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Nomenclature

The following abbreviations, symbols and codes are used in the thesis:

Qeffs

AZO:

BSEF:

Cr:

CB:

CBD:

CE:

Lattice constant
Absorptance

Silver

Aluminium
Absorption coefficient

Effective absorption

coefficient

Al:ZnO

Back surface field

Linear E, grading degree
Concentration

Speed of light
Conduction band
Chemical bath deposition

Co-evaporation

CGI: Cu/(Ga+In) concentration

ratio

CuGaS;: Copper Gallium
Disulfide

CuGaSe,: Copper Gallium

Diselenide
X: Electron affinity

Cu(In,Ga)Ses: Copper Indium

Gallium Diselenide

Cu(In,Ga)(S,Se)2: Copper
Indium Gallium Disulfo

Selenide
CulnS,: Copper Indium Disulfide

CulnSe,: Copper Indium

Diselenide
Cu: Copper
dy: Back grading distance

da: Front grading distance
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EDX:

Fe:

FF:

Diffusion coefficient of a

diluted system

Critical distance

Direct current

Diode

Lattice spacing distance
Carrier diffusion coefficient
Density of states

Electric field

Electric field in graded

absorber
Electron

Energy dispersive X-ray

spectroscopy

Fermi energy

Band gap

One electron energy

Swiss Federal
Laboratories for Materials

Science and Technology

External quantum

efficiency
Efficiency
Iron

Fill factor
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FWHM: Full width at half

maximum
g: Carrier generation rate
G: Generation current
Ga: Gallium

GDOES: Glow discharge optical

emission spectrometry

GIXRD: Grazing incidence X-ray

diffraction

GGI: Ga/(Ga+In) concentration
ratio

Gh: Hole generation current

G Electron generation
current

ht: Hole

H 61]% IS Effective one electron
Hamiltonian

HTG: High temperature glass

hv: Photon energy

hi2: Phonon energy

I: Intensity

IF: Interface recombination

Ip Current at maximum
power point

In: Indium

IQE: Internal quantum efficiency
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I-V:
IXRD:

i-ZnO:

Jb:

Jbb:

Current-voltage

In-situ X-ray diffraction
Intrinsic ZnO

Current density

Reverse saturation current

density

Photo current density,
produced by black body

radiation

JCPDS: Joint Committee on

Jdark:

Jﬁtonzz

grad,
Jgrae,

Powder Diffraction
Standards

Dark current density
Material flux

Photo current density,
occurs according to

absorbed photons

Recombination current

density

Short-circuit current

density

Short-circuit current
density calculated by

analytical approach

JSCAPS: Short-circuit current

density calculated by
SCAPS simulations

Jiot? Total current density

K: Pottasium

kp: Boltzmann constant

ket Extinction coefficient

E: Scattering vector

Lg: Absorption length

Ly, Electron diffusion length
Ly: Hole diffusion length

M: Diffusion coefficient

mc-Si: Multicrystalline silicon
MoN: Molybdenum nitride
MoS,: Molybdenum disulfide
MoSesy: Molybdenum diselenide

MoSSes: Molybdenum

disulfoselenide
e Complex refractive index
Nyt Refractive index

Na: Sodium

Ny Acceptor density

V: Gradient

Ne¢: DOS in the CB

Np: Donor density

Nids Diode ideality factor

NREL: National Renewable
Energy Laboratory
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Nv:

n-ZnO:

ODC:

.
¢S’IJ,TL'

P(V.E):

QNR:

DOS in the VB
n-doped ZnO

Excess charge carrier

density (electrons)
Ordered defect compound
Photoluminescence
Maximum electrical power
Power of incoming photons
Electrostatic potential
Polycrystalline silicon
Photovoltaics

Photon flux from the sun

Emitted photon flux,
depending on voltage and

energy

Excess charge carrier
density (holes)

Material quantity
Quasi neutral region
Recombination current
Charge distribution
Hole recombination rate

Electron recombination

rate

R,:
R:

RTP:

Parallel resistance
Series resistance

Rapid thermal processing

S/metal: S/(Cu+Ga+In)

S:

concentration ratio

Sulfur

SCAPS: Solar Cell Capacitance

SCR:

Simulator

Space charge region

Se/metal: Se/(Cu+Ga+In)

Se:
SEL:

SEM:

SFG:

SIMS:

SQ:
SRH:

SSSe:

TS:
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concentration ratio
Selenium
Stacked elemental layer

Scanning electron

microscopy
Standard float glass

Secondary ion mass

spectroscopy
Shockley-Queisser
Shockley-Read-Hall

S/(S+Se) concentration

ratio
Temperature
Tellurium

Sulfurization temperature
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TSe:
Hnt

Hpt

VB:

Vp:

Vet

Verss

Vh

Vtmp :

Selenization temperature
Electron mobility

Hole mobility

Valence band

Built-in potential

Recombination velocity for

electrons
Effective potential

Recombination velocity for

holes

Voltage at maximum

power point
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XRD:

XRF:

ZnS:

ZSW:

Open-circuit voltage

One electron wave function
Watt peak

X-ray diffraction

X-ray fluorescence

Zinc

Zinc blende

Centre for Solar Energy
and Hydrogen Research
Baden-Wuerttemberg
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Abstract

The aim of this work is to optimize the absorber for Cu(In,Ga)(S,Se)s
thin film photovoltaic cells in order to get a higher efficiency of the energy
conversion in the framework of a well-established industrial process. In
general the industrial process belongs to the family of two-step processes
which consist of sputtering and evaporating a stack of elemental layers
and subsequent annealing in order to form the chalcopyrite structure of
the absorber. The two-step process stays in competition with the more
flexible co-evaporation process, which up to now has delivered the best
laboratory cells reaching efficiencies up to 22.6%. The motivation for
the two-step process may also be derived from the achievement of the
best module conversion efficiencies of almost 18%. The Shockley-Queisser
limit of single junction solar cells is around 33%. The difference of 11%
to the best laboratory cells can be explained by optical reflection and
internal recombination losses (Auger and Shockley-Read-Hall) and is mostly
reflected in open-circuit voltage losses. In order to achieve higher open-
circuit voltages, conduction band V-profiles are introduced in order to
reduce space-charge region and interface (buffer) recombination as well as
back contact recombination. Band gap grading is most easily achieved in
the co-evaporation process. Due to the fact that the stacked elemental
layer process is driven by interdiffusion of elements and compounds the
precise control of these V-profiles is a challenge and alternative ways to
control the band gap profile need to be found. To adapt the electronic band
structure to the back electrode and the transparent window via a buffer

layer, a certain gradient of Ga and S in the absorber is needed. In this work,
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optimized temperature profiles, optimal chalcogen amounts and a modified
back contact have been identified as possible parameters for improvement
of solar cell performance. In the field of band gap grading in Cu(In,Ga)Ses
thin films a method was found to control the Ga/(Ga+In) profiles by the
process temperature and the Se amount. This allows to optimize band
gap profiles in the p-n junction solar cell with respect to more efficient
charge carrier collection. With the help of numerical SCAPS simulations
the optimized parameters of back and front surface grading properties can
be calculated for the application in optimal process conditions. For the
adjustment of S/(S+Se) profiles in Cu(In,Ga)(S,Se), thin films, defined
concentration gradients were established by applying chalcogens with a
specific ratio before the annealing process. The conventional two-step
process was furthermore modified by separating the annealing step into
a pure selenization and a sulfurization phase in order to better adjust
the S/(S+Se) profile. A large parameter field makes a detailed study of
post sulfur diffusion processes possible. However, to adjust the chalcogen
profile in the thin film it was found that the most important parameters
are the sulfurization temperature and the sulfurization time in step two.
Furthermore, a Mo-N layer was introduced as a novel barrier layer against
chalcogen diffusion to the Mo back contact. A self-limited MoSes layer
growth on top of the Mo-N barrier layer with a defined thickness has been
found, which does not hinder charge carrier collection at the back contact

and additionally ensures a quasi-ohmic contact.
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CHAPTER 1

Introduction

The worldwide demand for energy in the coming decade will increase
due to the developing countries, economical development and population
growth. Therefore there is a need for alternative energy sources, besides
the limited amount of fossil energy sources, like photovoltaics with a nearly
unlimited source (sun). The process which converts sunlight into electricity
is based on the photovoltaic effect, which was first described by Becquerel
in 1839 [1-4]. Photovoltaic (PV) technologies can be divided into three
different fields which are wafer-based silicon, thin-film technologies and new
PV concepts/applications like organic solar cells [5]. Up to now single crystal
(c-Si) and multi-crystalline silicon (mc-Si) have dominated the market by
approximately 90% and the rest has been covered by the thin film solar
cells like amorphous Si (a-Si), Cu(In,Ga)(S,Se)s (CIGSSe), CdTe/CdS or
polycrystalline Si (p-Si) [2,5,6]. Organic and nanostructured solar cells
stand for the new PV concepts, which until now have not appeared in the

production market [5].

1.1 Motivation

In terms of cost per performance, thin film technologies are considered to
be a very good alternative to standard Si solar cells. A cost reduction of

approximately 30% is possible [5]. The ratio of cell cost vs. the power

IP 216.73.218.36, am 20.01.2026, 12:54:06. Inhalt,
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2 1 Introduction

at maximum power point ($/W,) is used to compare the different PV
technologies. The Bosch research activities in the field of PV identify
efficiency (n) and size of production line as the major cost influencing
parameters. A lot of research focuses on how to transfer the laboratory
cell efficiencies into production. Historically the chalcopyrite thin films
started with the ternary CulnSey; (CISe) compound, which has later been
extended by Ga to form a quaternary alloy Cu(In,Ga)Sey (CIGSe), thereby
improving the band gap (E,) matching to the solar spectrum. In the
stacked elemental layer (SEL) process Ga agglomerates at the back contact
and therefore a good E, match is only possible with additional near-
surface S incorporation, which leads to CIGSSe. Due to the fact that
CIGSSe has a high absorption coefficient («), only 2 pm thick layers are
needed for absorption of the incident sun light, which reduces the material
consumption. The technologies which are needed to produce CIGSSe
on a large scale include standard sputtering and evaporation techniques
enabling an easy scale-up to large areas. Additionally, the n record explosion
towards 22.6% [7] in the year 2014-2016 [8], mainly driven by the Centre
for Solar Energy and Hydrogen Research Baden-Wuerttemberg (ZSW),
Swiss Federal Laboratories for Materials Science and Technology (EMPA)
and Solar Frontier still shows room for improvement in the material system
and makes the predicted practical limit of 28% [9] appear to be within
reach. The material system CIGSSe consists of the group I element Cu,
group IIT elements Ga/In and the group VI elements S/Se. An appropriate
mixture of these elements forms an ideal chalcopyrite absorber, which is the
basic element of the CIGSSe solar cell. According to the Shockley-Queisser
(SQ) limit for p-n junction solar cells the band gap energy E, is a main
factor determining the solar cell efficiency [10]. It is possible to improve
the charge carrier collection efficiency by controlling the E, profile of the
absorber in changing the profiles of the Ga/(Ga+In) (GGI) or S/(S+Se)
(SSSe) ratios along the depth of the cell.

IP 216.73.218.36, am 20.01.2026, 12:54:06. Inhalt,
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1.2 Outline of the thesis 3

1.2 Outline of the thesis

This dissertation is structured into five chapters and starts with the descrip-
tion of CIGSSe physical properties and their concentration dependence (see
chapter 2). The relevant phase diagram and the fundamental SEL process
are shortly introduced. Furthermore, CIGSSe device physics and analytical
treatments based on the Shockley-Queisser (SQ) model without or with con-
centration gradients are introduced, and device modeling with the help of
1D numerical Solar Cell Capacitance Simulator (SCAPS) are explained. In
chapter 3, experimental procedures used in deposition and characterization
of thin films and complete solar cells are introduced. The SEL process is
discussed in more detail here, since improvement of the process is the main
goal of this thesis. The most important characterization techniques like
Raman scattering, photoluminescence spectroscopy (PL), X-ray diffraction
(XRD), and scanning electron microscopy (SEM) are shortly introduced, as
well as current-voltage (I-V) and quantum efficiency (QE) measurements.
In chapter 4 an intensive analysis of CIGSe phase formation is presented
using ex- and in-situ characterization techniques. A functional layer, based
on Mo-N, is introduced as a chalcogen diffusion barrier at the back contact
in order to prevent back contact corrosion. The Ga profile in the absorber
can be indirectly modified in a systematic way either by variation of the
Se amount or by variation of the temperature profile during the annealing
procedure, which provides new ways to approach the desired E, profile.
The S profile can be controlled by a newly introduced three step process
which includes a S post-treatment. The resulting films are analyzed by
in-situ analysis to better understand the underlying diffusion processes.
At the end of each part small summaries are given. A general summary
and discussion (see chapter 5) concludes the thesis and possible directions
for future work in the field of graded E, CIGSSe solar cells are proposed.
Parts of the thesis have already been published in the following journal
articles [11-15]. Additionally, the original document of the PhD thesis has
already been published online at the server of the University of Ulm [16].
In the current document (for the VDI as publisher) the acknowledgment
and the sequence of the introducing chapters have been slightly modified.
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CHAPTER 2

Fundamentals of chalcopyrite solar cell devices

This chapter introduces the fundamentals of CIGSSe thin films and so-
lar cells. Material-specific topics like crystal and band structure, phase
formation and solar cell properties are discussed. Additionally, a short
introduction into diffusion processes in solid states and CIGSSe thin films

is presented.

2.1 Basic material properties

The basic element of the thin film solar cell is the CIGSSe absorber [17,18].
CIGSSe solar cells belong to the family of hetero structure (p-n junction of
different materials) solar cells [19] based on polycrystalline thin films [2,17,
18,20-23]. A pentanary material system like CIGSSe has some challenging
material science aspects, which have to be controlled for achieving highest
material quality. In the following the principles of alloying, formation of
secondary phases and the correlation of Ga/(Ga+In) and S/(S+Se) ratios

with band structure will be presented.

2.1.1 Crystal and band structure of chalcopyrites

In general, a crystal consists of equal atom groups which are arranged in well-
ordered periodic structures. The smallest repeating structure in a crystal is

called a unit cell which has the dimension of a lattice constant a in the case

IP 216.73.218.36, am 20.01.2026, 12:54:06. Inhalt,
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2.1 Basic material properties 5

of cubic systems [17,24,25]. Many important optoelectronic semiconductors
have a zincblende (ZnS) lattice structure [26]. A modification of the ZnS
structure at the anion and cation sublattice sites leads to the structure
of CIGSe and related compounds of the A BILCY! semiconductor group
[(Cu,Ag)(In,Ga,Al,Fe)(S,Se,Te)s] crystallizing in a tetragonal chalcopyrite
structure (see figure 2.1 (a)) [18,27]. In this case the cation lattice of II-VI
materials like ZnS (cation=Zn) is alternatively replaced by Cu and In atoms.
Every anion (Se) is tetrahedrally surrounded by four cations (Cu and In),
and every cation is surrounded by four anions [17]. These tetrahedra can
be described by clusters of Al BI!I (n=1-4), which are arranged around a
CV! or (S,Se) atom. The variation of the I-VI and III-VI bond strength
due to chemical differences is reflected in the tetragonal distortion factor
¢/2a and the anion displacement parameter [18,23]. One important crystal
orientation in the CIGSSe system is the [112] direction [28,29]. Either

cations or anions are located in these (112) planes [30, 31].

(b) 25
. CuGas,
;24—
L
up 20 CuGaSe,
g
c g, 1.6
©
g 12
el
. Cu 0.8 CulnSe,
© In T T T T T T 1
52 653 54 55 56 57 58 59
o Se lattice constant a (A)

Figure 2.1: (a): The crystal structure of the ternary CISe is the basis of
all chalcopyrites (reproduced from [32] with permission of the Institute
of Surface Science at the TU Darmstadt). The cation sublattice is filled
with Cu and In and the anion sublattice with Se. (b): The band gap E,
is shown as a function of the lattice constant a of CIGSSe by alloying
either S on the anion or Ga on the cation sublattice (reproduced from [32]
with permission of the Institute of Surface Science at the TU Darmstadt).

The optoelectronic properties of a semiconductor material can be un-

derstood best by the concept of energy bands [24]. In general, electrons
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6 2 Fundamentals of chalcopyrite solar cell devices

(e™) have discrete energy levels in atoms according to Bohr’s model and
quantum mechanics. In a solid state many atoms are arranged together,
which leads to overlapping wave functions of the allowed e~ states, which
in consequence results in the formation of the energy bands. In order to
describe the e in a solid state a complex Hamilton operator is introduced.
The Hamilton considers the kinetic energy of the e~s, the kinetic energy of
the nuclei, the nucleus-nucleus interactions as well as the e™-e™ interactions
and the interaction between nuclei and e~ [26]. The system is furthermore
simplified in order to categorize all e~ into valence e~ and core e~. The
core e~ together with the nuclei form the ionic cores. With the help of the
Born-Oppenheimer approximation the system is decoupled and the e”s can
be described independently, under the approximation that the ionic cores
stay in their equilibrium position. The many body problem is simplified
into the one e~ or mean-field approximation, where all e~ feel the same
effective potential Ve s (), which is caused by the other e~ [26]. Now it
is possible to solve the many body problem in solid states approximately
by just solving the one e~ Schrédinger equation (see equation 2.1) for the
effective one e~ Hamilton H elj‘? s> one e~ wave functions ¢, (r) and one e~

energies F,.

2
H2f 5 (7) = (;n + Veff(r*)> G (1) = Entn () (2.1)

Verf(7) has to fulfill the lattice periodicity and, according to the Bloch-
Theorem, the solutions for the wave functions are Bloch functions [24],
which are expressed by the product of plane waves with a lattice periodic
function [26]. As a result the energy states of semiconductors are separated
into valence band (VB), conduction band (CB) and a forbidden zone, the
band gap with a width g, in between. Semiconductors are categorized
into direct and indirect band gap semiconductors, which refers to the
optoelectronic process of creating e~-hole (h™) pairs by absorption of
photons (hr) and vice versa. In the band diagram the absorption and
emission processes are described in the energy vs. momentum plot where
e”, h™, photons (hv), phonons (if2) and their interactions are visualized.

In the case of direct semiconductors the CB minimum is located above
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the VB maximum in an F(k) diagram, where k is the e~ wave vector.
For indirect semiconductors, the CB minimum lies at a different k& value
than the VB maximum (see figure 2.2). For optical absorption indirect
semiconductors need an exchange phonon (if2) in order to create e~ /h™

pairs.

(a) E

ECB

i >k

I -

Figure 2.2: Schematic band diagram of direct and indirect semiconduc-
tors schematically showing the process of optical absorption. The CB
minimum is directly above the VB maximum for direct semiconductors
in (a) whereas the CB minimum is placed at another wave vector k for
indirect semiconductors in (b). An exchange phonon (if2) is needed in
the absorption process for indirect semiconductors.

The macroscopic processes of absorption, emission and conductance in
semiconductor systems have to be described on a microscopic level with the
occupation of e~ energy states [26]. Intrinsic conduction in semiconductors
can be understood as the excitation of an e~ from the VB to the CB with
the simultaneous creation of a h™ in the VB. The e™-phonon-interaction is
responsible for the macroscopic phenomenon of the electric resistivity [33].
CIGSSe is a direct semiconductor with a very high coefficient of optical
absorption (representative c()) are given later in figure 2.5 (b)) around 10°
cm ™! [17] and therefore almost all incident photons are absorbed within
the absorption length L, = £ < 1 pm [30]. In the alloys CIGSe and

Culn(S,Se)s (CISSe) In and Se atoms are partly substituted by Ga and S

atoms which improves the optoelectronic properties. The lattice parameter
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8 2 Fundamentals of chalcopyrite solar cell devices

a of CISe is reduced due to the smaller covalent radius of Ga and S, which
causes an increase in Ej of the system CIGSSe [30]. The E, varies (see
figure 2.1 (b)) with material composition in the range from 1.04 eV (CISe)
to 2.4 eV (CGS) [34,35], which allows for an optimized match to the solar

spectrum.

2.1.2 Ternary chalcopyrites

With the help of the Gibbs triangle, the alloy formation for the different
elements A (Cu), B!f (In) and CY! (Se) can be described. The phase
triangle is intersected by different composition-temperature planes, which
are defined by fixed composition ratios AJCY? to B CY! and ATCY! to
BHICV! for example (see figure 2.3 (a)). Using composition-temperature
plane (quasi binary tie line) between the two binary selenides CusSe and
InySes (see figure 2.3 (b)), the phase formation as a function of Cu contents
is exemplified [18,22,23]. The intermediate phases are the a-phase (CISe),
B-phase (CulngSes), d-phase (high temperature phase) and CuySe (metallic
phase). The existence range for the a-phase, which is the desired one, is
located at a Cu amount between 24 and 24.5 at.% (see figure 2.3 (b)). At
the growth temperature used in most of processes (approximately 550 °C)
this composition leads to a single phase material. However, during cooling
down to room temperature it tends to undergo phase separation [28]. The
replacement of In by Ga, and additional Na doping, widens the existence
range of the a-phase [17,22,23]. For the quaternary CIGSe or pentanary
CIGSSe the phase diagram is not fully known due to its complexity, which
makes it necessary to reduce the problem of the Gibbs triangle to CISe
and the simplified quasi binary tie line. Some of the basic ideas introduced
for the ternary compound will also be used for further discussion of the
graded quaternary CIGSe (see chapter 4.1) and pentanary CIGSSe (see
chapter 4.2).

2.1.3 Diffusion processes in thin film systems

The SEL process (in detail see chapter 3) consists of an annealing proce-

dure, where the diffusion of atoms plays an important role for the crystal
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Figure 2.3: (a): Thermodynamic Gibbs triangle for the phase forma-
tion in the ternary system Cu-In-Se. In red the quasi binary tie line for
ALCVIBIICY! is highlighted (reproduced from [18] with permission of
WILEY-VCH Publishing). (b): The quasi-binary phase diagram of Cu-In-
Se for CuzSe and InaSes. The most important phases formed during the
Cu-In-Se (reproduced from [36-38] with permission of Carl Hanser Verlag
GmbH) are indicated by «, 3, v and 0.

formation. In general, the process of diffusion or atomic migration is de-
scribed by the transport laws. In terms of thermodynamics it is always a
non-equilibrium, irreversible process [39]. The presence of a gradient in

with its direction

the chemical potential % leads to a particle flux J., ..

down the gradient, which is summarized in Fick’s first law (without any
external forces, see equations 2.2 and 2.4). In the case of diluted systems
(e.g. solutions) the concentration gradient % is used to describe the Jutom
(see equations 2.3 and 2.5). Here, D or D represents the constant diffusion
coefficient of a diluted system (otherwise M or M). The approximation of
a diluted system is also used in the thesis for simplicity’s sake to describe

the diffusion processes.

in 1D: J.,,, = —Mg—'l; (2.2)
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dc
in 1D, diluted: Jopom = —D— 2.3
in ilute " % (2.3)
in 3D: T stom = —MVu (2.4)
in 3D, diluted: Jut0m = —DVe (2.5)

In some systems also an additional force can disturb the free diffusion
of particles leading to a drift flux or mass flow < v > ¢ with an average
velocity < v > resulting in a more general equation of Fick’s first law (with
external forces, see equation 2.6) [40]. In the following, the focus will lie
on planar diffusion fronts, which can be discussed in 1D (important for
chapter 4.2.3).

oc

Jatom % + <v>c (2.6)

di famtom g UL fluz/mass flow
The steady-state regime is just relevant for a limited amount of systems
(e.g. permeation of gas through a foil). In general diffusion is time dependent
[39]. The combination of Fick’s first law with continuity equation is needed,
leading to Fick’s second equation (see equation 2.7) [40]. Here, the drift
term is not considered, and the solution is a time dependent concentration
or depth profile ¢(z,t).
8‘]5;‘”” = —% s % = D% in 1D (2.7)
~—————— Fick's first law

continuity equation

Interdiffusion in thin films deposited on bulk material is described by
sandwich or surface geometry [39]. The initial condition for the concentra-
tion is set as c(z,t = 0) = Qd(x), with @ being the amount of deposited
material and the Dirac delta function. For all times t, one can find the
concentration by integrating over the variables from 0 to oo (surface)

and —oo to +oo (sandwich) respectively [39], which results in a Gaussian

curve (see equation 2.8 and 2.9). In this description >UDL 18 the width
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and T = /2Dt the mean penetration depth into the thin film. D can be
determined by plotting In(c) vs. 2% and extracting D out of the slope.

