the KF-
PDT In2Se3 reference sample also clearly deviate from an In2Se3 (powder) reference. This
is another confirmation for the formation of a K-In-Se type species (rather than a simpler
Cu- and Ga-depletion) which can be "tuned" by a different degree of alkali PDT. Using the
properly weighted sums together with the derived attenuation length for Se M4,5 XES an
approximated "effective" thickness of 8.8 nm for the alkali-rich NaF/KF-PDT and 1.3 nm
for the alkali-poor NaF/KF-PDT sample can be derived for the K-In-Se top layer.

The electronic structure (i.e., the position of VBM and CBM) and the impact of the different
alkali post-deposition treatments (i.e., alkali-rich and alkali-poor) were studied using direct
and inverse photoemission. For the alkali-rich treated CIGSe absorbers we find VBM val-
ues of -0.76, -0.72 (±0.15) eV, and 0.86 (±0.10) eV for the alkali-free CIGSe and -0.55,
-0.58 (±0.10) eV, and -0.66 (+0.10/−0.15) eV for NaF-PDT CIGSe with increasing surface
sensitivity. For the respective alkali-poor absorbers we observe VBM values of -0.76, -0.72
(±0.10) eV for alkali-free CIGSe and -0.59, -0.65 (±0.10) eV for NaF-PDT and NaF/KF-
PDT CIGSe. Both NaF-PDT samples show a shift in VBM position towards the Fermi level
due to Na incorporation leading to a more p-type material. The VBM of the alkali-rich
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NaF/KF-PDT CIGSe sample observed a large and more gradual change towards the surface
with VBM position of -0.95, -1.10, and -1.26 (±0.10) eV. Together with the CBM provided
by IPES measurements the near-surface electronic band gap value is obtained. A band gap of
1.61 [+0.14/−0.51] eV at the surface is observed for the alkali-rich NaF-PDT sample which
is larger than the observed bulk value of 1.15 eV. However, it is similar to what is observed
for other high-performing CIGSe absorbers at the surface. The alkali-rich NaF/KF-PDT
CIGSe observes a significant band gap widening at the surface of 2.25 [+0.14/−0.51] eV.
This can be attributed to the formation of a K-In-Se surface compound and near-surface
region due to the heavy Cu- and Ga-depletion. This value is therefore compared to band
gap values for In2Se3 and KInSe2 compounds having similar band gap values. The alkali-
rich NaF/KF-PDT induced band gap widening at the CIGSe surface my act as a beneficial
passivation layer between emitter and absorber. This might be the reason for the observed
performance leap of respective solar cell devices and the difference in performance between
the alkali-poor and alkali-rich NaF/KF-PDT CIGSe.[80]

To enhance these findings on the impact of alkali treatments on Cu(In,Ga)Se2 thin film so-
lar cells, one would in a next step try to study the absorber/buffer interface. Especially the
influence of the formation of the CdS in a chemical bath on the identified K-In-Se surface
species needs to be explored with respect to the chemical and electronic structure. The best
approach is to subject the alkali-free, NaF-PDT, and NaF/KF-PDT CIGSe to different CdS
bath-deposition times resulting in different CdS layer thicknesses. With depth-dependent
laboratory- and synchrotron- based photoelectron spectroscopy chemical differences and
maybe the formation of different species due to different alkali treatment could be revealed.
Se M4,5 XES could be used to study possible CdSe formation and variations based on the
alkali treatments. Direct and inverse photoemission can be applied to study the electronic
structure and obtain a more complete picture of the energy levels. Especially the band gap
widening of the NaF/KF-PDT sample with respect to the CdS layer needs to be considered
and how it may impact the energy level alignment. These findings can then be used to deter-
mine the band alignment between absorber and buffer.
In addition, one could also use different alkali materials, i.e., CsF, RbF, or even LiF, for the
post-deposition treatments of the CIGSe absorbers and study the impact on the chemical and
electronic surface and near-surface structure. Even replacing the CdS layer with a non-toxic
layer, e.g. ZnO, is another approach for further research studies.
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For characterizing the compound and interface formation of organo-metal mixed halide per-
ovskites, specifically CH3NH3PbI(3−x)Clx, HAXPES, SEM, and EDX are used.
The compound formation was monitored during in-situ annealing of a drop-casted layer of
precursor solution on c-TiO2. Using synchrotron photoelectron spectroscopy measurements
before, during, and after annealing reveals shifts in the perovskite core levels during its
transition temperature between 80-100◦C. This is in agreement with the formation of the
perovskite layer and can be confirmed with a standard 300 nm perovskite layer on c-TiO2.
Further the Cl 2p signal decreases drastically at the onset of annealing and is depleted in the
surface region after temperatures of 50◦C.

The chemical structure of CH3NH3PbI(3−x)Clx and its interface to the TiO2 using compact
and mesoporous TiO2 substrate materials is revealed using hν=2 keV HAXPES measure-
ments. For each absorber layer a perovskite material related species is found increasing with
increasing layer thickness, whereas the substrate related core levels are attenuating. How-
ever, for thinner perovskite covering layers, especially on top of mp-TiO2, a second species
is forming indicating the formation of Pb-Ti-(I) bonds. Further, for the thicker MAPbI(3−x)-
Clx layers on c-TiO2 metallic Pb is present. All absorber samples show an island formation
on top of the substrate material not completely covering the material which is in agreement
with the morphology studied with SEM. This is more pronounced for the mesoscopic struc-
ture. For both structures, planar and mesoscopic, thickness induced core level shifts are
determined, indicating chemical changes and/or band bending.

The electronic structure of various perovskite layers in the planar and mesoscopic struc-
ture is also studied using hν=2 keV HAXPES measurement. For both structure types the
VBM shifts towards the Fermi level EF with increasing layer thickness. For the mesoscopic
structure the VBM is significantly influenced by valence states of the TiO2 substrate due
to chemical changes and/or interface induced band bending due to thinner layers. For the
planar structure the VBM stays almost constant and shows bend bending towards the TiO2

substrate for the thinnest layer.

In a next step one would investigate the perovskite/hole transport material interface and the
changes in chemical and electronic structure using laboratory and synchrotron-based photo-
electron spectroscopy. In the end a complete picture of the energy level alignment could be
given to further help understanding the exact working principle for these type of solar cells.
Especially the replacement of the Pb as a toxic material with a less toxic one, e.g. Cs, is of
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interest for these material systems leading to new chemical and electronic properties. One of
the major and crucial points for perovskite-based solar cell structures is the device stability.
Up until now these material systems are lacking in stability by showing a fast degradation,
especially in humid environment. An increase in long-term stability would be of signifi-
cance.
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A
Appendix

A.1 Cu Background Subtraction

Figures A.1 to A.3 represent the background subtraction approach employing a properly
shifted and scaled KF-PDT In2Se3 reference spectrum to account for the broad In 4p back-
ground (between 80 and 60 eV) that overlaps with the Cu 3p signal. For the proper energy
shift and scaling factor the spectra were aligned such that the In 4d line overlap was maxi-
mized. Note that the low binding energy In 4d state may have a band-like character, rather
than being a pure core level, and so its relative intensity could conceivable be influenced by
the chemical environment. However, given that the formal oxidation state of the In will not
be affected by the presence/absence of Cu or Ga in the structure, we expect that this would
be at most a minor effect. The reference sample was always measured with the same set-up
and excitation energy except for 8 keV. Here, the reference was measured with 6 keV at a
different endstation but with the same experimental geometry. To account for the different
changes of the photoionization cross-sections (see also chapter 3.6.2) of In 4p and In 4d
when excited with 6 or 8 keV, the shifted and scaled 6 keV KF-PDT In2Se3 spectrum, after
maximizing the In 4d overlap, was multiplied with the respective cross-section ratio of 1.35
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Figure A.1: The In 4p background correction approach of the Cu 3p line using the KF-PDT
In2Se3 reference for the differently treated alkali-rich absorbers (alkali-free [left], NaF-PDT
[center], and NaF/KF-PDT [right]), measured with an excitation energy of 1253.56 eV (Mg
Kα ). The as-measured spectra are shown in black, individually shifted and scaled KF-PDT
In2Se3 spectra in blue, and the red spectra correspond to the difference of the two.