+o0

/ cdz = Q > c(wt) = —F exp <f’“’2) (2.8)
0

2V Dt

—+oo

/ cdr =Q — c(xt) = \/% exp <4ml;> (2.9)

In the field of CIGSe thin film formation the interdiffusion of Ga into
CISe or In into CGSe is relevant (see chapters 4.1.2 and 4.1.4). Due to the
fact that the system is based on the interdiffusion of Ga into CISe and In

— 00

into CGSe the estimated D values are mean values of D&%, and DI,
respectively. In equation 2.10 the concentration profile ¢(x,t) (here: used
for the Ga/(Ga+In) ratio) can be determined by using the complementary

Gaussian error function 1 — erf [Qfﬁt} = erfc [QfDT]' In the case of

CIGSSe thin films the diffusion of S into CIGSe is relevant (see chapter
4.2.3).

c(x,t) — ¢ _ lerfc [

Cy — C1 2

] ezt) = (ca — 1) - %erfc {2\;&] +o
(2.10)

In equation 2.10, cs and ¢; are the maximum and minimum concentration

x
2v Dt

respectively in the diffusion area. In the initial state the shape of ¢(z,t = 0)
looks like a step function at the origin x =0 (¢ =¢; for x < 0 and ¢ = ¢
for > 0) and for ¢t > 0 the curve becomes smeared out (see figure 2.4).
For simplicity’s sake, the values of er fc[z] are taken from [39], where the

output is calculated for 0 < x < 5.
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=0 >x

Figure 2.4: Schematic concentration profile of interdiffusion in a thin
film with two regions of concentrations ¢; and cz2, respectively. A planar
diffusion process starts after t = t; > to = 0, which modifies the concen-
tration profile from a step function towards a smeared out profile with a
transition width 2z, T = 2v/Dt.

2.2 Chalcopyrite solar cell properties

In the following subchapter the fundamental physics of single junction solar
cells are introduced by means of the diode law. To estimate the maximal
possible 17 the SQ limit is used in the radiative recombination limit in order
to figure out the dependency on the E,;. The basic concepts of E, gradings
are shown as a way to improve the optoelectronic properties. An analytical
as well as a semi-numerical approach is used to simulate the performance

parameters for different linear graded absorbers.

2.2.1 Physics of single junction solar cells

Solar cells convert the energy of incoming photons to create e~ /h™ pairs. A
solar cell in an ordinary setup consists of four basic parts like the substrate,
the back contact, the absorber and the front contact (see figure 2.5 (a)).
The substrate serves as a morphological smooth and clean surface for
the latter solar cell device (from an industrial perspective, an important
requirement for the substrate is low price). The major function of the front
and back contact is the efficient charge carrier collection. The absorber is the

centerpiece of the device because it is responsible for the process of photon
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absorption (see figure 2.5 (b)). The efficient separation of charge carriers
occur at the p-n (hetero)junction. The SQ model assumes that all photons
with the energy E,, greater than the E, of the absorber material are
absorbed [10]. The excess energy (E,;, — E,) is dissipated by phonons and
will heat the material. Another important issue in solar cell physics is the
problem how to prevent e~ /h* pairs to recombine [24]. This task is fulfilled
by the internal electric field generated by the p-n heterojunction [41]. The
current transport across a p-n junction is described by drift and diffusion
currents, which counterbalance each other in thermal equilibrium [24,41,42].
The drift current at the contact area of the p and n semiconductor originates
from the electric field in the space charge region (SCR) of the junction,
while the diffusion current is driven by the concentration gradient of charge
carriers across the junction [41]. Furthermore, the diffusion current is
influenced by the size of the built-in potential (Vp). In CIGSSe solar cells
the p-n heterojunction consists of the p-doped CIGSSe absorber and the
n-doped window layer. With the help of the Shockley equation [24,41]
for an ideal diode one can describe the I-V characteristics of the solar cell
in the dark [42] (see equation 2.11). The junction properties are mainly
described by the material dependent saturation current density (Jp), whose

relation to the minority currents is shown in equation 2.12.

J(V) = Jo {exp (%) - 1} (2.11)

qD, qDs, drift drift
" 2.12
J() - < Lp p + Ln np) (Jn + Jp ) ( )

The minority carrier concentrations are p, (h+ in n region) and n,, (e~ in

1
VDots
where ¢, displays the minority carrier lifetime (z = n,p) [24]. The diode

p region), the diffusivities D,, and D, and the diffusion length L, =

ideality factor n;q defines the recombination mechanism dominating the
photovoltaic device and q is the elementary charge. n;q = 1 stands either
for an ideal SQ case with only radiative recombinations or it also identifies
that recombination processes can only occur in the quasi neutral region
(QNR). QNR describes the region of the p-n junction (at the edges) with

the constraint of a vanishing electric field and therefore the minority
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charge carriers only move by diffusion. The value n;q=2 signifies that the
recombination process within the SCR dominates [17].

(a) incident light

transparency
conductivity

n-ZnO/i-ZnO p-n junction properties

Gal/ln profile(
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Absorption (a(A))

Reflectivity
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Figure 2.5: (a): Schematic overview of a CIGSSe thin film solar cell
consisting of a Mo back contact, a p-CIGSSe absorber layer, a n-CdS
buffer layer and a ZnO window. The incident photons are absorbed in
CIGSe and e /h* pairs are generated due to the electric field induced by
the p-n heterojunction. Afterwards the charge carriers are collected by
the front and back contact. (b): Corresponding absorption profiles of the
CIGSSe thin film solar cell materials with different CIGSSe Egs related
to varying Ga/In and S/Se ratios. Additionally the absorption profiles of
CdS and ZnO is included.
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It is a well known fact about solar cells that the total current strongly
depends on the minority current densities J/* and J;f”f ¢ [42]. Under
illumination, excess minority charge carriers are generated, which creates
a non-equilibrium situation [43]. This makes an extension of the diode
equation 2.11 by the photo current density term Jp;, (see equation 2.13)

necessary.

illuminated—diode

J(V) = Jo [exp <nj;; T) - 1] — T (2.13)

dark—diode

To fully characterize a solar cell, several important parameters like the
short-circuit current density (Js.), the open-circuit voltage (V,.), the fill
factor (F'F), the n and maximum power (P,,,) at maximum power point
(mp) are needed (see figure 2.6). For the case of a short-circuit (V = 0)
the solar cell delivers Jy., which is equal to Jpp, [43] (according to equation
2.14).

J(V =0) = Joe = Jpn (2.14)

This leads to a strong correlation between the F, of the absorber material
and the Jy. of the solar cell. If the F, increases less incident photons E,p
will be absorbed and contribute to the generation of charge carriers because
the energy is not sufficient for the absorption process (see figure 2.7 (a)).
The V,. (see equation 2.15) is determined when no current is obtained from

a solar cell (see figure 2.6) so that the total current is equal to zero [24,43].

J(V =Vo) =0 (2.15)

The efficiency () of a solar cell device is described by the relation of
maximum generated electrical power (P,,;) at mp to the optical power (P, )
of incoming photons. The F,,, can be visualized by the rectangle of the
maximum area in the -V curve, which is stretched by mp (x=V,,,,/y=Ipp)
The FF (see equation 2.16) describes the squareness of the I — V curve

(see figure 2.6) and is an important measure of the device quality [24].
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Jmp * Vinp

FF =
Jsc : ‘/oc

(2.16)

The efficiency n (see equation 2.17) of the solar cell can be evaluated
with the help of the key parameters Jg., Vo, and F'F [18].

Jmp'Vmp_Jsc'V:)c'FF

2.17
Popt Popt ( )

’)7:

J (mA/cm?)

— = Dark 410 |
— Light /

Jsc .......................... : ap (Vmp,Jmp)

Figure 2.6: The schematic I — V curve of a solar cell in the dark and
under illumination condition with the characteristic parameters Js¢, Voc,
Jmp, Vimp and Ppp.

2.2.2 ldeal solar cell

In the SQ model the solar cell is described as a perfect absorber, which
ensures the direct transfer of incoming photons (photon flux ¢y, ) into
Jse [44]. Every photon is assumed to create one e~ /h™ pair, the carriers are
collected perfectly afterwards and the only allowed recombination processes
are radiative. The band gap energy I, displays the minimal photon energy
above which the photon is absorbed, and the absorptance a(E) is assumed
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to become 1 for values E > E; [45]. The J,. under illumination is expressed
through the photon flux from the sun ¢g,, by integrating over the energy

from E, to oo (see equation 2.18).

4 [ a(BYoun( BME = [6un(BYE (219
0 E

Within the thermodynamic equilibrium and the principle of detailed
balance [44], the photon fluxes which go inside a solar cell are equal to the
photon fluxes going outside. In this approach the solar can be described
by a perfect black body radiator. The emission properties of the solar cell
are described by the black body radiation and the voltage dependency
of the emission is approximated with an ideal diode under applied bias
voltage V. The emitted photon flux ¢ (see equation 2.19) is described
by a combination of Wiirfel’s generalized Planck’s law [46] together with
KirchhofP’s law [44,45]:

21 E? 1
h3c2 exp((E —qV)/kgT) — 1

o(V.E) = (2.19)

For small voltages (E — ¢V >> kgT), the complex ¢(V,E) term can be
decoupled into black body radiation and a voltage dependent part (see
equation 2.20):

2 E? -E qV
V.E) ~ o _ Ad 2.20
p(V,E) Wi eXp<kBT) eXp<kBT> (2.20)

black body radiation voltage dependent part

The only process which is allowed to emit radiation in a SQ solar cell is
radiative recombination of charge carriers, which results in a recombination

current density Jy... (see equation 2.21):

Vi T onE2 _E qv
rec - VE dE = —_— _ dE
qo/a qE/ i <kBT> o (kBT>

(2.21)
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Under thermodynamic equilibrium (V' = 0) the total current density
J must be zero: J = 0 = Jyee(V = 0) — Jp,. Here Jp, represents the
photocurrent produced by black body radiation of the solar cell. This
equation describes the fact that the photocurrent density in thermodynamic
equilibrium (caused by black body radiation) is equal to the recombination
current density under thermodynamic equilibrium (principle of detailed
balance) [44]. Ju, only consists of a black body radiation part and has no

voltage dependencies (see equation 2.22) [44].

o2 B2 —F
= V=0E)dE=q | = exp(—— ) dE 2.22
q0/¢( 0,E)d q/ i exp <k3T> d ( )

When the equilibrium is disturbed by an applied bias voltage V in the
dark, the total dark current density is equal to Jyark = Jrec — Job # 0 (see
equation 2.23) [44]. The prefactor Jy in diode equation can be summarized
as Jy = qfooo a(E hBEg exp (k T) dFE, which leads to the well known diode

law configuration in the dark (see equation 2.23).

Tt = q/mw(v,E) - oV =0.E)aE = (e (2) 1) @23)
0

Under illumination the total J is extended by Jp,, which leads to (see
equation 2.24):

Jtot = Jdark - Jph (224)

The V,. (see equation 2.25) can be found for the condition J;,;=0 (along

the procedure according to equation 2.15).

Voo (Ey) = szl (‘(]]0 1) (2.25)

The efficiency 7 is calculated by dividing V' and J by the maximum of
the product of V' and J the optical power F,,; of incoming photons, per

area and time (see equation 2.26):
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max(—JV)  JumpVimp

E =
7( g) Popt Popt

(2.26)
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Figure 2.7: (a): According to the SQ limit the Js. vs. Ej4 trend is
shown. The J,. decreases with E, caused by absorption losses in the
solar cell. The J,. values of the individual ternary chalcopyrite materials
CISe, CIS, CGSe and CGS are visualized. (b): In the case of the V,. vs.
E, a linear increasing trend is determined.

In figure 2.7 (a) the calculated J, in figure 2.7 (b) V,. and in figure 2.8

(a) n vs. E4 are shown. The J,. decreases with E,; (red line). In the case of
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Figure 2.8: The n vs. E, trend can be separated into two regions, for
low E4 thermalization and for high E, absorption losses dominate.

Voe a linear increase with E, is observed (black line). The n trend vs. E,
in figure 2.8 can be separated into a thermalization loss dominated (Eg <1
eV) and an absorption loss dominated (E, > 1.6 €V) region. The global
maximal 7 of 33% is achieved for a solar cell material with Eg = 1.35 eV
(also reported in [10]) under an AM1.5 spectrum. A second local maximum
is located at 32.8% for 1.15 eV which is next to E, of Si. The region of
high 7 values extends from 1 to 1.45 eV. This can easily be achieved for
CISSe and CIGSe by tuning the F, with the help of different SSSe and
GGI ratios respectively [47,48].

2.2.3 Real solar cells

In real solar cells additional loss mechanisms reduce the performance of the
solar cell device. The different loss mechanisms [49] are divided into optical
and collection losses affecting the QE and reducing the Jp, (see figure 2.9).
The non-radiative recombinations include Auger and Shockley-Read-Hall
(SRH) recombination. The Auger recombination process is a three particle

interaction where an e~ and a h* recombine and the excess energy is
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transferred to an e~ in the CB. Afterwards, the e~ thermalizes to the CB
edge by transferring the energy into heat. The SRH recombination describes
the recombinations via trap states within the Fy region, where the energy
is transferred to phonons. SRH recombinations lead to an increasing Jy,
which reduces the V,. and FF. In [9] for example the maximum, theoretical
n of 28% is predicted for chalcopyrite solar cells, which is 5% lower than

the SQ limit of 33%.
100

Refl. )

0% oo 750 ko 1iso M (M)
Figure 2.9: The schematic EQE shows the possible loss mechanism in a
CIGSSe solar cell with different optoelectronic properties and E, values
(A o 1.06 eV dashed, B  1.15 €V dotted and C « 1.5 €V lined). For ex-
ample reflection losses at the ZnO window layer, absorption losses in the
CdS buffer and interface recombinations at the Mo back contact interface
can occur. The dashed lines for Al:ZnO (AZO), CdS and Mo symbolize
the maximal possible EQE without these losses. ”The difference of the
EQE towards the ideal 1” is also related to reflection losses (Refl.) at the
solar cell surface. An increasing absorber E,; (C — A) results in a shifting
band edge to lower values.

The inhomogeneities of the polycrystalline absorber lead to a further
increase of Jy. There is still a large difference between the predicted
maximum 7 of 28% and the current world record of n=22.6% by the
ZSW [7], which still show the room for improvement but also the challenges

considering the long time scale of chalcogenide research.
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Figure 2.10: Schematic overview of the one diode model for solar cells
with the current density J, the photo current density Jp, the dark cur-
rent density Jgark, the series resistance Rs, the shunt resistance R, the
Diode Di and the voltage V.

It is very helpful to describe a solar cell in the equivalent circuit by
the one diode or two diode model. For chalcopyrite solar cells the one
diode model is a common description of the device structure [50]. In figure
2.10 the one diode model consists of a diode (Jyqrk), a series resistance
(Rs), a parallel resistance (R,) and the Jy;, as the electric source [51].
The diode (Di) represents the p-n heterojunction of ZnO/CdS/CIGSSe
and is characterized by n;y and Jy. Resistive effects in the h™ and e~
transport result in contact resistance of the front and back contact as well as
intrinsic sheet resistance of the semiconductors, which is summarized in R,
(series-connected to Di). R, (parallel-connected to Di) describes parasitic
current paths in the circuit [50], which are summarized in the parasitic
current density Jspyunt- The equivalent J-V equation 2.27 in dc mode can
be divided into a dark-, shunt- and illuminated-part. Additionally, the real
diode terms are included by the shunt-part and in the dark-part by the
term —R,J(V') in equation 2.28.

J(V) = Jdark(v) + Jshunt(v) - Jph (227)

— T (2.28)

J(V) = Jo {exp (‘I(VRJ(V»> B 1} L V-RI(V)

nidkBT Rp

dark—part shunt—part
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2.2.4 Band gap grading in CIGSSe solar cells

One way to improve the optoelectronic properties of a solar cell is by
introducing concentration gradients in the absorber in order to enhance the
collection efficiency and to reduce recombination processes [52-57]. The
influence of concentration gradients on the band diagram is shown for back
and front surface grading in figure 2.11. In [58] it has been demonstrated
that Ga and S have different impacts on the band diagram of the CIGSSe
system described by the width of the SCR (z,, + ) and the build-in
voltage (Vp). The addition of Ga leads to an increasing E¢p minimum
position and S addition decreases mostly the Ey g maximum position [58]
with reference to the Fermi energy Er. Back surface grading is performed
by increasing the Ga amount in the absorber towards the back contact (case
1). The E¢p shifts to higher energies with respect to Er. The minority
charge carriers (e™) are pushed back into the p-n junction through the back
surface grading which reduces recombination at the back contact. Front
surface grading can be performed either by increasing the Ecp with respect
to Er by an increasing Ga amount (case 2) or by decreasing the Ey g with
respect to Er by increasing S amount (case 3). In both concepts (case 2
and 3) the E; is increased according to the relationship of E, with the
Ga/(Ga+In) and S/(S+Se) ratios (see again figure 2.1 from the beginning
of the chapter). An increased E at the p-n heterojunction can reduce the
recombination of charge carriers and leads additionally to a better band
adjustment.

In order to assess more quantitatively the influence of E, grading, one
can calculate the improvements with the help of an analytical approach
(according to the procedure in [52,52,53,59]) which is based on the analysis
of a device structure with a linear concentration gradient in the absorber
towards the back contact. With the SCAPS numerical simulation approach
(according to procedure in [60-62]), one can flexibly calculate the changes
for linear front and back surface graded absorber structures (appropriate
absorption input data are needed). In the following sections, the basic

concepts of the numerical and analytical approach will be introduced.

IP 216.73.218.36, am 20.01.2026, 12:54:06. Inhalt,
tersagt, m mit, fr oder in Ki-Syster



https://doi.org/10.51202/9783186396099

24 2 Fundamentals of chalcopyrite solar cell devices

E/eV Window Absorber  p-sc
?\ n-sc Cu(ln, Ga )(S,.Sey.,),
— 1
1 T CdS = ° /\ ECB e
Zno 2 E,
O T e Mo F
é
44 >$q.VD VB
24 .
Space charge region
34 >

Figure 2.11: Schematic band structure of CIGSSe with the window
layer based on n-ZnO and n-CdS as well as the absorber layer based on
p-CIGSSe. The possible ways to introduce gradients in the CB and VB
are shown for an increasing Ga amount next to the back contact (case 1)
or next to p-n heterojunction (case 2), and for an increasing S amount
next to the heterojunction (case 3).

SCAPS numerical simulation approach

With the SCAPS numerical simulation approach it is possible to calculate
the performance of real solar cells based on realistic input parameters. One
input parameter is the absorption profile of the absorber structure. In the
case of CIGSSe absorbers used here there are absorption coefficients [63]
available for certain material compositions (GGI=0, 0.31, 0.45, 0.66, 1 and
SSSe=0, 1). In order to perform electrical simulations on thin film solar
cells five fundamental semiconductor equations have to be solved [24, 64].
The derivation for the SCAPS simulations, especially for solar cells in
idealized 1D structures (basis of the SCAPS calculation) is shown in the
appendix A.1.

In [56,61,65,66] examples for modeling of F, grading are performed
with different thin film solar cell simulation tools. In this work, different
concentration gradients are introduced in the absorber next to the back and

front contact to perform linear variations in the band diagram. The other
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Table 2.1: Input parameters for the SCAPS simulation model with three
individual CIGSSe absorber layers, which is used in the thesis. The back
and front contact surface recombination/thermal velocity for e~ and h*
have the same values ve = vy = 1E7 cm/s.

’ Input \ Layer 1 | Layer 2 \ Layer 3 | CdS i-ZnO

€ 10 10 10 10 10

x (&V) 45 45 variable | 4.45 | 4.55
E, (eV) variable | variable | variable | 2.45 3.4
L (‘&”S:) 400 400 400 50 50
po (95) | 20 20 20 20 20
Ne (=) | 2E18 2E18 2E18 2E18 | 4EI8
Ny (555) | 2E18 2E18 2E18 1.5E18 | 9E18
Na (L) | 7815 | 7E15 | 7B15 |0 0
Np (3) | 0 0 0 1E15 | 5E17
ve (22) | 1E7 1E7 1E7 IE7 | 1E7
v (22) | 1E7 1E7 1E7 1IE7 | 1E7

layers are kept constant, like the CdS buffer with 50 nm and the i-ZnO/n-
ZnO front contact with 1000 nm. For a detailed analysis of different back
and front surface grading properties the CIGSSe absorber is separated into
the three pieces CIGSSe 1, CIGSSe 2 and CIGSSe 3 with a total thickness
of 1.5 pum (see figure 2.12). The basic material-specific input parameters
based on [56,66] are summarized in table 2.1. No and Ny characterize the
density of states (DOS) in the CB and VB respectively; the N4 and Np
represent the acceptor and donor densities. The recombination/thermal
velocities for the back and front contact are v, and v;,. The dielectric
constant e=10 is equal for all the films. The y is the same for the CIGSSe
layers 1 and 2 (=4.5 eV). For layer 3 (front layer) x can vary with S amount
within the model. ,,=400 cm?/s and p,=20 cm?/s represent the e~ and
h™* mobility, which have the same values for all the three CIGSSe layers. In
figure 2.12 an overview about the basic parameters is given, where the linear
CB grading at the back surface is performed with a Ga/In concentration
gradient and a variable grading distance d1 and/or d2. The front surface
grading can either be achieved by different Ga/In ratios which increase the
Ecp or different S/Se ratios decrease the Ey p. For a decreasing Ey g also

the x is changed, which has to be considered in the calculations.
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Figure 2.12: E, model of the CIGSSe thin film used in this work with
linear back and front surface grading. The absorber is divided into three
regions symbolized by the numbers 1, 2 and 3. In the case of Ga grading
the x stays constant but for S front grading x is increased by Ay.

In the following subchapters, a number of calculations for different linear
back and front surface graded CIGSSe are presented. In these calculations,
the back and front surface Eg ront/back ,nd the width of the grading region

(d1 and d2) are varied (see figure 2.12).