before using it to correct for the In 4p background. This results in a “negative” overshoot in
the range of the In 4d line in the difference spectrum (see Figure A.3); the smaller overshoots
in the other difference spectra can be explained by slight variations of the core level binding
energies and/or composition profiles. The incomplete subtraction of the Se 3d lines is related
to the composition differences (i.e., the In/Se ratio) between the K-In-Se reference and the
absorbers. For the alkali-free and NaF-PDT CIGSe, the Ga 3d signal at around 20 eV is still
present after subtraction.
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A.1 Cu Background Subtraction

Figure A.2: The In 4p background correction approach of the Cu 3p line using the KF-
PDT In2Se3 reference for the differently treated alkali-rich [top] and alkali-poor [bottom]
absorbers (alkali-free [left], NaF-PDT [center], and NaF/KF-PDT [right]), measured with
an excitation energy of hν=2 keV. The as-measured spectra are shown in black, individually
shifted and scaled KF-PDT In2Se3 spectra in blue, and the red spectra correspond to the
difference of the two.
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Figure A.3: The In 4p background correction approach of the Cu 3p line using the KF-
PDT In2Se3 reference for the differently treated alkali-rich [top] and alkali-poor [bottom]
absorbers (alkali-free [left], NaF-PDT [center], and NaF/KF-PDT [right]), measured with
excitation energy of hν=8 keV [top] and hν=6 keV [bottom]. The as-measured spectra are
shown in black, individually shifted and scaled KF-PDT In2Se3 spectra in blue, and the red
spectra correspond to the difference of the two.
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A.2 Extended Valence Band Fits

A.2 Extended Valence Band Fits

Figure A.4: Photoemission data with respective Voigt fits of the differently treated absorbers
(alkali-free [bottom], NaF-PDT [center], and NaF/KF-PDT [top]): Cu 3p (a), Na 2s (b),
Se 3d (b), K 3s (d), and Ga 3d, In 4d, and K 3p (e), measured with an excitation energy of
1253.56 eV (Mg Kα ). All spectra are displayed area-normalized to the Se 3d peak area and
after subtraction of a linear background. For better visibility, the Cu 3p, Na 2s, and K 3s
spectra are magnified by a factor of ×5. For each fit, the residual is shown as well.

Figures A.4 and A.5 show the shallow core level data simultaneously fitted using Voigt pro-
files and a linear background. In the leftmost panels (a), the Cu 3p data excited with Mg Kα

and 2 keV is shown, together with the corresponding fits and its residual. Lorentzian and
Gaussian widths [106] are linked for each excitation energy, and the doublet separation is
fixed to 2.39 eV.[107] Panels (b) show the Na 2s peak, which exhibits appreciable intensity
only for the alkali-rich NaF-PDT sample measured with 2 keV. Panels (c) display the fits of
the Se 3d data using a fixed doublet separation of 0.83 eV.[108] For the alkali-rich NaF/KF-
PDT CIGSe sample excited at 2 keV, three species are needed to achieve a satisfactory fit
using Voigt profiles of coupled Lorentzian and Gaussian widths. The blue doublet (Sea) is
ascribed to the CIGSe absorber, and the cyan doublet (Seb) is attributed to the suggested
K-In-Se surface species. For 2 keV excitation, the additional orange doublet (Sec) is most
likely the result of surface oxidation of the sample, forming an In-Se-O compound. Panels
(d) depict the K 3s spectral region. As expected, potassium can only be detected for both
NaF/KF-PDT CIGSe samples. The more pronounced K 3s line observed for 2 keV excita-
tion is indicative of a significant increase of the photoionization cross-section relative to that
of the other shallow core level lines. Panels (e) show the fits of the Ga 3d, In 4d, and K 3p
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Figure A.5: Photoemission data with respective Voigt fits of the differently treated absorbers
(alkali-free [bottom], NaF-PDT [center], and NaF/KF-PDT [top]): Cu 3p (a), Na 2s (b),
Se 3d (b), K 3s (d), and Ga 3d, In 4d, and K 3p (e), measured with an excitation energy of
2 keV for alkali-rich [top panels] and alkali-poor [bottom panels]. All spectra are displayed
area-normalized to the Se 3d peak area and after subtraction of a linear background. For
better visibility, the Cu 3p, Na 2s, and K 3s spectra are magnified by a factor of ×5. For each
fit, the residual is shown as well.

lines using doublet separations of 0.86 eV for In 4d, [109] 0.46 eV for Ga 3d, [110] and
0.25 eV for K 3p.[111] For the alkali-rich NaF/KF-PDT CIGSe surface, no or only a very
weak Ga 3d signal is found. Nevertheless, the Ga 3d line was included in the fit by fixing
its position to that of the alkali-rich NaF-PDT CIGSe sample. To describe the In 4d line of
the alkali-rich NaF/KF-PDT CIGSe sample, three species are necessary for a reasonable fit.
The blue doublet (Ina) is ascribed to (the underlying) CIGSe material, and the cyan doublet
(Inb) represents the K-In-Se – type surface layer. The orange doublet (Inc) is most likely the
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result of surface oxidation of the sample, forming an In-Se-O compound. The ratio of the
intensities of the Ina and Inb components is the same as the one of the Sea and Seb compo-
nents for the respective excitation energy. For the fit, the weak K 3p line is linked in area
and position to the K 3s signal using the respective cross-section ratio and the difference in
binding energy of the K 3s (EB=34.70 eV [112]) and K 3p3/2 (EB=18.34 eV [111]) line of
16.36 eV.

A.3 Cu Estimation alkali-rich NaF/KF-PDT CIGSe for
hν=2 keV

Figure A.6: Estimation of the Cu 3p contribution in the alkali-rich NaF/KF-PDT sample
(blue) using the Cu 3p signal of the alkali-free sample (black) and the In 4p signal of the
KF-PDT In2Se3 sample (gray). Different ratios of Cu 3p are added to the In 4p signal.
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Figure A.6 shows the estimation of the Cu 3p contribution in the alkali-rich NaF/KF-PDT
sample (blue). The signal-to-noise ratio is too low for the NaF/KF-PDT sample to subtract a
meaningful In 4p background as was done according to Appendix A.1. However, a notice-
able Cu 2p signal is detected for that sample. Therefore, the Cu 3p signal of the alkali-free
sample (black), i.e., without the In 4p background (see Appendix A.1), and the In 4p sig-
nal of the KF-PDT In2Se3 sample (gray) is used for estimating the Cu contribution of the
NaF/KF-PDT sample.
The Cu 3p signal has to be less than 0.1 of the Cu 3p (pink spectra) of the respective alkali-
free sample. A higher amount of Cu would have been already visible in the spectra. This
value is then used for further calculations.

A.4 Artificial HAXPES-derived XES Spectra

Figure A.7: 8 keV HAXPES valence band (VB) spectra of alkali-rich NaF-PDT (a) and
NaF/KF-PDT (b) CIGSe absorbers (I). Spectra (II) represent the same spectra but scaled
down by a factor of 2/3 due to 3d3/2 – 3d5/2 multiplicity and shifted by the Se 3d doublet
separation ∆SO. The sum of spectra (I) and (II) are then considered to be the corresponding
“artificial HAXPES-derived XES spectra.”
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A.5 VBM alkali-free CIGSe

Figure A.7 shows the superposition of two 8 keV photoemission valence band spectra for
alkali-rich NaF-PDT and NaF/KF-PDT CIGSe that have been offset by the Se 3d3/2 and
3d5/2 doublet separation of 0.83 eV [108] and scaled according to the multiplicity (2j+1).
The superposition is considered to represent an “artificial HAXPES-derived XES spectra.”

A.5 VBM alkali-free CIGSe

Figure A.8: Comparison of the valence band region including the valence band maximum
for the differently treated alkali-rich absorbers (alkali-free [dotted black], NaF-PDT [dot-
ted red], and NaF/KF-PDT [dotted blue]) and alkali-poor absorbers (alkali-free [gray],
NaF-PDT [brown], and NaF/KF-PDT [dark blue]), measured with excitation energies of
hν=2 keV [left] and hν=6/8 keV [right]. The alkali-free absorber of the alkali-rich series
exhibits Zn contamination.