Analytical E, gradient simulation approach

Another way to identify the influence of concentration gradients in the
absorber material on the solar cell performance is the analytical simulation
approach as given by [52,53]. In this approach the E, is linearly varied
from an E;”’i" value towards an EJ"** value across the absorber layer
thickness. In order to compare these values to SQ calculations the EJ™*"
is kept constant. The analytical approach is based on the concept to
introduce an effective absorption coefficient a.¢s to describe the photon
absorption of linear graded absorbers [52,53]. A linear increasing F, leads
to a linear decreasing photocurrent. The absorbed photons result in a
carrier generation rate g (see equation 2.29), which can be expressed by
the absorption coefficient « and the photon flux density ¢. Altogether g is
equal to the photon absorption rate a¢ [52].
do

9==0, = ad = apgexp(—ax) (2.29)
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The advantage of the analytical approach lies in the ability to estimate
the cell performance for different geometries with the input parameter of the
E, values, according to the procedure in [52]. However, some simplifying
concepts for calculating J,. and V,. need to be introduced. The derivation
of the current density of the cell with a graded absorber Jy,.q4 based on an
effective absorption coefficient a.¢s defined for different energy sections is
shown in the appendix A.2.

In table 2.2 a summary of the Egs of the most important solar cell
materials Si, GaAs, Culng 75Gag.255e2, CISe, CGSe and CGS (different
x=Ga/(Ga+In) and y=S/(S+Se) ratios) is shown with the corresponding
calculated J,. values according to SQ (J5@), the analytical E, gradient
model (J97%4) and via SCAPS simulations (J5CA479). Under short-circuit
conditions (J = Jgred), Jgred is calculated with the defined cv s values
for different E;"* (E;"m = 1.1 €V stays constant) values reaching from 1.1
eV to 2.4 eV (see figure 2.13 (a), black line). In comparison also the values
for non-graded absorbers according to the SQ model (which was already
calculated before) for constant E, = EJ*** = E/"" (see figure 2.13 (a),
red line) are shown. In figure 2.13 (b) the schematic E, profile is shown
for a graded absorber with E7"*, E;m" which defines the grading of the
absorber. Additionally, the absorber thickness d and the critical distance
d., which characterizes the absorptance, are visualized.

In order to estimate the effect of the grading on the V,. of the solar cell
one has to introduce the term of internal electric field £4.q4 induced by the
grading [52]. In the case of E, variations an additional force similar to an
electric field (drift force) acts on the e~. The e~ current density J,, (see
equation 2.30) depends on the electric potential variations (dv/dx), carrier

diffusion coefficient (D,,), electron concentration (n(x)), py, and x [52].

d 1d d
Jn = —qnn —w + =X + an—n (2.30)
dr qdzx dx
———
drift dif fusion

In ideal solar cells the dominant current transport mechanism is carrier
injection at the (hetero)junction and diffusion as a consequence of the

carrier concentration gradient at each side of the junction [24,67]. However,
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Figure 2.13: (a): Calculated Js. values for a linear graded E, (black
thick line), and according to the SQ model for constant E, (red thick
line). (b): The schematic E, profile of a linear graded absorber with a
variable EJ"** ranging from 1.1-2.4 eV and a fixed E;”m = 1.1evV.d
describes the total thickness of the absorber and d. the critical distance.
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Table 2.2: Overview of the different Js. values for a linear graded E,
(E;’”Vn = 1.1 eV for all structures and the corresponding E4 values are
equal to ") and the ideal SQ E, (EJ'" = EJ"'" = Ey) of different ab-
sorbers. The attractive solar cell materials Si and GaAs are also included
in the calculations.

Material E, Jgrad J50
(eV) | (mA/cm?) | (mA/cm?)

Si (indirect B,) | 1.1 | 44.48 4418
Culng 7Gag.3Ses | 1.2 43.22 40.07
GaAs 1.42 40.96 32.39
CIS 1.52 39.9 28.76
CGSe 1.68 39.66 23.69
CGS 2.4 32.32 8.58

in real solar cells recombination via traps at the junction interface or
Shockley-Read-Hall (SRH) recombination at deep levels within the SCR
play an important role, which limits the V.. [67]. All kinds of recombination
strongly influence the diode characteristics of a thin film solar cell. There
is a correlation between V,. and E, (see equation 2.25), which can be
extended for graded E; solar cells with a Jg7%4. In [67] an approximation
of the JI"* for graded E, structures is found, which in a thin film solar
cell is dominated by deep level recombination in the SCR, [67] (see equation
2.31).

rad _, ymin 2kpT AE max min
Jgred s <AEg 1-exp (5% )| A, = B - B
(2.31)

In this case A¥y, = AE, /e displays the potential change induced by E,
grading. The J§" is the dark saturation current density for a material
with By, = E;"" [67]. The dark characteristics along JI" are used for
estimating the V7% values according to the correlation 2.25 (see table
2.3). J9r9 is already known from previous calculations (see table 2.2). In

figure 2.14 the AV, = Vgred — yeonstant trend is shown to visualize the

improvements due to a linear graded absorber. In this case V.onstant jg
the V,. value of a solar cell with a non-graded absorber and a constant

E, = E;’”" = 1.1 eV. Figure 2.14 can be interpreted in a way that the
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difference/improvement of V. of a solar cell with an absorber E;=1.1 eV

towards a solar cell with a linear graded EJ"* — Emin=1.1 eV is visualized.
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Figure 2.14: Improvement of V,. (AV,, = V2 — ygonstant) due to a
linear graded absorber shown for different E7*** values.

It has become quite clear that a graded absorber in a CIGSSe solar cell

can achieve higher J,. values in comparison to absorbers with constant F,

Table 2.3: Overview of the different V,. values for a linear graded E,
(E;"inzl.l eV for all structures and the corresponding E,; values are equal
to E;**"), the ideal SQ with a constant E, (E;*** = EJ*" = E,) and
the SCAPS simulated E, profiles of a CIGSSe absorber. The calculations
are also performed for the attractive solar cell material Si and GaAs for
comparison.

Material E, V2Q V2CAPS
(eV) | (mV) | (mV)
Si (indirect E,) | 1.1 768.9 596
CuIn0_7Ga0_3Seg 1.2 862.4 631.4

GaAs 1.42 | 1069.4 | 660.4
CIS 1.52 | 1163.3 | -
CGSe 1.68 | 1314 676.7
CGS 2.4 1993.2 | -

IP 216.73.218.36, am 20.01.2026, 12:54:06. Inhalt,
tersagt, m mit, fr oder in Ki-Syster



https://doi.org/10.51202/9783186396099

2.2 Chalcopyrite solar cell properties 31

due to reduced absorption losses. Furthermore, it was shown that the V.
value in the device can be optimized with the help of graded absorbers.

Comparison of the two models:

By comparing the J¢*¢ with the J5? values from the analytical model
(see figure 2.13 (a)), it becomes clear that a graded absorber increases the
absorption in the solar device. For increasing E7"** there is an increasing
difference between J5C and J97%¢ values (see figure 2.13 (a)). In general, the
SCAPS and the analytical model show similar trends of Js. improvements
with graded absorbers. These results may serve as a motivation for further
investigations of graded absorber structures and the characteristics like the

shape of the concentration gradient.
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CHAPTER 3

Experimental procedure

The following subchapters introduce the SEL deposition process, which
belongs to the family of two-step processes, as well as the co-evaporation
process. Additionally, a brief introduction into the relevant tools for
structural and electronic analysis of CIGSSe thin films and solar cells is

given.

3.1 Deposition process for chalcopyrite solar cells

A 3 mm thick commercially available standard float glass (SFG) is used
as substrate and Na delivery during chalcopyrite formation. For some
special experiments with high temperature processes, where the Ga/In
interdiffusion is investigated, also 2 mm thick high temperature glass (HTG)
from Schott is used. By means of magnetron sputtering, 500 nm Mo back
contact is deposited above the glass. The Mo back contact consists of
a 100 nm seed layer which is sputtered at a higher pressure (p ~ 1073
mbar) and a 400 nm highly conductive layer which is sputtered at a lower
pressure (p ~ 10~* mbar). For some experiments, a modified Mo back
contact is grown in order to prevent the fast MoSe; growth in the rapid
thermal processing (RTP). The absorber layer is grown along the prominent
deposition route of the SEL process [68-70], which stands in competition to
the co-evaporation (CE) process [71-73]. The p-n junction is completed by
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a 50 nm CdS buffer via chemical bath deposition (CBD) and the window
layer is added in the form of a 50 nm i-ZnO via radio frequency (RF)
sputtering plus 400 nm Al:ZnO (AZO) via direct current (DC) sputtering.
Additionally, a Ni/Al grid is deposited on the AZO via electron beam

deposition, to achieve a better current distribution.

3.1.1 Co-evaporation (CE) process

CE generally describes a process where the chalcopyrite formation takes
place directly during the element deposition on the hot substrate. There
are different process configurations like the single layer, the two- and three-
stage CE process. In the single layer CE process, the four elements Cu,
In, Ga and Se are evaporated on the substrate with different element
fluxes simultaneously. A Cu-rich growth period during the process leads
to a recrystallization of the thin film, which is realized in the two- and
three-stage CE process by varying the metal fluxes. The chalcogen flux is
always overstoichiometric (certain chalcogen excess is needed) by a typical
ratio Se/metal > 5. The two-stage CE process [23,74] is structured in
a first Cu-rich growth phase, which is followed by a second stage with
lower Cu rate leading to an overall Cu-poor composition at high growth
temperatures. The three-stage CE process [23, 75] involves additional
degrees of freedom, and is structured in a first In+Ga+Se deposition step
at 300°C. Then Cu+Se is deposited at temperatures > 500 °C until the
film becomes Cu-rich leading to the desired recrystallization of the grains.
Finally, In+Ga+Se is deposited to ensure an overall Cu-poor film. Referring
to the phase diagram (see figure 2.3 (b)), the growing thin film passes
through the CusSe - (In,Ga)oSes quasi-binary tie line, starting in the left
regime (stage 1), where the (In,Ga)2Ses layer is formed. In stage 2 Cu is
introduced and the film composition changes from left to right according
to the phase diagram (see figure 2.3), whereby initially the very Cu-poor
compounds Cu(In,Ga)sSes and Cu(In,Ga)sSeg are formed. When a Cu
amount of 24.5 at.% is reached the CIGSe film becomes single phase. For
Cu/(Ga+In) (CGI) > 1 the secondary phase CuSe is formed because the
excess Cu precipitates in this secondary phase. During the process steps, an

elaborated in-situ analysis like mass spectrometry is needed to guarantee
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the optimal GGI and CGI ratios. Afterwards, the growing film passes
again towards the overall Cu-poor regime by increasing the III/Cu metal
flux ratios, which is necessary for good solar cell performance. With the
three-stage CE process, the most efficient CIGSe solar cells were processed
but the complexity of the process makes the transfer to the production line

more challenging.

3.1.2 Stacked elemental layer (SEL) process

By separating the deposition from the crystal formation, which is the
basis of the two-step or sequential process, an easy up-scaling towards
production line can be performed [76-80]. At first, a stack of precursor
layers is deposited on the substrate which can consist of elemental metal
layers, alloys or compounds. In this work, metal layers are sputtered
from a CuGa alloy and an In elemental target by means of DC sputtering
(p ~ 1073 mbar), which is followed by Se as well as S evaporation with
two separate Knudsen cells. The base pressure in the evaporation chamber
is approximately 10~® mbar during Se evaporation and for S evaporation
approximately 10~ mbar. The Se/In/CuGa or S/Se/In/CuGa layer stacks
are then subsequently annealed at temperatures around 550 °C in a Na-
Se/S atmosphere in a closed chamber [81]. The GGI and CGI ratios are
controlled by the metal layer thickness ratio. During the process, the
chalcogens are always supplied in excess. In the following, the reaction
scenarios are described in more detail for the absorber materials CISe,
CIGSe and CIGSSe because the SEL process is the key element of the
thesis. Furthermore the evaporation of Se, S and their combination is
shortly discussed.

CISe: The phase formation reaction during the SEL process [82-84] starts
from the deposited metallic precursor layer (see figure 3.1, first box at the
top), which is transferred to CujiIng at temperatures around 150 °C (also
discussed in chapter 4.1.1). At the interface, a controlled growth reaction
of the intermetallics with Se is performed. The process is dominated by
the dissolving Cu which leads to the binary selenide CuSey and free In [83].
Furthermore, the free In reacts with Se to the binary selenide IngSes, which

creates InSe over a nucleation reaction process (see figure 3.1, third box).
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During the In selenide formation, the existing Se is consumed so that the
transformation CuSe; — CuSe — Cusy_,Se (see figure 3.1, fourth box)
occurs over peritectic decays [83]. Finally, the CISe formation proceeds
(see figure 3.1, fifth box) over the reaction path InSe with CuSe and InSe
with Cug_,Se in the temperature regime around 340-550 °C (discussed in
chapter 4.1.1) [82,83].
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Figure 3.1: Phase formation of the CISe during the temperature depen-

dent SEL process. The different phase amounts are qualitatively shown

for the temperature regime in between 150-550 °C (according to [82]).

The SEL reacts to intermetallics towards the binary selenides, finally

reaching the ternary CISe compound.

CIGSe: The quaternary precursor CuGa-In-Se [85] forms at first CugGay
and Cuyq(In,Ga)g as a result of intermetallic reactions. The Cuy; (In,Ga)g
is consumed by Se, whereby CugGay is enriched on the substrate side. This

metallic phase is selenized and Cu(Ga)Ses is formed which decomposes into
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the binary selenides GaSe and CuSe. After the transformation of CuSe into
Cug_;Se the CGSe crystal starts to grow, from the reaction kinetic point
of view slower then the CISe crystals. Finally, the mixed crystal phase
CIGSe is formed in the temperature regime from around 430-550 °C [85],
mainly driven by Ga/In interdiffusion reactions.

CIGSSe: In [86], a detailed description of the complex pentanary phase
formation is given, where the growth process is divided into three dif-
ferent S/(S+Se) (SSSe) sections like a Se- (SSSe=0-0.1), intermediate-
(SSSe=0.2-0.25) and S-like (SSSe=0.3-1) CIGSSe growth path. The chalco-
gen substitution of Se through S within the Cu(S,Se) and the Cu dealloying
from the Cug(Ga,In), phase are decreased with a reduced S/(S+Se) ra-
tio [86]. There are two chalcopyrite growth paths for the cations In and
Ga, namely In-rich and Ga-rich CIGSSe, which undergo a similar growth
process. The Ga/In interdiffusion is furthermore kinetically inhibited with
increasing SSSe ratio [86]. The interface properties towards the back contact
also change with respect to a reduced Mo(S,Se)s formation with increasing
SSSe ratio [86].

Se: Se condensates in the amorphous phase (a-Se) on the metallic
precursor layer and crystallizes in the hexagonal modification (h-Se) until
the In melting point (roughly around 156 °C) is reached. Until then, there
has not been any reactions between chalcogens and the metals. However,
at the melting point of crystalline Se around 220 °C the Se melt reaction
process between Se and the already formed intermetallic compounds is
initiated [87].

Se together with S: The thin film consists of a-Se(S), a-S;Se, or c-S(Se)
and the intermetallics. At 110°C, the crystallization of S;Se, and Se(S)
takes place. The ratio of S/Se in the evaporated S,Se, layer strongly

depends on the S content before annealing. Additionally, the melting
temperature of the S;Se, layer decreases with S amount [86].

3.2 Characterization methods

The morphologies of the thin films are observed via scanning electron

microscopy (SEM) in cross sections. To quantitatively analyze the different
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crystal phases, X-ray diffraction (XRD) investigations in Bragg Brentano
geometry (6 — 20 geometry) are done. For a better insight into phase
formation in-situ XRD (IXRD) investigations during crystal growth are
performed. In order to study surface properties, Raman spectrocopy is used.
The spectral photoluminescence (PL) analysis is performed to investigate
the optoelectronic properties. For depth resolved concentration analysis,
glow discharge optical emission spectroscopy (GDOES) and secondary
ion mass spectroscopy (SIMS) are performed. To characterize the elec-
tronic properties of the device, current voltage (I-V) and external quantum

efficiency (EQE) measurements are conducted.

3.2.1 Optical and structural characterization techniques

The interaction of radiation and matter plays an important role in material
characterization, leading to a variety of analyzing tools. The incident light
interacts with the matter and is either reflected or transmitted. These
processes are described by the macroscopic phenomena of light refraction
and reflection. In the material also some microscopic phenomena can take
place like luminescence after the absorption of the incident light or the

incident light can also be scattered elastically and inelastically.

(a) Optical
Photoluminescence spectroscopy

In general luminescence describes the non-thermal emission of light. In this
case the solid state is disturbed from its thermal equilibrium state to the
excited state, which leads to the emission of light afterwards in order to
reach the equilibrium state again [88]. The disturbance can occur through
different forms of excitations like an external voltage (electroluminescence),
an incident e~ beam (cathodoluminescence), and by the excitation through
absorbed photons (photoluminescence, PL) [21]. PL in a semiconductor
material describes the process of excitation/creation of e~ /h™ pairs by
absorption of photons, and the subsequent radiative recombination pro-
cess. The basic transitions are divided into interband transition, transition

involving chemical impurities and intraband transitions [24]. For lower
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temperatures excitonic and acceptor-donor transition are preferred. With
increasing temperature, the probability for free-bound and band-to-band
transitions increases due to the fact that photoexcited charge carriers are
thermalized inside the bands [21]. Not all transitions inside a semiconductor
are radiative, for example the non-radiative Auger process [24]. The PL
efficiency is estimated by the ratio of radiative to non-radiative transitions
and is related to the amount of defects [21]. For CIGSSe, the dominant PL
transition strongly depends on the CGI, GGI and SSSe ratios. For com-
position graded CIGSSe material, the interpretation of PL spectra is very
difficult due to their complexity and the lack of models [89]. Additionally,
it is possible to obtain the value of the GGI and SSSe ratio respectively for
the material inside the exciting photon penetration depth from the PL peak
position [89]. However, when both elements Ga and S are present in the
region of interest, it is hard to distinguish which element causes the E; shift
when introduced (dominant process characterized: interband transition).
For calculating the penetration depth, one has to take into account the a
of the material at the excitation wavelength (\) of the PL laser excitation
source. The current experimental setup consists of a laser source with
an excitation wavelength of A=830 nm working at room temperature, the

incident laser beam is tilted against the surface normal.

Raman spectroscopy

Raman spectroscopy is an optical method which is based on inelastic scat-
tering processes of photons with vibrational excitations in the material.
The position and the line shape of the Raman lines depend on the chem-
ical composition and crystalline quality. The combination of a Raman
spectrometer with an optical microscope leads to a high spatial resolution
roughly around 1 pm [21,90]. Light scattering is in general a photon-matter
interaction. The process of Rayleigh scattering (elastically scattered light)
describes a mechanism in which the scattered light has the same frequency
as the incident light. Inelastic scattering is divided into Brillouin and
Raman scattering, referring to inelastic scattering of light through acoustic
phonons and optical phonons respectively. An incident photon with the

energy hwy excites the electron system and an e~ /h™ pair is created. The
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resulting e” interacts with a phonon and leads to the emission (Stokes
process) and absorption (Anti-Stokes process) of one phonon respectively
with the energy fiwg. The e~ /h™ pair is scattered into the transition state.
Afterwards the recombination of an e~ /h* pair under the emission of a
scattered photon with the frequency w, is performed. For all scattering
processes, the laws of energy and momentum conservation are valid (see
equation 3.1 and 3.2). For this case "+" stands for the Anti-Stokes and "-'
for the Stokes process respectively. K, kK7 and ¢ are the wave vectors of

the scattered photon, incident photon and Stokes or Anti-Stokes phonon.

fws = hwr £ hwg law of energy conservation (3.1)

hEs = hEr £+ hq law of momentum conservation (3.2)

In this work a conventional Raman setup has been used which consists of
a laser source, focusing and collection optics and a wave length dispersive
spectrometer. The penetration depth of the frequency doubled Nd:YAG
laser with 532 nm emission wavelength (WITEK Raman microscope in
back-scattering geometry) is roughly about 100 nm inside the CIGSSe
absorber [90]. The dominating vibration in Cu! (In,Ga)?!Se¥! chalcopyrite
compounds is called Al mode originating from the Se"! atom movement,
while the Cul and (In,Ga)!!! atoms remain in their positions [91-94]. For
pure CISe absorbers the A1 mode is located in the range of 173-174 cm™1!,
for CGSe at around 184 cm~1, for CIS at 290 cm~! and for CGS at 310
em ™! at 300 K. For CIGSe absorbers with a GGI ratio of 0.3 the A1 mode
shifts to values around 176-178 cm~! [95]. The frequency of the A1 mode
shifts up linearly with the Ga amount and therefore the A1 mode position
can serve as an indicator for the GGI ratio inside the CIGSe surface [95].
When S is present in the CIGSSe material, the A1 mode intensity of CISe
and CIS is very sensitive on the SSSe ratio. With increasing SSSe ratio,
the A1 mode of CISe shifts up linearly and the A1 mode of CIS remains
on its position, which is described as the two mode behavior. Additionally,
the width of the Al mode (FWHM) of Cu-poor absorbers is enlarged

due to an increased defect density and an inferior crystal quality. In the
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case of CIGSe, the intensity of the Al mode has a maximum next to
the stoichiometric point because there is the smallest amount of chemical
disorder in the crystal system [90]. An E mode is located at 210 cm™?!,
which is associated with the vibration of anions and cations which can move
together in phase or antiphase inside the crystal lattice [96]. The B1 mode
characterizes the vibration along the bond directions Cu-Se, Ga-Se and
In-Se [91]. The elemental Se mode is found at 239 cm ™!, which disappears
above the Se melting temperature [97]. For Cu-poor absorbers with CGI
< 0.8, a shoulder mode becomes visible at 150 cm~!, which is attributed
to the ordered defect compound (ODC) phase Cu(In,Ga)sSes. For Cu-rich
absorbers with CGI > 1, a mode at 260 cm~! appears (CuSe A1l mode),
which indicates CuSe segregation on top of the CIGSe absorber.

(b) Structural
X-ray diffraction

X-ray diffraction is a powerful tool for observing the crystal structure of
polycrystalline thin films and gives informations about the phase formation
properties of CIGSSe and back contact. In this work, different methods
like powder diffraction, grazing-incidence XRD (GIXRD) and IXRD are
used to analyze bulk, depth resolved and time-dependent characteristics of
the CIGSSe absorber.

Most important CIGSSe reflections: The three strongest reflections in
the chalcopyrite structure are the 112, the overlapping 220/204 and 312/116.

The alloying of the material has similar effects on the individual reflection

positions (Vegard’s law) and may also cause asymmetric broadening of the
reflection profile in case of gradients. The lattice constants of CISe, CGSe,
CIS and CGS are well known from several publications [29,98]. Vegard’s
law predicts a linear relationship between material composition and lattice
constant. With the help of different GGI and SSSe ratios a large variety of
lattice constants a and ¢ can be achieved (see equation 3.3 and 3.4), which

also strongly influences the optoelectronic properties.
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a(z,y) = acuinSe, + aGGI - T+ a555e - Y + Anonlin - T - Y (3.3)

c(2,y) = ccurnSe, + caar - T+ cssse - Y + Cnontin T - Y (3.4)

The lattice constants of the unit cell for different xt=GGI and y=SSSe
ratios are a(z,y) (in plane) and ¢(z,y) (out of plane), and they contain the
lattice constants agar, assse and the non-linear term a,oniin -

Powder diffraction in 6§ — 20 geometry: Monochromatic X-ray radiation

is directed towards a polycrystalline material under the angle 6 and the
diffracted beam is collected by a detector system. The condition for
constructive interference is described in Bragg’s law (see equation 3.5). In
this context n describes the order of diffraction, A the wavelength of X-ray
radiation, 6 the angle between the incident X-ray beam and the lattice
planes where constructive interference results. dp; is the distance between

neighboring/consecutive lattice planes with Miller indices (hkl) [26].

Ak Detector

Figure 3.2: Fundamental Bragg Brentano geometry for thin film analy-
sis with a perpendicular scattering vector K to the substrate surface for
all 0 angles. The incident X-ray beam is directed on the thin film mate-
rial under the angle 6 and the diffracted beam is collected by a detector.
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n\ = 2dhk18in(9) (35)

It is characteristic for Bragg Brentano geometry that the scattering
vector AE = K, — K; is always perpendicular to the lattice planes of the
crystal for different angles 8. K5 and K7 represent the incident and scattered
vector. The hkl describes the Miller indices of the corresponding lattice
plane. For a further description of the diffracted wave front, also the atom
arrangement in the unit cell has to be taken into account. In the kinematic
approximation multiple scattering is neglected [26], which results in the
relationship between diffracted intensity I and the square of the absolute

value of the structure factor Fyy; (see equation 3.6).

N
I o |Farl?, Frp = Z frnexp(2mi - [hay + kyn + 122]) (3.6)

n=0
Fhi is the fourier transformation of the e~ density and N displays the
number of non-equivalent atomic positions in the unit cell. z.,, Yn, zn
represent the relative scaled atomic coordinates in the unit cell. f, denotes
the atomic scattering factor, which considers the distribution of the e~
density of the atoms [21]. The measurements are performed by a Bruker
D8 Advance DaVinci-Cu in the angle range from 20 = 10° — 85°, where

all the interesting CIGSSe reflections are located.

Grazing incidence XRD: To ensure a higher path length | of X-rays

into the thin film material as well as being more surface sensitive an
asymmetric XRD scan (GIXRD) with a fixed angle of incidence « is needed.
In this geometry, AK changes its direction during the measurement. The
traveled path length [ represents the distance traveled by the X-ray through
the material. Furthermore [ is strongly depending on «, which makes a
qualitative and non-destructive depth profiling measurement possible. The
intensity of the incoming X-ray beam I is attenuated by the Lambert
Beer law with the material-specific attenuation coefficient u (see equation
3.7) [21].

I(1) = In - exp(—p - 1) (3.7)
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X-ray Detector

......
.
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.
.,

Figure 3.3: The grazing incidence (GI) geometry makes it possible to
characterize the thin film over a depth determined by setting the incident
angle a of the incident X-ray beam, which influences [ and x respectively.
In contrast to the Bragg Brentano geometry, AK changes its orientation
with 6.

During the interaction between X-rays and material only the e~ act
as scattering centers and therefore p depends on the density of e™. In
consequence it depends on the specific element and its atom density [29].
Furthermore the material and radiation dependent y can be expressed by
the mass absorption coefficient p/p, which is only a characteristic value for
the element itself leading to the extended Lambert Beer law (see equation
3.8).

I(l) = Io - exp(—(u/p)p - 1) (3.8)

For a given incident angle « there are specific reflection angles 26 ac-
cording to equation 3.5 which lead to the traveled path length [ inside the
material. For a symmetric § — 20 scan, [ can be calculated by x/l = sin(6)
and for an asymmetric GIXRD both angle positions o and 26 have to be
considered by | = x ( 1@) + sin(219—a)> [21]. The penetration depth x

sin(

along the surface normal can be extracted by using equation 3.9 for the
symmetric and equation 3.10 for the asymmetric GIXRD, which takes into
account the trigonometrical relationship between [ and x as well as the

extended Lambert Beer law (see equation 3.8).
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) , I(1)/1(0) = 1/16 (3.9)

1 1 1)
sinl(a) + sin(gle_a) (%) ) ([(0)) ( )/ ( ) / ( )

The three characteristic reflection angles are used as input parameters
for 20 values in order to calculate the penetration depth x when I(1)
decreases by a factor of 1/16. The fixed 26112 = 26.95°, 20500 /204 = 44.73°
and 20312/116 = 52.95° values are especially used in order to calculate
penetration depth for typically used « values in this thesis in the table 3.1.

In-situ XRD (IXRD) investigations: With the help of IXRD, time and

temperature resolved measurements are possible, which gives an insight

into the thin film growth mechanism and deeper understanding of diffusion
processes in the context of Ga/In and S post-treatments. Nevertheless,
a setup with a well defined and temperature-stable reaction chamber
is required. X-rays can pass through the reaction chamber due to X-
ray transparent polyamide windows and the scattered radiation should
be collected by position-sensitive detectors, which ensures fast detection.
The detector system consists of 3 individual semiconductor line detectors

collecting a 26 angle range of 12° per detector. This makes the analysis

Table 3.1: Penetration depth of X-ray beams into the thin film material,
which decreased in intensity I(l) to a factor of 1/16 depending on differ-
ent incident angles «. The calculated x are performed for all the main
reflections 112, 220/204 and 312/116.

« 20112 = 26.95° 20220/204 =44.73° 20312/116 = 52.95°
(%) | x (pm) x (pm) (x (pm))

0.2 | 0.13 0.13 0.13

0.4 | 0.27 0.27 0.27

0.7 | 0.46 0.47 0.47

1 0.65 0.66 0.66

2 1.26 1.29 1.3

12 | 5.53 6.23 6.4
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of a wide angle regime possible and allows direct tracking of the thin film
properties during growth.
detector
3 —\d\etector
2

'A \detc?lctor

Figure 3.4: Schematic setup of the IXRD with three position sensitive

detectors and an oven with X-ray transparent windows. The oven allows
fast annealing ramps of up to 200 °C/min and a homogeneous tempera-

ture profile due to an arrangement of radiative heaters.

The software for IXRD data extraction is based on a peak identifier,
analyzer and overview tool. The peak overview tool is very helpful for fast
process and phase information of the chalcopyrite and the back contact.
With the help of the literature database JCPDS the 26 angle position, which
is partially included in the software, of the corresponding reflection are used
to analyze the actual measurements and the trend of shifting characteristic
reflection positions. The peak identifier extracts the intensity maximum of
the important reflections with a certain signal-to-noise ratio automatically
in order to separate them from background noise. A Pseudo Voigt fitting
procedure is performed for the individual peaks. In the peak finder tool
one can manually locate the individual reflections and parameterize them
with up to 3 Voigt fits. The output parameters consist of the 26 angle
position, the integral intensity, the FWHM of the peaks, and the error of
the fit to the experimental data.

Scanning electron microscopy

SEM imaging is performed to depict the morphology of the thin film, either
in cross-sections or in plane views. The e~ are emitted from a metal

cathode with applying a sufficient extraction voltage. The acceleration
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voltage brings the e~ on the desired energy. The primary e~ (PE) are
focused on the sample with a combination of condenser and objective lenses.
The scanning mode over the sample surface is enabled by deflector coils.
In general, the SEM image originates from the interaction of PE with the
sample, which results in elastic and inelastic scattering. The image contrast
can be divided into topography (roughness of the layers), material (different
elements) and channeling (different crystal orientations) contrast and has
to be considered in the interpretation of the SEM image. Elastic scattering
describes the process where the PE are influenced by Coulomb interactions
due to the ion cores, which results in little energy transfer. The e~ which
are used for imaging are either secondary e~ (SE) or back scattered e~
(BSE). SE’s are emitted from sample with typical energies in the region 0-50
eV. In the case of the SE mode, representing the conventional SEM mode,
just the SE are collected by the detector system. A Zeiss 1530 machine
with a linked energy dispersive X-ray spectroscopy (EDX) system (INCA

Energy from Oxford Instruments) is used to analyze the grown thin films.

X-ray fluorescence and energy-dispersive X-ray spectroscopy

X-ray fluorescence (XRF): The basic principle of XRF counsists of the

excitation of atoms in the sample by a characteristic line and retardation
spectrum of an X-ray tube to the emission of the characteristic X-rays
(XRF). The physics behind the fluorescence emission is described by the
process where an inner shell e~ (Ej) is removed by the incoming high
energy radiation (in this case X-rays) and the e~ at higher energy levels
(E2) fill the holes by emitting element-specific fluorescence radiation with
photon energies of hv = F; — E7. The fast and non-destructive quantitative
estimation of the element concentration is used for elements with the atomic
number Z > 5. For the purpose of this work, a Fischerscope XDV-SSD
apparatus has been used in combination with analysis software which
can identify the characteristic element lines and the concentration of the
elements. With the help of an absorption model, the thickness of the
individual thin film layers can also be evaluated.

Energy dispersive X-ray spectroscopy: For an element-specific analysis

the excitation of inner shells with incoming PE and the emission of X-
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rays with energies of F = hv has been used in EDX measurements. The
competition between the non-radiative Auger-e~ transition, especially for
elements with smaller atomic numbers, has to be considered in the EDX
spectra interpretation. The position of the radiative transition is determined
by Moseley’s law (see equation 3.11) where a direct dependency of A on Z

is reflected.

%:P:RO@(Z—K)Z (%_ %) (3.11)

v is the wavenumber, R, the Rydberg constant , K displays the screening
factor between the core and inner e~ shells and ny, ny symbolize both e~
states. The intensity of the emitted radiation strongly depends on the PE

energy and Z, where elements with lower Z have lower intensities.

Secondary ion mass spectrometry (SIMS)

SIMS is a method which analyzes the composition of a material depth-
dependent. The measuring signal is based on ion currents of ions with
different masses. In order to extract the analyzing ions from the surface a
sputtering process with ArT-ions is performed. Ar™ ions are accelerated
towards the sample surface and collide with atoms out of this region. SIMS
has to be performed under ultrahigh vacuum (UHV) conditions with high
acceleration voltages to generate a high sputter yield. The high sensitivity

of SIMS makes it preferable for trace element detection like Na and K.

Glow discharge optical emission spectroscopy (GDOES)

The big advantage of GDOES in comparison to SIMS measurement is the
lower acceleration voltage used in the sputtering process. On the other
hand, it has a higher detection limit than SIMS. Furthermore, a high
erosion rate in the region of 1.6 £~ allows a short analysis time. At nearly
optimized sputtering conditions, depth profiles with detection limits of
about 5-10 ppm are possible. The setup consists of a cathode (sample) and
an anode with a short distance in between. The discharge conditions are
characterized by Ar pressure, voltage and current. The emitted photons

as a result of the discharge are measured with the help of a spectrometer,
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which makes the element-specific characterization possible. The mode
of a constant dc potential is sufficient for conductive samples, whereas
time-variant potentials are used for non-conductive samples like thin film
solar cells on glass. GDOES needs calibration standards, which makes
the choice of proper reference samples important to generate a correlation
between measured line intensities and element concentration. The line
intensities depend on the element concentration, the sputtering rate and

emission yield.

3.2.2 Electrical characterization

The challenge of electrical device characterization lies in the interpretation
of the data which is often complex and regularly combined with device
simulations. In order to parameterize the input data, the one- and two-
diode model have been introduced. In the following, the basic principles of
I-V and EQE analysis are shown, which makes it possible to evaluate the
important performance parameters. Furthermore, certain loss mechanisms

which affects the solar cell are described.

Current-voltage measurements

The basic method used to characterize a solar cell is the I-V curve under
1 sun illumination, from which one can extract the important device
parameters 7, V,., Jsc and F'F. In this case, J of a solar cell is measured
as a function of applied voltage J = J(V) in standard testing conditions
under illumination and in the dark. At standard conditions, the sample
temperature is constant at 25 °C under application of an AM1.5G spectrum
[99]. Tt is a considerable challenge to generate a light source which is
able to supply a spectrum comparable to the solar spectrum. During the
measurement the device is contacted with a four point probe setup where
the current measurement is connected in series with the load resistance

while the voltage measurement requires two separate probes [21].
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Quantum efficiency (QE) measurements

Internal quantum efficiency (IQE) and external quantum efficiency (EQE)
measurements are another key tools to characterize solar cells, which
directly measures the ability of the absorber to collect photons and convert
them into charge carriers. EQE()A) or EQE(E) illustrates the number of

e~ collected per incident photon according to equation 3.12.
 1dJ.(E)
g dO(E)
d®P(E) describes the incident differential photon flux density which reflects

the number of photons in the energy interval dFE [4]. In the case of an

EQE(E) (3.12)

ideal solar cell every photon with a sufficient energy £ > Fy will lead
to one e~ /h™ pair [10]. This leads to a EQE(FE) = 1 for E > E, and
EQE(FE) = 0 otherwise [10]. However, in real solar cells some loss processes
can occur as seen before, leading to EQE(E) < 1 for E > E, because
of optical and recombination losses. Reflection losses can be substracted
from the raw EQE measurements with the help of an additional reflectance
(R) measurement in an integrating sphere configuration. This leads to a
corrected internal QE (IQE, see equation 3.13) where any kinds of photon
loss by reflection are substracted [21]. Especially for a CIGSSe solar cell
with its high «, all photons which are not reflected by the window layer
are absorbed in the device for usual thickness of 1.5 ym [21].
EQE
IQE(E) = 1—7}2(E) (3.13)
For the purpose of this research, a monochromator based setup has been
used, where only a very small spot of a few millimeters in diameter of
the solar cell is illuminated. The generated light needs to pass through
a chopper so that a periodic signal is created, which is amplified by a
lock-in amplifier. Furthermore, a reference measurement of a solar cell
with a sufficiently high and well characterized EQE (in our case, a certified
c-Si cell from the Fraunhofer Institute of Solar Energy (ISE)) is needed to

calibrate the actual measurement of the cell of interest. For measurement
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values at wavelengths longer than A., one has to take into account the

wavelength cut-off at approximately A.=1127 nm of the c¢-Si reference cell.
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CHAPTER 4

Results and discussion

CIGSSe is a promising material due to its ability to alloy the material
with In and/or Ga as well as with Se and/or S, which makes it possible
to introduce compositional gradients to improve the electronic properties.
By introducing back and surface graded material, an attempt has been
made to reduce the recombination velocity of charge carriers and also to
generate a better adjustment on the solar spectrum (already introduced in
chapter 2.2.4). Therefore chapters 4.1 and 4.2 discuss Ga and S gradients in
order to clarify their systematic formation and their impact on the device

performance and chalcopyrite structure.

4.1 Modification of the Gallium profile in CIGSe

The following chapter addresses the question whether the Ga profile inside
the absorber can be influenced by different driving forces in CIGSe thin films
and solar cells. The motivation lies in the enhancement of the optoelectronic
properties, both at the back and front surface as well as inside the bulk
material. In the SEL process the Ga-rich CIGSe material for kinetic reasons
agglomerates automatically next to the back contact. The Ga profile is
either influenced by the chemical potential (driving force) or the kinetics.
The parameters of selenization temperature (Ts.) and Se partial pressure

directly influence the chemical potential; however, also the kinetics are
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influenced by Ts.. The question is now, to which degree is it possible to

control these parameters within the SEL process?

4.1.1 Temperature dependent phase formation

A basic introduction into the temperature dependent CIGSe/Mo growth
is needed to gain detailed informations about the CIGSe phase formation.
Due to the fact that Se reacts with both layer stacks in the "aggressive"
RTP process, the formation mechanism is separately discussed in order to
find the optimal conditions for the pure absorber, the back contact and the

interface region between the absorber and the back contact.

Cu(In,Ga)Sey phase formation ex- and in-situ

-

"RGGI=0.09, CGI=0.92

- »

400°C_ U

N s
-~

Figure 4.1: (a-f): SEM plane views of CIGSe thin films at different

Tse ranging from RT to 575 °C. The surface morphology changes from a
ball- and flower-like surface structure towards a regular triangular shaped
surface (especially for (f)). From (c-f) also the element compositions,
extracted from EDX, are shown for CGI, CGI and Se/metal.

In order to analyze the phase formation of the SEL process, SEM cross
sections and plane views, XRD scans and Raman scattering have been
performed in the temperature range from RT to 575 °C. For the RT sample
one can clearly observe the unreacted metal layers Mo, CuGa and In as well
as a thick a-Se layer (see figure 4.2 (a)) with a ball-like surface structure
(see figure 4.1 (a)).
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Figure 4.2: In the SEM cross sections the phase formation of the CIGSe
thin film can be observed through different film thicknesses and grain
morphologies. In (a) there is only a thick Se layer on the Mo back con-
tact, whereas in (b) big grains with a comparable size are visible which
belongs to the intermetallics. (c-f): Transition from small grained binary
selenides (c), to CuSe rich phases (d) towards regular big CIGSe grains
(e,f) are shown. Furthermore, the thickness of the back contact increases
with temperatures above 400 °C according to the MoSes growth.

The XRD and Raman analysis detect a broad amorphous region with
weak crystalline In and Mo reflections (see figure 4.3 for diffraction patterns
at RT), which is also underpinned by a broad amorphous mode belonging
to Se (see figure 4.4, RT Raman spectra). When the process reaches
temperatures around 200 °C, intermetallic compounds Cuglng and Cuyglng
(see figure 4.3, 200 °C diffraction pattern) are formed, which exhibit big
grains (see figure 4.2 (b)). Additionally, a flower-like growth is observed
on the top surface (see figure 4.1 (b)) identifying the crystallization of Se
(h-Se reflections in figure 4.3, 200 °C diffraction pattern). At 300°C the
grains become smaller and porous and the surface transforms towards a
nodular morphology, which originates from the CuSe (A1l mode of CuSe
in figure 4.4, 300°C Raman spectra) and IngSes growth (reflections in
figure 4.3, 200 °C diffraction pattern). In this temperature range Se melting
occurs around 256 °C, which represents the Se supply in the grain growth

1

mechanism. Furthermore an A1 mode of CISe at 174 cm™" as well as 112,
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Figure 4.3: (a): XRD patterns of CIGSe thin films at different temper-
atures for the qualitative phase analysis of the bulk material. Between

200 °C to 300 °C the binary selenide formation takes place. (b-d): Reflec-
tion profiles of the 112 CIGSe with their corresponding Voigt fits for the
temperature range 400-575°C. The growing CISe shows a higher degree

of Ga incorporation from 300°C to 575°C due to an increasing 20 angle
shift of the high intense 112 reflection and a reduced reflection asymme-

ry.

(=g

220/204 and 312/116 CISe/CuSe reflections are identified, which shows
CISe growth. The grain size drastically increases towards 400 °C in cross
section (see figure 4.2 (d)) and from a surface perspective the nodular grains
become more dense (see figure 4.1 (d)). The crystal quality and grain size
are enhanced, which is detected by an increasing reflection intensity and
reduction in FWHM for the 112, 220/204 and 312/116 reflection (see figure
4.3, 400 °C diffraction pattern).

At this temperature also the CISe 101 reflection is seen, which does
not overlap with a CuSe reflection (so a separate analysis with XRD
becomes possible). The more asymmetric peak shape, especially for the
112, symbolizes a growing CGSe phase. According to cross sections (also
proven by EDX profiles), the CGSe grains (small grain sizes) are located
next to the back contact [100-104]. For 500°C to 575°C the slight 112
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Figure 4.4: Surface sensitive Raman scattering identifies the A1 modes
of CISe and CuSe at 300 °C which proves the absorber formation and the
presence of CuSe near-surface. (a): The CuSe mode intensity vanishes
for increasing temperatures, which reflects its consumption by the CIGSe
growth path. (b-d): An overview of the CIGSe Al mode profiles is given
with their corresponding Voigt fits for the temperature regime 400-575 °C.
The Raman active region is visualized by a black box on the schematic
thin film compound structure for each temperature on the left side.

reflection shift to higher 26 angles and a reduced degree of peak asymmetry
indicates an enhanced Ga/In interdiffusion, which results in quaternary
CIGSe grains (see figure 4.3 500°C and 575°C spectra). The surface
structure changes significantly to triangular-shaped grains, which shows
the presence of 112 orientation and furthermore gives evidence of a strong
texture (see figure 4.1 (e,f)). In the cross section, the CIGSe grain size
and the back contact thickness increases. The increase in back contact
thickness is based on a strong MoSes growth on the interface between the
absorber layer and the back contact (see figure 4.2 (d,e)). This strong
MoSes growth, especially between 500 °C to 575 °C, can also be observed by
an increasing reflection intensity of the 1010 and 1120 MoSes and a reduced
Mo 110 reflection intensity (see figure 4.3, 500°C and 575°C patterns).
The information about the crystal structure and grain morphology at the

end of each step of the process for different temperatures is very helpful in
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understanding basic material properties but in-situ analysis is needed to
optimize crystal formation processes. First of all, a pure precursor without
any Se supply is annealed under Ny for 1 h at 300°C. 300°C is chosen
because the ex-situ analysis showed that in between 200-300 °C the binary
selenides start to grow after the Se melting point is reached. In figure 4.5
(a), time-dependent reflection patterns for three detectors in the 26 range
14° —29° (detector 1), 31° —46° (detector 2) and 50° — 65° (detector 3)
are shown. For temperatures above approximately 150 °C, the In reflections
disappear because the In melting point is reached (see figure 4.5 (b)).

The intermetallic compound Cuig(In,Ga)g starts to grow by alloying
the precusor metals CuGa and In and later Cug(In,Ga), is formed as an
additional phase. With increasing annealing time the Cug(In,Ga)4 reflec-
tion becomes more pronounced, which indicates a shifting compound ratio
towards Cug(In,Ga)4 rich phases by the slow consumption of Cujg(In,Ga)g
at this temperature regime (see figure 4.6 (b)). In the case of the in-situ
annealing of the SEL all the ex-situ determined phase transitions were
also detected (see figure 4.6 (a)), like the crystallization of Se at approxi-
mately 150 °C. Furthermore, the growth of the intermetallic compounds
(comparable to the pure precursor), the transition to the binary selenides
leading to the CISe grains and at higher temperatures the CGSe grains
are observed. Additionally an enhanced Ga/In interdiffusion in the CIGSe
growth is noticed. The interdiffusion process is observed according to a
shift of the low intense 112 reflection to lower angles and a shift of the high
intense 112 reflection to higher angles, which corresponds to CGSe and
CISe related material (see figure 4.6 (b)).

The CE process predicts a growth path over a Cu-rich regime, which is
always beneficial in terms of recrystallization and grain size (see chapter
3.1). To apply a similar situation in the SEL process, the linear heating
ramp is modified to a two-step selenization process, where the temperature
is kept at 300 °C for 20 min in the first step to achieve a CuSe/CISe film
in order to modify the growth conditions. The transition region (binary
selenides -> chalcopyrites) is extended (see figure 4.7 (a)) in order to
support grain growth over the intermetallic compound Cug(In,Ga), and

the CuSe phase (see figure 4.7 (b)), also identified via ex-situ analysis
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Figure 4.5: In-situ XRD analysis of a pure CuGa and In precursor layer
annealed under N» for 1 h at 300°C. (a): The time dependent color
coded reflection profile for In, CuGa and their alloys are shown for the
three different detector angles. (b): Zoom into the angle range of de-
tector 2, where the most important reflections of In, Cui9(In,Ga)e and
Cug(In,Ga)4 are located. In the angular range in between 20 = 42 — 44 °
a phase transition from In, CuGa to Cuie(In,Ga)g and Cug(In,Ga)4 is
observed from changing reflection intensities.
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Figure 4.6: (a): In-situ XRD analysis of the SEL process with a linear
heating ramp, showing the most important reflections of Mo, In, Se, in-
termetallic compounds, binary selenides and CIGSe. (b): Zoom into the
angle range of detector 2 with the transition region from the intermetallic
compounds to the binary selenides and the finally growing CIGSe.
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(according to figures 4.3, 4.4, 300 °C data). However, as a result, the degree
of Ga/In interdiffusion is reduced in contrast to the conventional procedure.
This can originate from a lower Se partial pressure at the maximum process
temperature due to an increased Se consumption (losses) over the longer
process time. Additionally, CISe is the preferential growth path in the
temperature regime around 300 °C and therefore the development of the

CISe rich grains is strongly favored in comparison to the CGSe rich grains.
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Figure 4.7: (a): In-situ XRD analysis of the SEL process with a two
plateau heating ramp at 300 °C and 575°C. (b): Zoom into the angle
range of detector 2, which deals with the extended transition region.