Figure A.8 shows the valence band region including the valence band maximum of the two
different absorber series with an alkali-rich and an alkali-poor treatment for excitation ener-
gies of hν=2 keV and 6/8 keV. For those excitation energies the alkali-free absorber of the
alkali-rich series (dotted black) exhibits minor Zn contamination (Zn:Cu ratio about 5%) and
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therefore a shift to lower binding energies.
To use a more meaningful value for the VBM of the contaminated alkali-free absorber the
spectra is shifted by ∆E=0.23 eV for 2 keV and 0.27 eV for 8 keV, respectively, to overlap
with the alkali-free absorber of the alkali-poor series. Therefore, due to the almost exact
spectral similarity it seems legitimate to employ the derived VBM values of the alkali-free
sample from the alkali-poor series for the contaminated alkali-free sample.

A.6 Rinsing Procedure for CH3NH3PbI(3−x)Clx on compact
TiO2

Figure A.9: Survey spectra of bare compact TiO2 (c-TiO2) as substrate material (black),
60 nm CH3NH3PbI(3−x)Clx (blue) on top of c-TiO2 and the 60 nm CH3NH3PbI(3−x)Clx
rinsed (cyan) using DMF measured with an excitation energy of hν=2 keV. The core level
and Auger lines are marked. Vertical offset added for clarity.

Figure A.10 shows the survey spectra of the bare c-TiO2 substrate (black) and a 60 nm
CH3NH3PbI(3−x)Clx sample (blue) on c-TiO2 also prepared according to the description
in chapter 2.2.2. The perovskite layer was rinsed with DMF revealing the remnants and
possible formations directly at the TiO2 interface. After the rinsing procedure mainly Pb, Ti,
O, and C are left. However, taking a closer look at selected core levels shown in Figure A.10
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Figure A.10: a) Cl 2p, P 2s, and I 4s core level region of bare compact TiO2 (c-TiO2)
as substrate material (black), 60 nm CH3NH3PbI(3−x)Clx (blue) on top of c-TiO2 and the
60 nm CH3NH3PbI(3−x)Clx rinsed (cyan) using DMF measured with an excitation energy of
hν=2 keV. Panel b) shows the Pb 4f and P 2p region of the 60 nm MAPbI(3−x)Clx sample
before and after the rinsing procedure and c) displays the VBM of the three samples.

it clearly can be seen that due to rinsing phosphorous is introduced (see Figure A.10a,b).
After rinsing no detectable amount of iodine is present. The Pb 4f peaks are shifted to higher
binding energies indicating Pb-Ti bonds. Further, the VBM of the rinsed sample is identical
to the c-TiO2 one.

A.7 Comparison compact TiO2 and mesoporous TiO2

Figure A.11 shows the comparison of the Ti 2p and O 1s core level of the mp-TiO2 and
the c-TiO2 as well as the O KLL Auger line. All three lines show no difference in spectral
shape. However, in all three cases the spectra of the mp-TiO2 sample is shifted to higher
binding energies or lower kinetic energy of about ∆E∼0.2 eV, respectively. Nevertheless, no
additional species due to different Ti oxidation states, OH and/or H2O is present.
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Figure A.11: Photoemission data of the Ti 2p [left], O 1s [center] lines, and O KLL Auger
line [right] of the bare mesoporous TiO2 (mp-TiO2, black) and compact TiO2 (c-TiO2, red)
sample.

A.8 Cl 2p, P 2s, and I 4s fits on compact TiO2 and
mesoporous TiO2

Figure A.12 shows the core level data (Cl 2p, P 2s, and I 4s) simultaneously fitted using Voigt
profiles and a linear background excited with hν=2 keV, together with the corresponding fits
and its residual. Lorentzian and Gaussian widths [106] are linked for each excitation energy.
The doublet separation of Cl 2p is 1.72 eV.
The fits are used to calculated the respective Cl:I and P:I ratios toghether with the respective
photoionization cross-sections.[84, 85]
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A.8 Cl 2p, P 2s, and I 4s fits on compact TiO2 and mesoporous TiO2

Figure A.12: Photoemission data with respective Voigt fits of the differently treated ab-
sorbers 10, 30, 60, and 300 nm MAPbI(3−x)Clx on compact TiO2 [left] and mesoporous
TiO2 [right]: Cl 2p, P 2s, and I 4s measured with an excitation energy of 2 keV. All spectra
are displayed after subtraction of a linear background. For each fit, the residual is shown as
well.
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