However, by observing the solar cell performance parameters of these
absorber structures the desired improvements could not be reached in
the thesis (not shown). Especially, for the V,. and FF lower values are

determined in comparison to solar cells with absorbers produced by standard

IP 216.73.218.36, am 20.01.2026, 12:54:06.
tersagt, m mit, fr oder in Ki-Syster



https://doi.org/10.51202/9783186396099

60 4 Results and discussion

linear heating profiles. One explanation can be that the Se supply over the
whole selenization process has not been sufficient due to long heating time
at lower process temperature (300 °C and 400 °C) and not infinite Se source.
Therefore the procedure of adding additional plateaus (300 °C or 400 °C) is
only beneficial for an improved grain size and will not be further pursued
in the thesis. In figure 4.8 and 4.9 the SEM cross sections are shown for
the different plateaus and for different Se amounts ranging from 1 pym to 3
pm. Furthermore, the element ratios GGI and CGI are analyzed for each
absorber via XRF. Strong MoSes growth is seen for Se amounts around 2
pm (will be discussed in chapter 4.1.3) and the connection between CIGSe
to the back contact is strongly reduced. Additionally, pronounced big

CIGSe grains are seen especially for almost all variants.
300°C Plateau

3_ ——1um
" GGI=0.25, CGI=0.82§

oy

Figure 4.8: SEM cross sections of absorbers processed by 300 °C heating
ramp and different Se amounts ranging from 1 pgm to 2 pum. The element
ratios GGI and CGI measured via XRF are additionally shown for each
absorber.
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400°C Plateau

GGI=0.26, CGI=0.86

Figure 4.9: SEM cross sections of absorbers processed by a 400 °C heat-
ing ramp and different Se amounts ranging from 1 ym to 3 pm. The
element ratios GGI and CGI measured via XRF are additionally shown
for each absorber.

Short summary

It has been shown that during the heating of the SEL the absorber (stack)
undergoes a sequence of phase formation and transformation. At higher
temperatures the Ga/In interdiffusion is enhanced, which is recognized by
the shift of the specific chalcopyrite reflections to higher 26 angles. In-situ
analysis via XRD is very helpful in visualising the phase formation changes
of the intermetallic compounds. A two-step process with a growth over
the Cu-rich regime at 300 °C leads to an improved grain size but not to

beneficial solar cell performance properties.
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4.1.2 Phase formation with different Selenium supply

In the following chapter, the influence of Se supply on the SEL process
during the final annealing step is investigated. Most results have been
already published in [13] and are reproduced with the permission of Elsevier
Publishing.

Introduction

It is well known that CuSe phase acts as a flux agent on top of the CIGSe
during the growth process, which leads to a desirable grain growth and
a homogeneous Ga/In distribution [17,23,34]. In general, big grains are
favorable in terms of reduced charge carrier recombinations at grain bound-
aries. Nevertheless, this CIGSe structure can lead to the formation of
shunt paths caused by the highly conductive CuSe phase. Therefore, al-
ternative concepts to obtain flat Ga/In profiles are of interest, like a Se
post-treatment approach [105]. Another approach is via the formation of a
liquid Se-phase above the CIGSe thin film, which promotes the Ga/In inter-
diffusion [106]. In this chapter, the Se dependent CIGSe phase formation is
investigated in detail by conducting experiments with a varying Se supply.
The main focus is on the Ga/In profiles and in particular the Ga amount
near-surface since these parameters are known to have a large impact on the
optoelectronic properties like the F, and the solar cell device parameters.
The experimental results are compared with numerical modeling results of
the cells derived from SCAPS simulations, which are based on the actual

concentration profile of the individual absorbers.

Structural investigation of the thin film

In figure 4.10, an overview of cross sections of the individual layers of the
CIGSe structures obtained for different Se amount are shown. Furthermore
qualitative EDX analysis of the different layers are shown for different
spectra in table 4.1 (Spectrum 1: back contact/glass, Spectrum 2: absorber
back side/back contact, Spectrum 3: absorber intermediate/absorber back
side, Spectrum 4: absorber top/absorber intermediate region). In figure

4.10 (a,b) one can observe a strong structural difference in the grain size

IP 216.73.218.36, am 20.01.2026, 12:54:06. Inhalt,
tersagt, m mit, fr oder in Ki-Syster



https://doi.org/10.51202/9783186396099

4.1 Modification of the Gallium profile in CIGSe 63

of the CIGSe between 0.5 um and 1 um Se. This can be explained by the
Cu-In-Se phase diagram [107], which predicts a CuSe phase for slightly
Se-poor compounds during growth [108]. Bigger grains in the CIGSe thin
films (see figure 4.10) are found for higher CGI ratios (see table 4.2).

CIGSe 3
f

‘ " )\x Spectrum 3, ,u‘
“x S %pectrum 2I 2

/ﬁlx S?e%n% §

i 2

~ X Spectrgm ‘2

Figure 4.10: SEM cross sections for different Se film thickness ranging
from 0.5 pm (a) to 2 pm (d). The crosses at the thin film indicate the
region of EDX analysis, which is written as Spectrum 1, Spectrum 2,
Spectrum 3 and Spectrum 4. The EDX results are given in table 4.1
(reproduced from [13] with permission of Elsevier Publishing).

The GGI measures the group III element ratio which has a strong
influence on the E; value (see table 4.2). Additionally, MoSe, formation is
identified at the back contact by the presence of a weak contrast difference
between Mo and MoSes grains, which is also marked in the SEM cross
sections (see figure 4.10 (b-d)). This can also be quantified with an increased
Se/metal (Se/Mo) ratio obtained by XRF (see table 4.2) and EDX (see
table 4.1, Spectrum 1) measurements. The red lines in the SEM images
visualize thicknesses of CIGSe and back contact of the Mo/MoSez and
CIGSe layers. For the 0.5 pm Se sample high bulk values for GGI and

CGI are observed. They most likely originate from In loss, which is caused

IP 216.73.218.36, am 20.01.2026, 12:54:06.
tersagt, m mit, fr oder in Ki-Syster



https://doi.org/10.51202/9783186396099

64 4 Results and discussion

Table 4.1: Evaluated Se/Mo, GGI, CGI and Se/metal ratios from EDX
spectra of CIGSe/Mo films processed with different Se amounts (see fig-
ure 4.10). The different measurement points on the thin film are Spec-
trum 1 (back contact/glass), Spectrum 2 (absorber back side/back con-
tact), Spectrum 3 (absorber intermediate/absorber back side) and Spec-
trum 4 (absorber top/ absorber intermediate region).

0.5 ym Se/Mo | GGI | CGI | Se/metal
Spectrum 1 | 0.07 0.7 0.5 0.6
Spectrum 2 | 0.61 0.86 0.69 0.88
Spectrum 3 | 6.29 0.68 1.03 | 1.17
Spectrum 4 | 29.33 0.21 | 1.58 | 1.42

1 pm Se/Mo | GGI | CGI | Se/metal
Spectrum 1 | 0.12 0.67 | 0.5 1
Spectrum 2 | 3.34 0.78 | 0.78 | 7.31
Spectrum 3 | 11.43 0.76 0.85 1.31
Spectrum 4 | 35 0.25 1.75 | 1.59

1.5 pm Se/Mo | GGI | CGI | Se/metal
Spectrum 1 | 0.2 0.71 0.57 | 1.73
Spectrum 2 | 3.61 0.78 | 0.67 | 8.67
Spectrum 3 | 12.25 0.4 1.65 | 1.85
Spectrum 4 | 31.67 0.55 | 095 | 1.28

2 pm Se/Mo | GGI | CGI | Se/metal
Spectra 1 3.47 0.71 | 0.43 | 13.2
Spectra 2 3.62 0.75 | 0.75 | 8.79
Spectra 3 21.25 0.53 1 1.42
Spectra 4 36 0.39 | 1.3 1.36

by volatile InySe formation during the process [109,110]. This behavior is
frequently observed for an insufficient supply of Se (Se partial pressure) in
the SEL process during the chalcopyrite formation.

For detailed investigation of the Ga/In depth profiles; GDOES measure-
ments are performed. In figure 4.11, the ratio of emission intensity (EI)
of Ga over the sum of the intensities of Ga and In is plotted vs. depth
for different Se amounts supplied. Due to the lack of suitable calibration
samples, these ratios may differ slightly from actual GGI ratios; however,
the trends are reproduced well. An increasing Se supply results in smoother
Ga/In profiles through the CIGSe sample and an enhanced Ga amount

next to the surface. However, the integral Ga/In ratio stays the same
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Table 4.2: GGI, CGI and Se/metal ratios of the CIGSe thin films de-
termined via XRF for different Se film thicknesses, ranging from 0.5 pum
towards 2 um.

| Se amount (um) [ GGI ratio | CGI ratio

| Se/metal ratio |

0.5 0.3 £+ 0.01 0.98 +0.02 [ 1.02 + 0.027
1 0.26 & 0.004 | 0.84 + 0.01 | 1.77 + 0.12
1.5 0.26 & 0.006 | 0.84 + 0.01 | 2.49 + 0.18
2 0.24 + 0.005 | 0.79 £ 0.008 | 2.6 + 0.1
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Figure 4.11: GDOES measurements showing the emission intensity (EI)
ratio EI(Ga)/(EI(Ga) + EI(In)) ratio vs. the CIGSe depth (reproduced
from [13] with permission of Elsevier Publishing).

for all the four samples. Furthermore, one can observe a constant GGI
ratio at the front surface for 0.5 pm, 1 pm and 2 pm of Se, which is more
pronounced with an increasing Se supply. The double grading structure in
the GDOES profile for the 1.5 pm thick Se layer can originate from different
surface roughness values of the absorber influencing the Ga and In emission
intensity values during the GDOES analysis. Lateral inhomogeneities of
the Ga distribution can furthermore impact measured Ga emission intensity

ratios. Additionally, the growth process over the binary selenides Cug_,Se
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or CuSey (preferred for low and high Se supply) leads to different growth
paths according to the Cu-In-Se phase diagram [83].
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Figure 4.12: In (a-d) the GGI depth profiles (in black) from GDOES
measurements are shown for different CIGSe thin films which were pro-
cessed with different Se amounts ranging from 0.5 pgm to 2 pm. The red
dotted lines symbolize the fitted Gaussian error functions. The black dots
on each profile stand for the characteristic regions near-surface, interme-
diate and back surface (reproduced from [13] with permission of Elsevier
Publishing).

In figure 4.12, experimental Ga/In profiles for different Se amounts
are fitted with a Gaussian error function. In the CIGSe system, the
interdiffusion of Ga into CISe and In into CGSe are the relevant processes
and therefore the determined diffusion coefficients (D) are mean values
of Dg?se and Dé"GSe, respectively. Equation 2.10 gives the well-known
solution of the interdiffusion problem. Here, c(x,t) is the concentration
profile where c represents the GGI ratio, and erfc is the complementary
Gaussian error function (see figure 4.12). ¢y and ¢; are the minimum and

maximum concentration respectively in the diffusion area. The values of
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Table 4.3: Overview of the D values for different Se amounts evaluated
from the concentration profiles in comparison to literature values.

Se amount (um) | D(cm?/s) | D" (cm?/s) [104,111] |

0.5 3.32E-12 4.5E-11
1 3.44E-12 7
1.5 3.50E-12 7
2 3.9E-12 7

er fc[z] are taken from [39]. In table 4.3, the values of D obtained in this

cm

2
. for

way are listed for the different Se amounts. A value of 4.5 E-11
575°C selenization temperature [104,111] serves as the reference value, as
all the processes in this chapter are performed at 575 °C. Furthermore, the
interdiffusion between the pure CISe film and a Ga layer was investigated
in [111], which is slightly different from the system studied here. The
different starting configurations can be seen as the reason for the one
magnitude higher D value in [111]. Additionally, the experimental data show
a weak dependency on the Se supply within the error of the measurement
(see table 4.3).

In order to obtain more detailed information about the CIGSe phase
formation, XRD investigation is used (see figure 4.13 (a)). In general, a
peak shift to higher 26 angles corresponds to higher Ga concentration in the
CIGSe grains because of the smaller covalent radius of Ga in comparison
to In. An asymmetric reflection shape is observed, which indicates a Ga/In
concentration gradient over the CIGSe thickness [12]. In comparison to
the GDOES results, the gradient, as detected from the reflection shape in
XRD, decreases with an increasing Se amount. The 112 reflection profile
shows a more asymmetric reflection shape for the 1-1.5 pum Se samples.
The XRD peaks are analyzed with the help of 2-3 Voigt fits (see figure 4.13
(b-e)), which represent the In-rich (CISe), the Ga-rich part (CGSe) [11]
and the intermediate region of the absorber layer. The CISe 112 reflection
(between 20 = 26.8° and 20 = 26.83°) and the CGSe 112 reflection at
20 = 27.31° (see figure 4.13 and table 4.4) are determined by a fitting
procedure. The cumulative fit position describes the weighted average of

2-3 Voigt fits used to approximate the reflection shape. In order to obtain
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Figure 4.13: (a): XRD pattern in the region of the CIGSe 112 reflec-

tion for varying Se amounts. (b-e): The respective 112 reflection profiles
are shown together with the individual Voigt profiles used in the fitting
procedure (reproduced from [13] with permission of Elsevier Publishing).

a more quantitative measure for the degree of grading (see table 4.4), the
difference in the 20 angle positions between Fit 1 (CISe-like) and Fit 3
(CGSe-like) can be used as given by equation 4.1.

26735 1 — 267 *| = A26;5 (4.1)

When the difference A20975% (according to equation 4.1) becomes smaller,
it is taken as an indication for an increased Ga interdiffusion into CISe-like

grains. With the help of the Cumulative Fit it is possible to determine the
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integral GGI ratio (see table 4.4) according to the Bragg equation where
the interplanar distance di12 is evaluated for a 26115 angle position. For the
tetragonal crystal system CIGSe with orthogonal crystallographic axis [26],
di12 can be expressed by the lattice constant a and ¢ according to equation
4.2 [26]. The lattice constants a and ¢ change with respect to the GGI ratio
x in the CIGSe film according to Vegard’s law (see equation 4.3), which is
identified via XRD analysis according to the 26,15 angle position and the

calculation via the Bragg equation.

1 1
dnil = L dip = ——— 4.2
N R UC v ==
G
Cl:Z"accse—F(l—.r)'ac[Se, x:Gai—fIn (4.3)

For the 0.5 um and 2 pum Se sample, one can find a quasi-single phase
112 CIGSe reflection corresponding to the A26975% values of 0.14° and
0.07°, which indicates a more homogeneous material (see figure 4.13 (a)).
A high Se amount (2 pum) leads to a more homogeneous Ga/In distribution
inside the CIGSe material, as evidenced from the low value of the degree of
grading for this condition. A low 20 angle difference for the 0.5 pm sample
can be observed. However, in this case the quasi-single 112 reflection can
also result from the formation of CuSe, which leads to a CuSe 111 reflection

having a lattice spacing similar to the 112 CIGSe reflection. Additionally,

Table 4.4: Degree of grading (evaluated by the difference of the Voigt
Fits 1 and 3, see main text). Cumulative Fit position (weighted average
of the positions of the individual fitted peak positions) and GGI ratios
evaluated from the cumulative reflection position according to Vegard’s
law and the 260 angle position.

Se amount | Degree of grading | Cumulative | GGI

(pm) (°) (°)

0.5 0.14 26.83 0.28
1 0.52 26.97 0.17
1.5 0.49 27.02 0.19

2 0.07 27.04 0.34
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a relatively strong (112) texture is identified by determining the reflection
intensity ratios I112/I200, I112/I512 and I112/I101 respectively (see table
4.5). For the I112/I529 ratio values around 3, for the I112/I312 ratio values
around 8 and for the I115/I1p1 ratio values around 20 can be calculated.
However, for all three ratios higher values than the reference CISe powder
data are identified.

For a better insight into surface properties, especially the surface GGI
ratio, which is very important for the p-n junction formation to the buffer
layer of the complete solar cell device, surface sensitive Raman scattering is
performed. The results are shown in figure 4.14. For the 0.5 pm Se sample,
no CuSe Al mode is found at 260 cm™!, which indicates the absence of
a CuSe layer at the surface. With increasing Se supply from 1 pm to 2
um, the expected CIGSe A1 mode shift to higher energies is observed (see
inset of figure 4.14). In general, one observes a linear correlation between
Raman shift (= y) and Ga incorporation (GGI = x), which is widely used
in the CIGSe community for determination of the GGI (see equation 4.4).
However, strain effects can also play a role for example due to surface
reconstructions, which is indicated by the presence of the ordered defect

compound (ODC) CulnzSes (preferable for Cu-poor compounds).

y—173 em™!

=z, m=184 em™ —173 em™! (4.4)
m

Table 4.5: Overview about the reflection intensity ratios of 112/220,
112/312 and 112/101 in order to determine the grain texture for different
Se supply, also in comparison to CISe (JCPDS 00-035-1100) and CGSe
(JCPDS 00-040-1487) powder values.

| Se amount (um) [ Ii1z/I0 [ T112/I12 | T112/T101 |

0.5 3.45 8.84 25.29
1 2.9 7.36 22.83
1.5 3.38 8.52 18.07
2 2.87 7.2 20.35
Powdercrge 1.96 4 16.67
Powdercase 4 3.33 100
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Figure 4.14: Raman spectra in the region of the CIGSe Al, E and B2
mode position showing the presence of the ODC shoulder mode. The
inset shows the A1 mode position vs. the Se amount.

The PL spectra in figure 4.15 show intensive peaks in the region of
1.02-1.08 eV, which correspond to a quasi band-to-band transition. The
peaks are fitted using two Voigts profiles to determine the average E,
position. For the 1.5 um Se sample, the highest PL peak intensity is
observed, which indicates a high degree of radiative over non-radiative
recombinations. Generally, a higher PL peak intensity corresponds to a
lower defect density [24]. A shift of the PL peak to higher energies, from an
In-rich towards an intermediate Ga material according to the I, increase in
the inset of figure 4.15, is a hint for a more homogeneous Ga incorporation
into the intermediate region of the CIGSe absorber layer. The analysis of
the PL peak position also supports the conclusion from XRD and Raman

with respect to the Ga/In interdiffusion.

Electronic properties of the solar cell

The CIGSe absorbers were processed to complete solar cell devices by
the ZSW standard recipe with a sequential deposition of 50 nm CdS via

chemical bath deposition, 50 nm i-ZnO via radio frequency sputtering and
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Figure 4.15: PL spectra vs. energy which corresponds to the band-to-
band transition for CIGSe. The inset shows the trend of the peak max-

ima vs. Se supply. The corresponding GGI or x values are calculated by
equation 4.5 (reproduced from [13] with permission of Elsevier Publish-

ing).

400 nm ZnO:Al (AZO) via direct current sputtering. In a final step, a
Ni/Al contact grid is grown on the AZO by electron beam deposition. The
I-V curve is strongly influenced by the Ry, which is determined by modeling
the measured I-V curves using the one diode model according to chapter
2.2.3 or along the following publications [50,51,112]. With the help of EQE
measurements it is possible to investigate the wavelength dependent charge
carrier collection efficiency of the CIGSe device and to identify possible
losses. Photon absorption in the ZnO layer shows up in the region from the
ultra-violet to 380 nm, and within the region from 380 to 520 nm absorption
in the CdS buffer takes place (see chapter 2.2). From the region between
520 nm and 1200 nm the CIGSe absorber quality can be assessed [112].
Additionally, reflectance and transmittance measurements on the devices
are performed via halogene lamps in an integrating sphere configuration
(Ulbricht sphere) to determine the internal quantum efficiency (IQE),
which reflects only the internal material properties (see figure 4.16 (a)). By
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comparing the three samples (0.5-1.5 pm Se) one can observe an increase
of the IQE with an increasing Se supply while maintaining nearly identical
spectral shapes [113]. This shows an enhanced CIGSe absorber layer quality
with an increasing Se supply, which is in accordance with the PL intensity
evolution of the thin film as discussed above. In order to evaluate the E,
value, one can treat the IQE as an absorption curve and use the well-known
relation for the dependence of the absorption on photon energy E for direct
semiconductors [24] by plotting [E -In (171{)%”3)} ’ (eV)? vs. E [113] (see
figure 4.16 (b)). It has been found that CIGSe absorbers produced with
2 pm Se have a slightly higher E,, which is in good agreement with the

observation that there is a more homogeneous Ga/In distribution inside
the CIGSe for larger Se supply. The evaluated effective E, values for
the analyzed film thickness (approximately 200 nm) lead to differently
calculated GGI ratios according to equation 4.5 even though the same
GGI ratio is determined by XRF in the total CIGSe film thickness (see
table 4.2). This is a hint for a higher amount of Ga in the analyzed region
(penetration depth of PL laser). When comparing the Eg values obtained
by the different methods, one has to consider that IQE characterizes
the performances of the CIGSe solar cell with respect to generation of
e” /bt pairs (B, = E;’“") whereas PL examines the absorption properties
of a small part, approximately the size of the SCR, in the CIGSe layer
(Ey = EgCR).

The GDOES depth profiles analyze the ratio of Ga to In over the absorber
depth. In order to estimate the theoretically expected E, of a non-graded
CIGSe material, one can use equation 4.5 with the bowing parameter
b=0.21, which refers to the multinary composition Cu(In;_,Ga,)Ses [114].

EGDOES
g

For estimating just the near-surface GGI ratio serves as input

parameter.

Eg(z)=(1—2) - ES™ 4+ 2. ES9% —b. 2 (1-2) (4.5)

In this case x represents the GGI ratio evaluated by XRF or GDOES
measurements (see table 4.6). The degree of grading can be estimated by

comparing the differences between the E; values obtained by PL, IQE and
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Figure 4.16: (a): IQE spectra vs. wavelength in between 450-1200 nm.
The ROI indicates the absorption edge region used to calculate the E,.

(b): Plot of [E-in (

#)} 2 (eV)? vs. E. The E, is extracted from the

intersection of the fitted straight lines with the energy axis (reproduced
from [13] with permission of Elsevier Publishing).
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XRF studies EXRF-PL — |EXRE _ pPL] and EXRF-IQE — |pXRE _
EQIQE |. Eéx RE represents the E, value calculated from GGI ratios according
to XRF measurements and using equation 4.5. E;D L and EQIQE are the I,
values estimated from PL and IQE spectra. The differences between the
E, values obtained from using the different approaches are smaller for the
2 pm sample, which confirms the previously found result that this sample
has a more homogeneous Ga/In distribution (see table 4.6). It seems that
the E; data determined via IQE measurements and indirectly estimated
from GDOES are not consistent. The E;QE is averaged over the total
thin film solar cell, and the evaluated EgIQE values range from 1.086 eV to
1.1 eV. The values differ from expected E, values from GDOES analyzing
the CIGSe absorber. The E, value with the help of equation 4.5 and the
bowing parameter b=0.21 is varying in the range between 1.04 eV (for
GGI=0) and 1.13 eV (for GGI=0.2). The GDOES depth profiles do not
deliver exact GGI ratios because of the lack of calibration/normalization
samples as reference.

In figure 4.17 (a) an overview of the I-V curves for different Se amounts
is shown, which reflect the differences in the CIGSe absorber and back
contact properties. Additionally, the plots of dark I-V data in log scale are
shown together with the corresponding fits (see figure 4.17 (b-e)). There is
a good agreement between fit and measured data. The one diode model
fits are applied in order to evaluate the parameters for R,, Ry, Jo and n;q.
A decrease of the F'F with an increasing Se supply (see figure 4.18 (b)) has

been found, which can either be caused by the interface of the absorber

Table 4.6: E, values from PL, IQE, GDOES and XRF measurements

on the thin film and solar cell device. An overview of E; ¥ =P and
EXRFIQE g additionally shown (see main text for discussion).
Se E;;’L E;QE EgGDOES Eg(RF E;(RFfF’L E;(RFfoE
(pm) | (eV) | (eV) | (eV) (eV) | (eV) (eV)
0.5 1.026 | 1.087 | 1.05 1.188 0.162 0.101
1 1.015 | 1.086 | 1.09 1.165 0.15 0.079
1.5 1.012 | 1.089 | 1.1 1.166 0.154 0.077
2 1.06 1.1 1.15 1.155 0.091 0.055
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Figure 4.17: (a): The dark and illuminated I-V curves of the solar cell
devices are shown on a linear scale. The regions where the Se-induced
effects on the Rs; and FF' are most obvious, have been highlighted using
arrows. (b-e): The experimental dark I-V data are separately shown on
a log scale (dotted) together with the corresponding fit curves (line),
according to the one diode model (reproduced from [13] with permission
of Elsevier Publishing).
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towards the back contact or towards the buffer [12]. In real p-n junction
solar cells the theoretical maximum V,. according to the SQ model cannot
be reached because of (non-radiative) recombination effects [9]. In order
to investigate the p-n junction properties, the R, n;q and Jy have been
calculated by fitting the experimental I-V curves using the one diode model.
According to the results of the analysis, both R, and R, increase with an
increasing Se supply (see table 4.7). The increase in R indicates a higher
MoSe, layer thickness which affects the resistivity of the back contact
system and lead to a reduction in F'F and V.. (see table 4.7). The decrease
in R, with an increasing Se supply indicates a decreased probability for
the formation of shunt paths (see table 4.7). For the 0.5 pm sample a
relatively low R, value is found, which can be correlated to the higher CGI
ratio in the absorber material. The values of Jy and n;4 should be handled
with care due to the fact that they are fitted from dark I-V curves in the
presence of high R, values. This makes it hard to extract n;q, Jo and Ry
unambiguously and therefore values are subject to large errors (values are
not shown in table 4.7). Furthermore, n;q and Jy are coupled with the V.

according to equation V. = ”id’zBT In ]JTC +1).

Figure 4.18 (a) shows the Se/metal ratio determined by XRF. It should
be noted here that the XRF measures the total amount of Se in the sample
and not only the amount of Se incorporated into the absorber layer. The
stoichiometry line for Se/metal=1 represents the ”ideal” composition of
the CIGSe absorber. A deviation from this line is the consequence of a Se
under- (Se/metal < 1) or oversupply (Se/metal > 1). In the latter case,

the excess Se incorporates in the Mo layer and forms MoSes.

Table 4.7: R; and R, values for different Se supply are shown. R, and
R, increase significantly with the Se supply.

Se R R,
(um) | (2em?) | (2em?)
0.5 1.3 175

1 2.1 2254
1.5 3.8 6771

2 17.5 7734
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Figure 4.18: (a): Se/metal ratio as determined by XRF for the different
Se supply, also visualized by the schematic SEL layer stack. (b): The FF
of cells produced with different Se supply (black squares) as determined

from I-V curves shown in figure 4.17 (a) (reproduced from [13] with per-
mission of Elsevier Publishing).
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One way to judge the quality and performance of a solar cell is to
compare the cell properties with predictions made by theoretical models or
numerical simulations. The SQ model provides the first approach to the
limit of the performance of a solar cell under highly idealized conditions
(radiative recombination limit) [10]. Here, the E;QE values serve as input
parameter for the SQ calculation because the total CIGSe solar cell is
taken into account. The experimentally determined J,. values from I-V
measurements exhibit a parabolic trend (see figure 4.19 (a)). By comparing
the experimental results with the SQ limit, it becomes obvious that the
trend in the J,. values cannot be explained by only taking into account
the reduction of the number of absorbed photons caused by the increase
of E,. Other factors, like grain size and MoSe; layer thickness, are also
strongly influenced by the Se supply and have an impact on J..

In figure 4.19 (b), it can be observed that the experimental V. has a
similar dependence on the Se supply as predicted by the SQ model, which
can be attributed to the F;, dependence in the SCR of the solar cell device
on the Se content. SCAPS simulations have been performed using the
experimentally determined GGI profiles from the GDOES measurements
(see figure 4.11). Furthermore the input of absorption profiles [63] of the
CIGSe absorber (thickness of 1.5 pm) are used for the material data GGI=0,
0.31, 0.45, 0.66 and 1 with the corresponding E, values 1.04 eV, 1.2 eV,
1.29 eV, 1.43 eV and 1.68 eV. The other layers are kept constant like CdS
buffer with 50 nm, the front contact with 1000 nm i-ZnO/n-ZnO. The
basic material specific input parameters based on [56,66] are summarized
in table 2.1. As explained in section 2.2.4, the absorber structure has been
modeled by means of three separate layers with different £, values for
each layer, representing the front, center and back regions of the CIGSe
absorber. The individual E, values are determined using equation 4.5 and
linear GGI concentration gradients are directly transferred to linear F,
variations. All four depth profiles in figure 4.11 have the same structure,
a more or less constant GGI ratio at the front (E, at the front) a linear
increasing GGI ratio in the intermediate region (E, in the intermediate
region) and a more or less constant GGI ratio at the back (E, at the back).

The experimental J,. trend for intermediate Se supply is well reflected
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Figure 4.19: (a): Experimental J,. values, from I-V measurements, are
plotted vs. Se amount (black squares) in comparison to the SQ limit (red
circles) and SCAPS calculated values (green triangles). (b): The experi-
mental V,e vs. the Se amount (black squares) are shown. For comparison,
the theoretical values calculated from the SQ model (red circles) and
SCAPS simulations (green triangles) are shown (see explanation in main
text) (reproduced from [13] with permission of Elsevier Publishing).
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by the SCAPS simulations. However, for high and low Se supply there
is a larger difference between simulations and experimental values, which
indicates the presence of additional factors reducing the performance of

the cell, like MoSey layer growth and reduction of CIGSe grain size.
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Figure 4.20: Semi log arithmic plot of the average V,. vs. average PL
intensity. Additionally, the standard deviation for each series of solar cell
devices are given along the intensity and voltage axis.

The SCAPS simulations predict that the V. increases linearly with Se
supply, which supports the expectation of a positive effect of high Se supply
on the cell performance. An increasing GGI ratio at the front also means an
increasing Fy in the absorber, which should lead to an increasing V. value
in the solar cell. According to the fact that the Se amount increases the
GGI ratio at the front, an increasing V. trend with Se amount is recognized
for the SCAPS simulations. In the real CIGSe solar cells presented here the
influence on the V,. value is more complex and cannot only be described
by the absorber properties alone. According to [12] and [115], the V,. can
be furthermore influenced by interface recombinations at the back contact
interface and the p-n junction heterointerface.

In figure 4.20, the average V,. value vs. the log values of the average PL

intensity are shown. Up to Se supply of 1.5 ym, a monotonic increase of V.
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with PL intensity has been observed [21]. The highest V. is reached for the
1.5 pm Se sample, which also has the highest PL intensity signal (see figure
4.20). These observations can be understood considering the relationship of
PL yield (Ypr,) with quasi-fermi level splitting (Ap): In (Ypr(F)) = Ap [21].

Ap represents the maximum achievable V. according to [9,21].

55 o |
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Figure 4.21: Plot of n vs. Se amount (black squares). The data can be
divided into V5. dominated (1), F'F dominated (2) and Rs dominated
(3) regions. In comparison, the values calculated from SQ model (red
circles) and SCAPS simulated (green triangles) values vs. E,; are shown
(reproduced from [13] with permission of Elsevier Publishing).

The 7 trend with increasing Se supply in figure 4.21 can be explained
by the combined effect of the V. increase, which dominates in the region
of 0.5-1.5 pum, and the increase of Rs with Se supply, which dominates for
high Se supply (2 pm).

Short summary

With a higher Se supply, a more homogeneous CIGSe absorber is formed
with regard to Ga and In distribution, which is proven by XRD and
characterization of the optical properties. For high Se supply, a narrow 112

Bragg reflection is found, indicating a better homogeneity of the lattice
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parameter. This finding is further supported by an increase of E, (as
determined from PL, IQE and GDOES studies) with the Se amount. These
results demonstrate the beneficial effect of increased Se supply on the
Ga/In interdiffusion inside the CIGSe. The shift of the CIGSe A1 Raman
mode shows that the surface properties also follow this trend. The GGI
ratio next to the surface appears to be proportional to the Se supply
during the chalcopyrite formation. Ga/In interdiffusion coefficients in
the range 3.3E-12 em® ¢4 3.9E-12 % at 575°C have been found from

S

evaluation of the GGI concentration profiles. The depth profiles show a less
pronounced degree of Ga grading towards the back contact with increasing
Se supply. A linear increase of V,. with increasing PL intensity of the
thin films is observed, which indicates a reduced amount of non-radiative
recombination for the optimum Se supply used. Although an enhanced Ga
incorporation near-surface has been achieved, the CIGSe properties still
remain far behind the theoretical limits, which is clearly demonstrated by
comparison with the calculated values obtained from 1D SCAPS modeling.
The results demonstrate that an overall improvement of the CIGSe solar
cell performance can only be achieved with an optimized back contact
system (lower MoSez/Mo ratio), while simultaneously maintaining the

homogeneity inside the CIGSe layer.
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4.1.3 Phase formation with a diffusion barrier layer at the back

contact

In the previous chapter, it has been demonstrated that a high Se amount
(Se partial pressure) during the SEL process is beneficial for the CIGSe
absorber layer in terms of Ga/In interdiffusion and Ga enhancement at
near-surface regions. However, the high Se supply leads to back contact
corrosion, which results in adhesion problems of the film and an increase
of the R of the solar cell device. This chapter presents a new approach
for an alternative back contact system which includes a functional Mo-N
layer. The results have already been published in [14] (reproduced with

the permission of Elsevier Publishing).

Introduction

During the "aggressive” SEL process with solid chalcogen layers an en-
hanced MoSe; formation at the interface to the CIGSe takes place [13].
MoSes formation at the back contact starts at approximately 400 °C at
a moderate Se pressure in the presence of CIGSe [116]. A thick MoSe,
layer limits the current collection efficiency of the back contact due to
its increased resistivity in comparison to pure Mo [117]. Additionally,
the layered structure CIGSe/MoSe2/Mo can peel off due to an increased
overall compressive stress. This limits the amount of Se which can be
supplied during the SEL process, since otherwise the cell performance may
be severely affected by the corrosion of the back contact. On the other
hand, a sufficient Se supply is essential for achieving an optimum absorber
structure [13]. A possible solution for this dilemma is the introduction of a
diffusion barrier in the back contact area, which may allow to better control
the amount of MoSes formation at the back contact. Diffusion barriers
are widely used in microelectronic systems [118,119]. Several systems
consisting of W, Cr, Ta, Nb, V, Ti and Mn together with the metal nitrides
have been established in the past [120]. Very promising diffusion barrier
concepts are based on TiN [121,122]. Ultrathin Mo-N/Mo bilayers are used
in nanostructures [123]. Furthermore Mo-N is applied in layered semicon-

ductor systems to prevent Cu diffusion [124]. The advantage of Mo-N as
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diffusion barrier material is that it requires little process modification if the
reactive sputtering process in No-Ar atmosphere [125] is used (also used
in this work). Alternative approaches are given in [126], where Mo-N is
grown by a pulsed laser deposition technique under Ny radical exposure.
The aim here is to find the optimum thickness of reactively sputtered Mo-N
diffusion barrier layers in terms of back contact conductivity and diffusion

barrier efficiency.

Growth of reactive sputtered MoN on Mo

In this part of the thesis a new approach for an alternative back contact
system is investigated, where a functional Mo-N layer is reactively sputtered
above a conventional Mo back contact. The process for the Mo-N/Mo layer
stack growth (see figure 4.22) can be controlled by the sputter voltage V/
(in V), process pressure p (in mbar) and Ny/Ar flux (in scem) vs. process
time t (in s). In figure 4.22 (a) one can observe Mo deposition on glass for
3 min; afterwards a transition part to Mo-N takes place for 10 s, followed
by the final Mo-N deposition step for 25 s. A pure Mo-N deposition process
for 100 s in figure 4.22 (b) also includes the 10 s transition part, where the
N, flux is increased from 0 sccm towards 200 sccm. In consequence V is
rising to 600 V' at constant sputter power of 8 kW. The different voltage
levels for Mo and Mo-N sputtering originate from the change of the work
functions of the target surface due to the fact that the Mo target surface
is nitrided in the reactive atmosphere. The process pressure during the
individual steps is explicitly adjusted with mass flow controllers to ensure
good adhesion and conductivity of the Mo-N/Mo layer sequence.

Se reaction with Mo back contact

Mo is widely used as a back contact material for CIGSe solar cells [116]
because it is thermally stable at the process temperatures and has good
conducting as well as reflecting properties [127]. A thin MoSey layer
between CIGSe and Mo is desirable, since it forms a quasi ohmic contact
in contrast to a Schottky-like CIGSe-Mo contact [127].
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Figure 4.22: (a): Deposition process parameters voltage (black line),
pressure (red dashed) and Nj flux (green dotted) of Mo-N/Mo on glass
substrates vs. process time. (b): In-view into the Mo-N reactive sput-
ter process vs. time (reproduced from [14] with permission of Elsevier

Publishing).
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Figure 4.23: (a-f): Cross sections of pure Se/Mo stacks annealed at
100-575 °C. Strong morphology change in cross section at the back con-
tact can be observed together with thickness increase as a consequence of
MoSez formation. The white bars highlight the thickness of the Se layer
in (a), the Se-Mo layer in (b) and the Mo layer in (c-f). The numbers in-
dicate the Mo and Se layer thickness in (a) and the MoSe; layer thickness
n (c-f) (reproduced from [14] with permission of Elsevier Publishing).
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Figure 4.24: Layer thickness of Mo (black squares), MoSe, (red circles)
and total thickness of the back contact (green triangles) at different tem-
peratures for the system Mo-Se in (a) and the system Mo-CIGSe in (b).
The starting points for MoSez formation are determined at 300 °C and
400 °C respectively according to SEM analysis (reproduced from [14] with
permission of Elsevier Publishing).
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Additionally, the orientation of MoSes influences the conductance and
adhesion between CIGSe absorber and Mo back contact. The control of
the MoSe, formation at the back contact is a very important topic in
CIGSe growth during the SEL process. Figure 4.23 shows cross sections of

selenized Mo back contacts for different process temperatures.
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Figure 4.25: (a): 110/200 and 110/211 reflection intensity ratios of
Mo. (b): MoSe2 1010/0002 and 1010/112 reflection intensity ratios at
different temperatures (reproduced from [14] with permission of Elsevier
Publishing).

The growing MoSey layers have similar columnar grains like Mo close
to the interface [116]. The corresponding layer thicknesses of Mo, MoSe,
and total back contact are shown in figure 4.24 (a). Additionally the layer

IP 216.73.218.36, am 20.01.2026, 12:54:06. Inhalt,
tersagt, m mit, fr oder in Ki-Syster



https://doi.org/10.51202/9783186396099

4.1 Modification of the Gallium profile in CIGSe 89

thicknesses of Mo, MoSes and total back contact in the presence of the
CIGSe thin film are summarized in figure 4.24 (b). The overall volume
expansion of the back contact starts at 300°C (see figure 4.23 (c¢) and
4.24), which is recognized by the phase contrast in SEM cross section. It
is important to advise a growth direction of MoSes film perpendicular to
the substrate surface like [1010] and [1120], which is highly relevant for the
electronic properties of the CIGSe solar cells. Increasing the temperature
towards 400 °C results in an enhanced Mo 110 texture (see figure 4.25 (a))
and the Mo 200 reflection vanishes at 400 °C (not shown here) due to an
overlapping MoSes 1120 reflection, which is seen in the corresponding XRD
patterns. According to figure 4.25 (b), a strong MoSes growth into the
[1010] and [1120] direction is identified above 400 °C because the ratio of
1010/0002 increases while the 1010/1120 ratio stays constant.

Influence of MoN interlayer on Se reaction with Mo back contact

The Mo-N/Mo layer is selenized at a temperature of 575°C and a Se
amount of 1.5 ym, which is shown in the cross section in figure 4.26 (a).
The different layers are analyzed with the help of EDX measurements (see
figure 4.26 (b-d)) and Raman scattering (see figure 4.26 (e)). According to
the SEM image, just a thin MoSey layer has formed near-surface (see figure
4.26 (a)). The Mo-N interlayer forms a partial diffusion barrier against
Se vapor, which leads to a growth limited thin MoSes layer relatively
independent of Se supply in the reaction chamber. The Se-reacted Mo-
N/Mo sample is analyzed by EDX on the surface (Spectrum 1), intermediate
(Spectrum 2) and bottom layer (Spectrum 3) region (see figure 4.26 (b-d)).
A reduction in the Se signal at 1.4 keV in the excited volume from the top
to the bottom (red arrow in the EDX spectra) has been observed, which
originates from a limited Se penetration into the Mo-N/Mo film. Surface
sensitive Raman scattering (see figure 4.26 (e)) is used to analyze the top
few nanometers of the absorber. A MoSes compound formation is identified
by the characteristic E14, A14 and Ey, Raman modes.

XRD measurements give information about the rate of MoSey formation
by comparing the relative reflection intensities of the Se/Mo samples (black
curve) with the Se/Mo-N/Mo samples (red curve) in figure 4.27. Both
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Figure 4.26: (a): SEM cross section of the layer stack MoSez/Mo-N/Mo
is shown. Additionally, the corresponding EDX spectra for near-surface
(b), intermediate (c) and bottom layer (d) region are included. (e): Ra-
man spectrum of the MoSez/Mo-N/Mo sample (reproduced from [14]
with permission of Elsevier Publishing).

samples were selenized under the temperature of 575°C and with a Se
amount of 1.5 pm. Additionally, it is notable that the preferred orientation
of the MoSe; film seems to change from a [1010] and [1120] for standard back
contacts towards a [0002] oriented growth for Mo-N containing diffusion
barriers. The Mo-N film is represented by the Mo-N 111 and MooN 112
reflections, which overlap and appear as a single asymmetric peak at
approximately 260 = 36.5°. The growth mechanism of MoSe;/Mo and
MoSez/MoN /Mo is schematically shown in figure 4.28. The Mo substrate
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Figure 4.27: XRD pattern of Se-reacted back contacts in the conven-
tional Mo back contact (black line) and the modified Mo-N/Mo system
(red line). The presence of a Mo2N 112 and Mo-N 111 reflection indicates
formation of the Mo-N thin film. The reflection intensity ratios of 1010
MoSez / 110 Mo and 1120 MoSes2 / 110 Mo are significantly reduced for
the sample without an additional diffusion barrier (reproduced from [14]
with permission of Elsevier Publishing).

is [110] oriented and the preferred MoSes growth direction changes when a
thin Mo-N interlayer is introduced.

In order to analyze the functionality of the Mo-N diffusion barrier,
samples with different Mo-N thicknesses (Mo-N sputtering time 25-120 s)
and different selenization conditions (0.5-1.5 pm Se layer thickness and
a temperature of 575°C) have been produced. The SEM cross sections
in figure 4.29 show a similar columnar growth of Mo-N on top of Mo like
for the pure Mo. In the case of the 0.5 pm Se sample a thin film with
a flake-like structure is observed at near-surface regions. The 1.5 ym Se
samples show a similar flake-like surface layer with a larger thickness as
compared to the 0.5 um Se samples.

The thickness of the total back contact does not increase significantly

with a longer Mo-N sputtering time, which is also related to the increasing
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Figure 4.28: Growth model of MoSe: in the single crystal approach for
the case of an [110] oriented Mo substrate with (in (a)) and without (in
(b)) an additional Mo-N interlayer (reproduced from [14] with permission
of Elsevier Publishing).

poisoning of the Mo target with sputter time (reactive sputter process
with N3) [125]. An average deposition rate of 0.65 nm/s (see table 4.8) is
estimated in between 0 s and 25 s deposition time with respect to the error
of thickness measurement according to the SEM cross sections (Mo-N layer
thickness=total layer thickness-500 nm). The 500 nm is related to the Mo
average thickness in the sputter process on float glasses.

Furthermore, the back contact thickness appears to be nearly independent
of Se supply. Only a small thickness increase of the flake-like structure
is observed from the 0.5 ym to the 1.5 pm Se samples, which proves the
functionality of the Mo-N interlayer. According to EDX analysis, the
flake-like structure mainly consists of MoSey for all Mo-N sputtering times.
That means that Mo-N/Mo shows a strongly reduced MoSes growth at
moderate selenization temperatures in comparison to the Mo reference.
The more [0002] oriented growth of MoSe; on Mo-N/Mo can be explained

Table 4.8: An overview of the average deposition rate of Mo-N for the
different sputtering times 25 s, 45 s, 60 s and 120 s.

Deposition time (s) | Deposition rate (nm/s) |

0-25 0.65
25-45 0.52
45-60 0.43
60-120 0.32
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Figure 4.29: SEM images of cross sections of Mo-N/Mo samples with
different Mo-N sputtering times after reaction with 0.5 um (a-d) and 1.5
pm (e-h) Se. The Mo-N layer thickness is varied by running the sputter-
ing process for 25 s (a,e), 45 s (b,f), 60 s (c,g) and 120 s (d,h) sputtering
time. A thicker MoSes surface layer with a flake-like structure is observed
for the 1.5 ym samples (reproduced from [14] with permission of Elsevier
Publishing).
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Figure 4.30: (a): In-situ XRD pattern of a Se/Mo/glass sample during
heating for 15 min towards 575 °C and with a holding time of 3 min (see
temperature-time profile at the bottom). MoSe; formation is observed
starting from approximately 343 °C by an increasing 1010 and 1120 re-
flection intensity. (b): Reflection intensities extracted with the help of
Pseudo Voigt fits vs. time for the Mo 110 and MoSez 1010 Bragg reflec-
tions of samples with (identification with +) and without an additional
Mo-N diffusion barrier (reproduced from [14] with permission of Elsevier

Publishing).
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by a quasi-epitaxial relation between Mo-N and MoSe;. With the help
of in-situ XRD analysis the MoSe,; formation on standard Mo and on
Mo-N/Mo is investigated as a function of temperature. The reflection
intensities have been extracted by fitting with a Pseudo Voigt function
[11,15]. Representative in-situ XRD data are shown for the case of Mo
rich back contact in figure 4.30 (a), which clearly shows the evolution from
a Mo rich back contact (strong Mo 110 reflection) towards an increasing
MoSes amount at the back contact (rising MoSes 1010 and 1120 reflection
intensity) until the Mo signal vanishes (see figure 4.30 (b)). However,
samples with a Mo-N diffusion barrier show a persistent Mo 110 reflection
intensity, which indicates a diffusion limited selenization process at the
back contact (see figure 4.30 (b), green short dots).

Influence of Mo-N interlayer properties on the CIGSe absorber growth

Figure 4.31: Cross sections of CIGSe/Mo-N/Mo films processed by
a 25 s Mo-N sputtering time in (a) and 120 s in (b) reacted with 1.5
pum Se under 575 °C (reproduced from [14] with permission of Elsevier
Publishing).

In order to find out the optimum Mo-N sputtering times for best solar cell

performance, structural characterization, electronic analysis and modeling
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are performed. The CIGSe thin films are prepared according to the SEL
process with 1.5 ym Se amount at 575 °C, which results in a CGI ratio of
0.9 and a GGI ratio of 0.27 with a CIGSe absorber thickness of 1.6 pm.
SEM cross sections of the CIGSe/Mo-N/Mo films with 25 s and 120 s Mo-N
sputtering times show a comparable film thickness (see figure 4.31) and
back contact dimension. Furthermore, the CIGSe morphology does not
differ significantly, including the grain size of both CIGSe films.

The XRD patterns of the two films (see figure 4.32) show MoN 111 and
MoyN 112 reflections [125] of the Mo-N/Mo substrate and the Se reacted
Mo-N/Mo film. The presence of the SEL stack CuGa and In on top of
Mo-N during the selenization process strongly influences the Mo-N texture
towards (001) [125]. Like in almost all SEL processed CIGSe absorbers, a
strong 112 texture is observed which is characterized by the 112/220 and
112/312 ratios of 5.28 and 11.9 respectively. Additionally, the intensity of
the CIGSe reflections 112, 220/204 and 312/116 for the 25 s sample (see
figure 4.32 (a)) is enhanced in comparison to the 120 s sample (see figure
4.32 (b)) by approximately a factor of 2 (see table 4.9). The CIGSe sample
with 120 s sputtered Mo-N diffusion barrier shows a 112 reflection with a
huge FWHM in figure 4.32 (b), which is the effect of small grain sizes or
compositional inhomogeneities. Mo-N is still working well for Se amounts
of 2 pum or even 3 pm in terms of avoiding Mo back contact corrosion
(not shown here). According to I-V curve (see figure 4.33, and parameters

extracted from curves in table 4.10), solar cells with a Mo-N diffusion

Table 4.9: Reflection intensities of the 112, 220, 312 reflections and the
calculated ratios I112/I220 and I112/1I312 for the 25 s and 120 s CIGSe
samples, also in comparison to CISe (00-035-1100) and CGSe (JCPDS
00-040-1487) powder values.

Mo-N L1z I520 I312 pu [ L
(s) (Counts) | (Counts) | (Counts)

25 77905.4 14753.9 6547.7 5.3 11.9
120 30891.8 7569.2 2922.9 4.1 10.6
Powdercrse 1.96 | 4
Powdercgse 4 3.33
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barrier (interlayer) show an increased F'F for the 25 s Mo-N sample, which
is caused by a reduced MoSe; layer thickness (reduced R in the device).
However, the V. is slightly decreased which might be related to additional
recombination processes at the back contact interface due to the preferred
MoSes growth with [0001] direction perpendicular to substrate surface.
The 120 s Mo-N sample is strongly shunted, which can be seen in the shape
of the dark and illuminated I-V curve (especially in the slope at 0 V). This
is related to a low R, in the device, which can be related to the reduced
crystal quality (increased FWHM) of the CIGSe film structure.

Short summary

It has been shown here that the introduction of Mo-N as a diffusion barrier
into the Mo back contact prevents Se incorporation into the back contact,
thus reducing Mo back contact corrosion. Mo-N grows on Mo in a self-
limited process up to a well defined thickness. A self-limited thin MoSes
film is observed when the Mo-N/Mo is selenized. The MoSey thin film
grows as flake-like structures on the Mo-N/Mo surface with the [0002]
direction perpendicular to the substrate surface. This is different from the
growth behavior on standard Mo substrates, where a [1010] and [1120]
orientation of the MoSe, perpendicular to the substrate surface is observed.

From an electronic viewpoint, the solar cell performance (as measured by

Table 4.10: The solar cell performance parameters n, Voc, Jsc and F'F
of solar cells with a 25 s and 120 s sputtered Mo-N diffusion barrier and
a pure Mo reference sample as comparison. The best performance values
for each solar cell modification are shown together with the arithmetic
average values (ave) with the corresponding standard deviations.

MoN | 7 Vo Tse FF

(s) | (%) (mV) (mA/cm2) | (%)

0 10.7 523 35.7 57.4

ave | 94409 |520.1+152 | 352405 | 50.6+5
25 12.1 517.1 35.9 65.3

ave | 10.6£0.6 | 490.1 £14.7 | 34.9+£0.7 | 62.1+£25
120 | 54 431.6 30.1 41.3

ave | 21417 |2965+113.3 | 20.14+9 | 30.8+6.9
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Figure 4.32: Overview of the XRD pattern of as-grown Mo-N/Mo
(black line), Mo-N/Mo reacted with 1.5 ym Se at 575 °C (red line) and
films consisting of CIGSe/Mo-N/Mo (green line) with Mo-N sputtering
time of 25 s (in (a)) and 120 s (in (b)). The strongest CIGSe, Mo, MoSe;
and Mo-N reflections are highlighted by the dashed lines in the diagram
(reproduced from [14] with permission of Elsevier Publishing).
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Figure 4.33: Dark (dashed lines) and illuminated (solid lines) I-V curves
of solar cells with an additional 25 s and 120 s Mo-N diffusion barrier in
comparison to solar cells based on a pure Mo back contact. The illumina-
tion was performed with an AM 1.5 spectrum (reproduced from [14] with
permission of Elsevier Publishing).

n and F'F) can be improved with relatively short Mo-N sputtering times

in comparison to the pure standard Mo back contact.
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4.1.4 Influence of high temperature processes

The last two chapters dealt with the influence of the Se amount on the
Ga/In profile and the back contact corrosion in the SEL. It was found
that for a better absorber quality, a high Se partial pressure (Se amount)
is required and therefore also a functional diffusion barrier is needed in
the cell structure. The current chapter reports about the influence of
temperature and glass substrate on Ga/In interdiffusion and chalcopyrite
phase formation in the SEL process. According to the SQ limit, the
optimum E, for single junction device is near 1.4 eV, which is strongly
coupled on the GGI ratio of CIGSe thin film solar cells. To increase the
Ga content in the active region of the CIGSe a 70:30 CuGa alloy target is
used. The results have already been published in [15] and are reproduced

with permission of Elsevier Publishing.

Introduction

The strong influence of Na on the chalcopyrite solar cell performance
is a surprising result of many investigations over the last decades and
still leaves a lot of questions open. From an electronic perspective, Na
generally increases the carrier concentration in the solar cell [73,128,129].
From CIGSe growth perspective, Na is responsible for an enhanced grain
growth. The Na diffusion from the glass into the CIGSe inhibits the Ga/In
interdiffusion by preventing the Ga out-diffusion in the stage of binary
selenide growth [130]. This effect is strongly influenced by the choice of
the glass substrates and their specifications, such as Na and K amount.
In recent publications, the effect of K on the CIGSe absorber growth has
been in focus, as it changes the morphology and leads to a thin Cu-poor
surface layer [131,132]. In the SEL process, higher temperatures during the
selenization process accelerate the Ga/In interdiffusion inside the absorber
material [130,133]. Additionally the grain size of the CIGSe will increase
due to higher selenization temperature (Ts.) [47,129,134-137]. In this
part of the thesis a special high temperature glass (HTG) from Schott
is examined in comparison to a standard float glass (SFG). Within the

scope of the public funded project comCIGS II the HTG has been specially
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designed by Schott to deliver a higher Na supply in contrast to conventional

glasses.

Temperature induced phase formation in the chalcopyrite structure

Four different selenization temperatures (Ts.=575°C, 600 °C, 625°C and
650 °C) on two different glass substrates were chosen to analyze the influence
of Ts. and Na or K supply on the CIGSe growth. It is interesting to
investigate how the Mo/glass interfaces and the glass substrates behave
under different thermal treatments.

The temperature next to and above the glass transition temperature (7})
is of particular interest because it also serves as an indicator for possible
diffusing trace elements. These diffusing elements can furthermore influence
the Ga/In distribution. For this purpose, light microscope measurements
were performed on the back side of the glass in order to adjust the fo-
cus plane into the glass substrate near the Mo interface (see figure 4.34).
It becomes quite obvious that higher Ts. above the T, of glass leads to
delamination at the interfaces which is possibly caused by introducing a
huge amount of tension during the cooling down process. Furthermore the
difference in coefficient of thermal expansion (CTE) between CIGSe (8-11
ppm/K)/Mo (4.8 ppm/K) [138] and SFG (9 ppm/K) [138] can also influence
the deformation (bowing) of the thin film package CIGSe/Mo/glass [138].
The cracks at higher Ts. (see figure 4.34 (c,d)) seem to be oriented prefer-
entially. The different behavior of SFG and HT'G can be explained by the
different glass matrix. The main substance in glass is SiO2 and its T, de-
pends on the composition, especially on the amount of network formers and
modifiers (Ca, Na, Al, B,...) [139,140]. However, the addition of elements
with valency more than four leads to an increasing silicate bond energy
and in consequence increases the Ty. The different optical appearance of
SFG and HTG can result from the different Fe content in the glass matrix.
The higher the Fe content, the greener the glass becomes.

The composition of the CIGSe does not differ measurably after the
annealing process (within the detection limits of the methods applied here)
which is recognized in the GGI, CGI and Se/metal ratios (see table 4.11).
Additionally, the CIGSe layer thickness stays constant with varying T’s,
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600°C

625°C

YT1(°C)

Figure 4.34: Light microscope observations of the Mo/glass interface in
the Tse regime from 575 °C to 650 °C for SFG (a-d) and HTG (e-h) from
the backside after the annealing process. The SFG shows visible cracks
at Tge > 625 °C, whereas the morphology of HTG stays unchanged with
respect to optical resolution (reproduced from [15] with permission of
Elsevier Publishing).
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Figure 4.35: The CIGSe 112 reflection profiles of samples on SFG (line)
and HTG (dashed) are visualized. The high (CISe) and low (CGSe) in-
tense peak at approximately 26.7° and 27.4° correspond to the In- and
Ga-rich material (reproduced from [15] with permission of Elsevier Pub-
lishing).

(no evaporation at high Ts.) at approximately 1.6 pm, which indicates
that no evaporation of Se takes place at higher Ts.. From a structural
perspective, the XRD results show a more homogeneous Ga/In distribution
inside CIGSe for high Ts. for the SFG. In figure 4.35 the 112 reflection
profile of CIGSe is shown for the SFG in (a) with lines and for HTG in
(b) with dashed lines with varying Ts. from 575°C to 650 °C. The more
homogeneous Ga/In distribution can be observed by the 26 angle position of
the high and low intense 112 reflection (degree of asymmetry). In contrary,
the degree of asymmetry stays constant for the HTG in the Ts. range
between 575°C to 625°C (see figure 4.35 (b), dashed) and just an abrupt
change in the reflection shape for 650 °C occurs. The interdiffusion of Ga
and In is the main process influencing the XRD reflection shape. By fitting
the reflection profiles with a weighted average function (cumulative) of 2-3
Voigt fits one can approximate the GGI ratio of the thin film (see table
4.12). The degree of grading (A20975%) as defined according to equation
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4.1 (from chapter 4.1.2) indicates the Ga/In interdiffusion amount and
a narrow reflection (modeled by Fit 1 - Fit 3) identifies a homogeneous
material (small value for the degree of grading).

The reflection intensity ratios, which may be taken as indicators for
preferred growth orientation, 112/220, 112/312 and 112/101 in table 4.13
don’t show a trend with increasing Ts. or grain size according to the
SEM images in figure 4.36. The reflection intensity ratios 112/220 and
112/312 are furthermore comparable for both glass substrates displaying
values between 2-3 and 4-6 respectively. A dependency of the 112/220 and
112/312 intensity ratios on T, is not observed. However, the 112/101 ratio
seems to be strongly coupled with the nature/choice of the glass substrate
for Ts,. greater than 575°C. For SFG one observes much higher values
(25.11) than for HTG glass (15.4 in the case of 650 °C), which indicates
that a higher Na supply suppresses the [101] orientation of the CIGSe
grains. Na inhibits the Ga/In interdiffusion [129], which explains the less
homogeneous material for absorbers on HTG (at low Ts.). Therefore the
two parameters temperature and Na content have a different impact on
the Ga/In interdiffusion. For CIGSe the CGI ratio is a sensitive factor
in determining the grain size [34], which means the higher the ratio, the
bigger the CIGSe grains. In [129] it is postulated that the Na content

strongly influences the grain size during CIGSe growth in passivating the

Table 4.11: Cation ratios obtained via XRF with a GGI ratio of ap-
proximately 0.33. The CGI ratio is found to be close to 0.89 for slightly
Cu-poor material. The characteristic Se/metal ratio is approximately 1.1.

| Ts. (°C) | GGI ratio | CGI ratio | Se/metal ratio |

SFG

575 0.32+£0.01 | 0.89+0.01 | 1.09£0.01
600 0.34+£0.003 | 0.91+0.01 | 1.1 £0.01
625 0.33+£0.002 | 0.91+£0.01 | 1.12+£0.004
650 0.34+£0.001 | 0.89+£0.01 | 1.11£0.002
HTG

575 0.33 £0.002 | 0.9 £0.003 | 1.07£0.003
600 0.324+0.004 | 0.89+0.01 | 1.09£0.01
625 0.33+£0.002 | 0.88+=0.01 | 1.05£0.03
650 0.33 £0.002 | 0.9£0.01 1.14+0.01
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Table 4.12: The summary of the difference in 26 fit position (AQGfIQQd),
the weighted average fit position of the three individual fit curves (cu-
mulative) and the calculated GGI ratios (XRD-GGI) for SFG and HTG
respectively are shown.

Tse Degree of grading | Cumulative | XRD-GGI
(°C) | (426835 (°)

SFG

575 0.51 26.85 0.22
600 0.16 26.96 0.32
625 0.29 26.91 0.27
650 0.02 27.02 0.38
HTG

575 0.6 26.79 0.15
600 0.58 26.77 0.13
625 0.55 26.8 0.16
650 0.25 26.97 0.33

grain boundaries. However table 4.11 shows that the CGI ratio stays
relatively constant for varying Ts.. According to SEM cross sections in
figure 4.36 (a-d), the grain size increases with temperature for CIGSe on
SFG substrates from approximately 1 ym towards 1.5-2 um. In the case of
CIGSe on HTG, the grain size stays relatively constant at 0.7 um over the
Ts. range from 575°C to 625°C (see figure 4.36 (e-g)). Only the 650°C
sample shows a significant increase of the grain size to approximately 1.5-2
pm (see figure 4.36 (h)). However, the higher amount of Na supplied by
the HT'G glass has no influence on the grain size in the temperature regime
575°C to 625°C on the HTG.

PL analysis examines the F, at an absorber depth of approximately
200 nm (effective E,). The E, is strongly influenced by the Ts. between
625°C and 650°C (see figure 4.37 (a)). At 650°C, an E,; around 1.12 eV
is found, which is close to a local SQ maximum at Ey = 1.1 eV [10,44].
This means that a good solar spectrum matching is possible with the given
GGI and CGI ratios for a selenization at Ts. = 650 °C. The large standard
deviation of some samples also reflects the degree of inhomogeneity resulting
in E, fluctuations, which is mainly caused by differing Ga/In ratios in

near-surface regions. With the help of the correlation in equation 4.5 with
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Table 4.13: An overview of the different ratios for the 112/220, 112/312
and 112/101 reflection intensities is given, also in comparison to CISe
(JCPDS 00-035-1100) and CGSe (JCPDS 00-040-1487) powder values.
The values for the 112/220 and 112/312 ratios are comparable for both
glass substrates. Significantly higher values for the HTG are recognized
for the 112/101 ratios.

[ Tse (°C) | Lua/Izeo | Tiia/Is12 | Tii2/Tho1 |

SFG

575 2.34 4.79 15.03
600 2.64 5.17 32.86
625 2.92 5.76 20.99
650 2.57 4.66 25.11
HTG

575 2.19 4.71 13.69
600 2.14 5.15 19.32
625 1.58 3.48 12.85
650 2.22 5.04 15.4
POWdeI‘o]Se 1.96 4 16.67
Powdercgse | 4 3.33 100

a bowing parameter of b=0.21 [114] one can determine which GGI ratio
defines the optical E/; measured via PL.

By comparing the relative GGI values evaluated by XRF with the GGI
values estimated PL it is possible to estimate whether the E; increase
with T, is relevant (see figure 4.37 (b)). Interestingly, the samples on
SFG tend to have higher F, values throughout the whole range of Ts,
regime. The biggest difference, also in comparison to other substrates, is
seen for the 600 °C samples on SFG. The origin of this difference in the
optoelectronic properties lies in the variation of the Na supply from the
glass substrate. A certain amount of Na is necessary to achieve E, higher
than pure CISe, which can be concluded from absorbers on glass with a
SiO;N, barrier (not shown here). The SiO;N, prevents trace elements
like Na and K to diffuse from the glass substrate [141] into the absorber
during the selenization process. For a depth-resolved in-view into Ga/In
profiles, SIMS measurements of the CIGSe on SFG (see figure 4.38 (a)) and
on HTG (see figure 4.38 (b)) have been performed. By transforming the
SIMS Ga and In profiles into the GGI ratios (see figure 4.38), it is possible
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575

650

T..(°C) |

Figure 4.36: SEM cross sections of CIGSe on SFG for increasing Ts.
from (a-d) and on HTG from (e-h) after selenization at different tempera-
tures for approximately 20 min (reproduced from [15] with permission of
Elsevier Publishing).

to extract the group III element distribution versus depth. In order to
locate the interface region between CIGSe and Mo in the SIMS profile, one
can use the position in which the Mo signal reaches half of its maximum
value [103,111].

It becomes quite obvious that the degree of Ga agglomeration next to
the back contact decreases with Tg., which can be interpreted as a result
of an enhanced Ga/In interdiffusion. Furthermore, the Ga distribution over
the absorber thickness is more homogeneous with increasing Ts., which
affects the I, profile. In order to estimate the diffusivity of Ga inside
different CIGSe samples, a two layer diffusion model is used [103,111].
The interdiffusion coefficients D are taken from fitting of an Gaussian
error function to the SIMS GGI profile [13] (see figure 4.39 and 4.40) for
varying Ts. and glass substrates. The extracted D values are shown in
table 4.14. It is observed that D increases from 575 °C to 650 °C for both

glass substrates.
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Figure 4.37: (a): Evaluated PL peak position for CIGSe on SFG and
HTG are compared for different Tse. (b): The difference between the
GGI ratios determined from XRF data or the PL near-surface analysis
respectively, are plotted vs. Tse (reproduced from [15] with permission of
Elsevier Publishing).
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Figure 4.38: Depth resolved GGI ratios from SIMS measurements for
CIGSe on SFG for 575 °C, 600 °C and 650 °C in (a) and on HT'G for
575°C and 650 °C in (b). The dashed lines correspond to the Mo signal
(log values) on the right axis (reproduced from [15] with permission of
Elsevier Publishing).
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Figure 4.39: Ga/(Ga+In) concentration profiles for different anneal-
ing temperatures 575 °C (a), 600 °C (b) and 650 °C (c) on the SFG sub-
strates. The data have been fitted by means of Gaussian error function
(reproduced from [15] with permission of Elsevier Publishing).
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Figure 4.40: Ga/(Ga+In) concentration profiles for the annealing tem-
peratures 575 (a) and 650 (b) on HTG substrates. The data have been
fitted by means of Gaussian error function (reproduced from [15] with
permission of Elsevier Publishing).

For the SEL process, fast heating ramps (about 200 °C/min) and long
holding times at peak temperature (typically 20 min) are used. The
difference in the total annealing time for the samples annealed at 575 °C,
600°C and 650 °C is equal or smaller than 1%. The literature D values
are almost two magnitudes higher than the experimental values which are
extracted from the SIMS depth profiles 4.14. This is based on different
chemical compositions of the two media used in the experiments. In

[104,111] there is fully Ga-free CISe (c¢1) on the one hand and fully In-free
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CGSe (c2) on the other hand. The interfaces are furthermore relatively
smooth, which leads to more reliable D values. In the experiment the
interfaces between the CISe rich and CGSe rich grains are not really
smooth and additional defects may lead to reduced D values.
Additionally, the grains consist of different compositions (Culn; _, Ga,Ses)
with different x-value for the more CISe-like and the more CGSe-like ma-
terial. As it is schematically shown in the inset of figure 4.42; the layer
system consists of an upper CISe-like (dark blue, big grains) and a bottom
CGSe-like layer (orange, small grains). The Na doping into the absorber
(see figure 4.41) is analyzed because of its relevance for the device quality.
The question, into which regions Na diffuses from the glass substrate, does
have structural and electronic impacts. By taking a closer look into the
depth distribution of the trace elements, one can see a similar behavior for
Na and K on both glass substrates (see figure 4.41 black and red lines). On
SFG, however, the enrichment of Na or K next to the CIGSe/Mo interface
slightly increases with Ts. (see figure 4.41 (a)). This observation can be
explained by an increased Na diffusion from the SFG matrix with Tg,.
However, the 600 °C sample has a significantly higher K content towards
the front surface and develops a smoother overall K distribution. For the
lowest and highest T, the Na supply in the intermediate (3E6 Counts
for 5-18 min sputter time) region of the absorber and towards the front
(1E6 Counts for 0-5 min sputter time) is similar. In the surface region, an
increasing Na amount with increasing Tg. is observed. The enrichment
of Na in the near-surface region can also be influenced by the amount
of moisture in the air, which binds the Na. In particular, on the HTG
substrates there is a strong enrichment of Na and K next to the CIGSe/Mo
interface for lower Ts.. This can be explained by the presence of small
grains and a high density of grain boundaries in the CGSe and MoSes
layers. Furthermore, Na is theoretically soluble in CIGSe up to 1%c, but
in reality a total Na content of 1% is often found in the material, which
can be explained by Na diffusion along the grain boundaries. As it has
been seen before (see figure 4.36), the grain size increases with Tg. and

therefore the amount of grain boundaries decreases with Ts.. Therefore
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Figure 4.41: Depth-resolved K and Na detection (log values) via SIMS
for the case of SFG with three different T's., the Mo signal serves addi-
tional as reference for the CIGSe/Mo interface estimation in (a). For
the HT'G the depth profiles for 575°C and 650 °C are collected in (b).
The Mo signal is shown in green full lines, dashed lines and with points,
which correspond to the different Ts. values (reproduced from [15] with
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permission of Elsevier Publishing).
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one can conclude that a strong correlation exists between enhanced Na

content in CIGSe and Ts, in the process.

In-situ analysis of Ga/In temperature-dependent interdiffusion

For a better insight into the Ga/In interdiffusion inside the absorbers on
HTG and their dependency on Tse, in-situ XRD analysis is performed
[11,14]. The Bragg Brentano scan after the selenization process (post-
treatment scans) of the SEL in figure 4.42 show an asymmetric reflection
profile of the 112 Bragg peaks of the CIGSe phase. The peak becomes
narrower with increasing Ts. which can be seen by the extracted 26 values
out of each reflection profile 26.92°/27.46 ° for 575°C, 26.99°/27.29° for
625°C, 27.13° for 650°C and 27.14° for 675 °C. The two peaks represent
the CISe-like (high intense peak) and CGSe-like (low intense peak) regions.
The schematic 112 Bragg reflection profile in figure 4.43 (a) at a certain
time reflects the integral Ga/In interdiffusion in the CIGSe film. The
CISe-like peak position shifts over time in the in-situ XRD scan and looks
like the trend in figure 4.43 (b), showing the increasing 26 angle (decreasing
lattice constant) due to Ga diffusion into the CISe rich film.

The time-dependent 26 angle values in figure 4.44 (a-d) are extracted via
a series of Pseudo Voigt fits for each temperature profile. The color code
in the reflection maps (see figure 4.44 (a-b)) serves as the third dimension
in order to reflect the peak intensity (increasing intensity from white to
red [11]).

The 650°C (see figure 4.44 (c)) and 675 °C (see figure 4.44 (d)) samples
have a quite similar angular shift rate, but the absolute 26 angle is slightly
increased as a result of the 25°C temperature difference. The 2615 angle
of CIGSe is strongly affected by Ts.; in particular, the time dependency
and maximal value of the peak intensity vary with Ts. (see figure 4.44
(e)). The different rate of angular shift over time is attributed to different
Ga diffusivity and Na delivery from the glass. However, it is difficult to
determine the Ga/In interdiffusion from IXRD scans. The IXRD scans just
reflect a decrease in lattice constant, during the annealing procedure. In
the time section 200-400 s (see figure 4.44 (e)) the fast heating procedure

(section A) occurs. In this region the Ga/In interdiffusion can be explained

IP 216.73.218.36, am 20.01.2026, 12:54:06. Inhalt,
tersagt, m mit, fr oder in Ki-Syster



https://doi.org/10.51202/9783186396099

4.1 Modification of the Gallium profile in CIGSe 115

——T_=575°C
25004 Post-scan Se
- - = T,=625°C
2000 T, =650°C
- —- =T, =675°C
c
3 1500+
o
>
£ 1000 -
ko)
=
500 4
0 —————— e —
26.0 26.5 27.0 275 28.0 28.5 29.0

20 (%)

Figure 4.42: XRD post-treatment scans of CIGSe films with different
Tse, focussing on the asymmetric 112 reflection profile. The peak profile
becomes narrower with increasing Ts., which is explained by an enhanced
Ga/In interdiffusion with increasing temperature (reproduced from [15]
with permission of Elsevier Publishing).
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Figure 4.43: (a): Schematic reflection profile of a 112 reflection with a
certain degree of Ga/In interdiffusion. (b): The estimated 20 angles for
each diffraction pattern are plotted over time. The 26 values which are
extracted, are approaching 260 values of Ga containing CIGSe (reproduced
from [15] with permission of Elsevier Publishing).
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by two quasi planar diffusion fronts with average spacing d{}5°¢ at the top

and intermediate region as well as d$5°¢ at the bottom region (see figure

4.43).
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Figure 4.44: In-situ XRD analysis of samples with different Ts. for
the 112 reflection. The color coded reflection maps are shown from (a-
d), where the 26 angle is plotted vs. time. (e): The extracted 26 values
vs. time are evaluated by a Pseudo Voigt fit (reproduced from [15] with
permission of Elsevier Publishing).

In this region the 575 °C and 600 °C curves differ from the curves obtained
at a higher temperature in regard to that they show a more abrupt change
in the 260 angle vs. time trend. The time section 400-1400 s (see figure
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4.44 (e), section B) is dominated by a slowly linearly increasing 26 value,
which is attributed to a continuous Ga/In interdiffusion process [11]. In
order to extract the D values from the experimental evaluated 20 (or di12)
values the Gaussian error function has been used to fit the time dependent
trend as explained in section 4.1.2. The estimated D values from in-situ
investigations in table 4.14 confirm the trend from the SIMS analysis just
in Ts, range between 625°C and 675°C. The 575 °C sample shows an
increased D value in comparison to the other temperatures, which is in
accordance with the steep increase of the peak shift rate in the time section
between 200-250 s (see figure 4.44 (e)). The D values determined from
SIMS profiles are two magnitudes lower than literature values, which can
be explained by different experimental conditions. However, the D values
extracted from SIMS and IXRD measurements match quite well. The trend
of increasing D with increasing T’s. can be seen for the CIGSe films on both
glass substrates. The D values on SFG is slightly higher in comparison to
HTG due to a reduced Na amount in the glass substrate, which inhibits
the Ga/In interdiffusion process.

The estimated Ga content (see figure 4.45) is determined from the 26
angle position by means of Vegard’s law. The three most intense reflections
of the chalcopyrite crystal are the 112, 220/204 and 312/116. The estimated
GGI value from the IXRD measurement increases with Ts. and shows a
decreasing ratio from the 112 towards the 220/204 and 312/116 reflections
(see figure 4.45). The IXRD measurements are performed in-situ at high

Table 4.14: Overview of the D values for the different glass substrates
SFG and HT'G as well as different Ts. evaluated from the concentration
profiles and the model of interdiffusion in comparison to literature val-
ues. Furthermore IXRD input parameters are fitted with a Gauss error
function to estimate D.

Tse | D™ [104,111] | Dgpc Dura Dixrp
(°C) | (cm?/s) (cm®/s) | (cm?/s) | (cm?*/s)
575 4.3E-11 2.9E-13 3.4E-13 1.2E-12
625 4.5E-11 3E-13 - 5.8E-14
650 4.6E-11 4.6E-13 3.7E-13 1.6E-13
675 - - - 7.6E-13

IP 216.73.218.36, am 20.01.2026, 12:54:06. Inhalt,
tersagt, m mit, fr oder in Ki-Syster



https://doi.org/10.51202/9783186396099

118 4 Results and discussion

temperature and therefore thermal stress as induced by different coefficients
of thermal expansions of film and substrate has to be considered. The
thermal stress leads to a tetragonal distortion in the crystal and therefore
affects the evaluated GGI ratio. The significant difference between the
112 towards 312/116 reflection may result from this additional thermal
expansion, which is different for the different crystal planes (112), (220)
and (312).

0.5 7=y ; ' ' .
= Calculated Ga-lncorporation} |
" o T
220/2
< 034 4
T Y12 220304 !
O 312/116
< 024112 22012041 342/116 :
O
12/11
0.14 1220/204 312/116 d
i 312/116
" 580 600 620 640 660 680
T.(6)

Figure 4.45: Calculated average Ga incorporation by means of the 26
angle position and the use of Vegard’s law (see equation 4.3) for the re-
flections 112, 220/204 and 312/116. Large differences between the 112
GGI, 220/204 GGI and 312/116 GGI are observed, always with increas-
ing GGI values going from 312/116 to 112 (reproduced from [15] with
permission of Elsevier Publishing).

Electronic analysis of the solar cell

In order to analyze the influence of T’s. on the electronic properties, three
solar cells on two SFGs and on one HTG for five different T's, are compared.
The I-V curves are summarized in figure 4.46 for the SFG and HTG
substrate. By comparing the trend of the I-V curve between SFG (a)
and HTG (b) a similar temperature dependency of the J,. value has been
recognized. However the V. is more strongly influenced by the temperature

changes for SFG, which can be directly correlated to the different degree of
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Ga/In interdiffusion. A summary of the solar cell performance parameters
(with average values "ave”) for the samples on SFG (see table 4.15) and HTG
(see table 4.16) respectively is shown in the temperature range between
575°C and 675°C in comparison to SCAPS simulated values [60, 64, 66].
The experimentally determined GGI profiles from SIMS measurements serve
as input data (see figure 4.38) for the SCAPS simulations by transferring
the concentration ratios into E, variations [13]. Here, the CIGSe absorber
is modeled by a three layer system, which represents the front, intermediate
and back region [13] (introduced in chapter 2.2.4). The total E, trend is
similar for all the five samples, which start with a constant front E, for
a certain depth (front), then a linear increasing E,; follows with different
slopes (intermediate) and a constant F, next to the back contact (back) is
adjusted at different levels calculated from the SIMS data. The trend of
the SCAPS values follow the experimental trend but there is still a big gap
to the experimental values.

For all solar cells produced in this work a loss in V,. (= 150 mV) is
observed, which is explained by non-optimized post-treatments before the
CdS buffer deposition causing defects in the p-n junction region. The F'F
does not show a significant trend and seems to be relatively independent
of Ts. (see table 4.15 and 4.16).

Short summary

The CIGSe thin films formed in the high temperature processes show a
strong Ts. dependency of E, and Ga/In distribution throughout the film,
especially for the SFG substrate. The Ga profile is investigated via ex-
situ as well as in-situ methods and an approximate value of D has been
determined. The diffusion is modeled with a two layer system consisting
of CISe-like and CGSe-like parts. The input parameters are either SIMS
Ga/In profiles or time-dependent positions of Bragg reflections from IXRD.
The D values estimated from SIMS and IXRD show similar values and the
same trend of increasing D with Ts.. The grain size in the absorber on a
HTG seems to be independent of Ts. within the temperature regime from
575°C to 625°C. The HTG from Schott shows a better stability and good

performance during high temperature processes from the structural point
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Figure 4.46: (a): Dark (dashed) and illuminated (lines) I-V curves for
the different temperatures 575 °C, 600 °C, 625°C and 675 °C on sub-
strate SFG 1. (b): Dark (dashed) and illuminated (lines) I-V curves for
the different temperatures 575 °C, 600 °C, 625°C, 650 °C and 675 °C on
substrate HTG (reproduced from [15] with permission of Elsevier Publish-

ing).
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Table 4.15: Solar cell performance parameters (1, Vo, Jsc and FF) of
CIGSe solar cells on SFG processed with different T's. in comparison to
SCAPS simulated values. ”Ave” describes the average value of all solar
parameters of one sample.

TSe n Voc Jsc FF

(°C) | () (mV) (mA/cm?) | (%)
SFG 1

575 8.3 381 35.6 61.1

ave 7.8+0.4 | 374.9+4.9 352+£04 59+ 2
SCAPS | 20.31 559.4 49.04 74.01

600 8.9 418 35.2 49.9

ave 8.56+0.6 | 408.6 £7.2 35.3+0.2 476 £3.1
SCAPS | 21.1 583 49.09 74.11

625 9.2 432 34.4 62.1

ave 8.6+0.5 | 4156.7+£11.6 | 34.3+0.2 60.2 +1.8
650 - - - -

ave - - - -

SCAPS | 21.98 617 47.98 74.23

675 8.8 469 31 60.8

ave 8§+0.8 4579 +17.6 | 30.4+£0.7 57.5£3.1

of view. Due to the fact that the HTG has an increased amount of Na in
comparison to SFG, the diffusion of Na into CIGSe has to be considered in
adjusting the optimal F, profile. During the CIGSe formation on HTG, the
Ga/In interdiffusion is significantly reduced in comparison to the absorbers
on SFG substrates. Furthermore, there is a slight Ts. dependency of K
and Na profiles for the SFG and HTG (additionally a constant moisture
delivery from the atmosphere might have an impact). The Ga content close
to the surface is increased with Ts., which is accompanied by the positive
effect of an increasing £, leading to a V,. improvement. Altogether this
leads to an optimized adjustment on the solar spectrum. The V. values
follow a linear increasing trend with Ts., which correlates with the Ga
induced E, increase. However, the J,. follows a more complex trend which
cannot only be explained by a reduced absorption of solar radiation due to

an E; increase.
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Table 4.16: Solar cell performance parameters (1, Vo, Jsc and FF) of
CIGSe solar cells on HT'G processed with different Ts. in comparison to
SCAPS evaluated values. ”Ave” describes the average value of all solar
parameters of one sample.

TS@ n Voc Jsc FF

() | (%) (mV) (mA/cm?) | (%)
HTG

575 7.9 386 34.7 59.1

ave 44421 | 282.3£784 | 328+1.6 44.1 £ 8.3
SCAPS | 20.79 571.3 49.07 74.18

600 8 402 34.6 57.5

ave 52+1.9 | 305.7£70.5 | 33.8£0.8 48.1 £6.8
625 6.8 388 32 54.9

ave 49408 | 307.3+£43.1 | 329+ 1.8 48.8 £ 2.9
650 7.6 417 314 58.1

ave 72+£03 | 404.8+11.8 | 30.7£0.5 58.2+1
SCAPS | 21.34 993.3 48.35 74.4

675 6.6 423 27.1 57

ave 5.6+0.6 | 387.9+26.1 | 27+ 0.6 53.7 £ 4.5
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4.2 Modification of the Sulfur profile in CIGSSe

This chapter deals with the question how to optimize the optoelectronic
properties, especially in the near-surface region, of the CIGSSe solar cell by
introducing S/Se concentration gradients. The current setup, a SEL process
with evaporated solid chalcogen layers, makes a S post-treatment possible.
The chapter starts with a short review of temperature dependent phase
formation in the pure CIGS/Mo system. This is followed by the investiga-
tion of the effect of simultaneous S/Se supply during the SEL process and
its impacts on the structural and electronic properties, especially on the
E,. The chapter ends with the in- and ex-situ analysis of S diffusion into
different pre-treated CIGSe thin films to obtain S/(S+Se) (SSSe) graded
solar cells. The good time resolution in the analysis of the phase formation
via the in-situ XRD setup allows us to investigate the diffusion process
with the planar diffusion front model, from which information about the

spatial distribution of the diffusing elements can be obtained.

4.2.1 Temperature dependent phase formation

In the following chapter a brief introduction into phase formation of
CIGS/Mo in the SEL process is given. The approach is divided into
three parts, which deal with the pure CIGS absorber material growth,
the back contact properties and the properties of the CIGS/Mo interface.
The SEL process with S is performed with the same heating procedure as
the one used with Se. In this case a linear heating ramp of 37.7°C/min
until 575°C (= peak temperature) and a holding time of 3 min at peak
temperature is applied. In order to analyze the phase formation in the
CIGS system, samples obtained by heating to different temperatures in

between 25-575°C are analyzed ex-situ.

CIGS phase formation

In figure 4.47, the SEM cross sections of different CIGS films with varying
temperatures ranging from 200 °C to 575 °C are shown. The CIGS mor-
phology changes from a droplet growth for 200 °C towards a denser film
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at 500-575°C. The more droplet-like film in figure 4.47 (a) corresponds to
In, S and intermetallics. In figure 4.47 (b), the metallic films correspond
to Cu-sulfides with ball-like structure and additional binary sulfide layers
below. From figure 4.47 (c) to (e), the CIGS phase formation towards a
dense film is visualized by the growing grain size and development of a

closed film.

4KV 39 20000

00_

Figure 4.47: (a-e): SEM cross sections of CIGS thin films processed in
the temperature range 200-575 °C show different morphologies. The grain
structure changes from a droplet growth to a more closed and denser film.
For 500 °C a two-layer structure is found with a large grained film on top
of a porous structure.
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According to XRF measurements, the GGI ratio stays relatively constant
(with exception of the 400 °C sample) in the range between 0.28 to 0.34
with Ts over the growth process (see figure 4.48 (a)). The CGI ratio in
figure 4.48 (b) is slightly below 1 for all the films except the 400 °C sample,
which has a value of approximately 1.1 (might be caused by the presence

of a volatile In containing compound in this temperature regime).
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Figure 4.48: GGI (in (a)) and CGI (in (b)) element ratios of CIGS thin
films at different temperatures measured via XRF. The 400 °C sample has
an increased GGI and CGI ratio compared to the other temperatures.
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The drops at 300 °C grow closer together and they are covered by an
additional phase, which is identified as CuS containing material according
to Raman (see figure 4.49, red 300°C line) and XRD (see figure 4.50,
red 300 °C line) analysis. The rapid CuS growth regime can be observed
by the intense A1 CuS mode observed in figure 4.49 (a). For the 500°C
sample a clear double layer structure is observed with additional hole-like
regions (see figure 4.47 (d)), which mostly consists of CIGS grains. This
is recognized by the presence of 112, 220/204 and 312/116 reflections (see
figure 4.50 blue 500 °C line) and by the A1 Raman line (see figure 4.49 (c)
blue 500 °C line). Furthermore MoS; starts to grow at the absorber/back
contact interface identified by weak 1010 and 1120 reflections (see figure
4.50 (a)).
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g CIGS . ' — . — ' (b2
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Figure 4.49: The phase formation in the CIGS system schematically is
visualized for the different annealing temperatures. The black frame in
the schemes on the left represents the analyzed volume. (a): Near-surface
Raman analysis of CIGS samples with a clear CuS formation at 300°C
identified by the appearance of the CuS Al mode. The CIGS growth
is clearly identified for the samples annealed to 500 °C by the CIGS A1l
mode. (b-d): The CIS Al mode is observed for the temperature range
400-575 °C; the experimental data are fitted with Voigt profiles.
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The degree of asymmetry of the 112 reflection at 575°C seems to de-
crease, which indicates an enhanced CGS growth (see figure 4.50 (a) and
(b)). Furthermore no CuS modes are present at the highest sulfurization
temperature (Ts) according to figure 4.49 (a). The phase formation of
CIGSSe with different SSSe ratios is investigated in detail in chapter 4.2.2
together with its impact on the structural and electronic properties of the

thin films and solar cells.

O| CIGs —12 ~220/204312/116 _ . (b)
= (a) x CIGS ] 575°C
0 a X o Mo .
! X X v MoS2 -
O] CIGS 4 v . 20 ()
=] b v l 500°C| ——+—+—>
3 'E y 26.5 275 285 295
3 y CuS 7
ofas | €] zS I
o[ ces | = 0 w InS
o [0 4
= 3 - h k Cuyln  400°C ]
O CuS = o
P <5 | yX L I Cu,ng, 300°C
S LS T A 5
In °C
S zp ), P 200°C
v T e L] o L b J . J » A \d T
O 10 20 30 40 50 60 70 80
8 Cuyqing &
I 20 (%)

265 275 285 295

Figure 4.50: (a): Phase analysis via XRD after heating to different
temperatures (200-575°C). A clear CIGS phase is found for temperatures
around 500 °C. Between 300 and 400 °C a strong CuS growth is observed
by the corresponding reflections. (b-d): The Voigt fits for the CIGS 112
reflections are shown for the 300 °C, 500 °C and 575 °C samples.

Short summary

As in the CIGSe system, strong temperature dependent structural changes
are recognized for the CIGS system during the SEL process. However, from
material science point of view the shape of the grains are more columnar

at lower temperatures in the CIGS system visualized in the SEM cross
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section images. A pronounced CuS growth is identified at approximately

400 °C according to Raman and XRD investigations.
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4.2.2 Influence of different Se to S ratios

In this chapter, the effect of different elemental Se to elemental S ratios
on the chalcopyrite phase formation in CIGSSe thin films [142] has been
investigated. The influence of different SSSe ratios on the anion incorpora-
tion and on the Ga/In distribution is investigated [142]. The results of this
chapter have already been published in [12], and are reproduced here with
permission of AIP Publishing.

Introduction

For CIGSSe, the anion/cation rule describes the increase of the CB level
with GGI ratio and the reduction of the VB level with SSSe ratio [62,143].
An increase of the GGI ratio towards the back surface reduces the charge
carrier recombination rate [29], which is explained by the formation of a
back surface field (BSF). In the SEL process, additional S is needed close to
the surface to increase the surface Ey [144,145]. In a "classical" SEL process,
CGSe growth is kinetically hindered compared to CISe [146] leading to Ga
segregation at the back surface. In this part of the thesis a modified process
is investigated where adjustable amounts of S and Se are supplied in the
form of solid layers, which is compatible with the requirement of a fast and
efficient process suitable for industrial application. The influence of different
SSSe ratios on the chalcopyrite structure, uniformity, Ga distribution and

on the solar cell performance are analyzed.

Structural investigation of the thin film

In the following, the incorporation of S into the absorber films is investigated.
XRF has been used to measure the total amount of S in the film. XRD and
Raman scattering are sensitive to the incorporation of S into the crystal
lattice of the CIGSSe and GDOES analysis gives additionally the depth
distribution. The SSSe ratios obtained from XRF are plotted over the
evaporated SSSe ratios (here, the SSSe ratio by the relative thickness of
the S layer to the total chalcogenide layer thickness is defined), which
were measured via a quartz crystal thickness monitor taking into account

the different material properties. Figure 4.51 (a) depicts two different
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sets of experiments with different initial GGI and CGI values (A and B).
The sample set A corresponds to samples with a material composition
of GGI=0.28, CGI=0.89 and sample set B corresponds to a material
composition of GGI=0.29, CGI=0.94. It is apparent that small evaporated
SSSe ratios (the smallest evaporated SSSe ratio used is 0.003) lead to much
higher SSSe ratios in the XRF resulting in data points above the ideal
incorporation line (preferred S incorporation).

Some S can be deposited on the chamber walls during the sulfo-selenization
process. Re-deposition of S from the walls may then occur during the fol-
lowing sulfo-selenization processes. This can explain why S is found in the
samples even when the S content in the chalcogenide layer is almost zero.
However, for higher SSSe ratios the ideal incorporation line is approached
(see figure 4.51). In reference [86] a similar phenomenon of different CIGSSe
growth regimes for varying SSSe ratios has been discussed. In the following,
the S/(S+Se) ratio determined from the XRF results has been used. XRD
measurements are performed to distinguish between S incorporation into
the back contact and absorber layer. The S incorporation into the back
contact can be analyzed by the shifting Mo(S,Se)2 1120 reflection with
SSSe ratio (see figure 4.51 (b)) and a behavior resemblant of Vegard’s law
is recognized. Figure 4.52 (a) shows the average interplanar spacing dy12 as
determined from the XRD peak fit vs. the SSSe value determined by XRF.
For comparison, theoretical values calculated by application of Vegard’s
law [29,98] for fixed GGI values of 0 or 1 are shown. In this case an average
GGI ratio, obtained by XRF, is used for simplicity.

The di12 values are determined by approximating the asymmetric mea-
sured peak profiles by a superposition of three Voigt profiles (see figure
4.52 (b)), and then taking the weighted average of the three individual
d112 values. The reflection shape of the XRD peak changes from the lowest
towards the highest S amount. In the following, the SSSe ratios of the
absorber evaluated for GGI=0 are used as x-axis, as the reflection shift
with S incorporation follows the Ga-poor material. In this case a good
correlation between the experimental values and theoretical predictions
from Vegard’s law has been found. GDOES depth profiling was performed
to estimate SSSe and GGI profiles vs. the film depth. The ratio of the
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Figure 4.51: SSSe ratios analyzed by XRF of the thin film vs. evap-
orated SSSe ratio in (a) for experiment A (GGI=0.28 and CGI=0.89)
and B (GGI=0.29 and CGI=0.94). Evaluated interplanar spacing d for
the Mo(S,Se)2 1120 reflection in (b) by means of Voigt fits. A Vegard’s
law like shift of the d, 5, interplanar spacing upon incorporation of S is
recognized for the Mo(S,Se)2 back contact (reproduced from [12] with
permission of AIP Publishing).
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Figure 4.52: Evaluated interplanar spacing d for A and B experiments
in (a) by means of Voigt fitting for the CIGSSe 112 reflection. The dot-
ted lines show the values calculated by applying Vegard’s law for differ-
ent GGI ratios of 0 or 1. The Voigt fitting procedure is illustrated for
two XRD peaks with the lowest and highest S amount in (b), showing a
changing 112 reflection shape (reproduced from [12] with permission of
AIP Publishing).
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emission intensity (EI) of Ga over the intensity of Ga and In together is
shown in figure 4.53 (a) and the ratio of the S EI over the total intensity of
S and Se in figure 4.53 (b). Due to the lack of suitable calibration samples,
these ratios may differ from the GGI and SSSe ratios as defined above.
However, one can expect them to be roughly proportional to the true GGI
and SSSe values.

In any case, the EI ratios may indicate the absence or presence of
concentration gradients of Ga or S in the absorber layer. The absorber
thickness was determined by using the position where the Mo signal reaches
half intensity of its maximal value (marked by dotted lines). For the different
SSSe ratios (0.13, 0.61, 0.99), a homogeneous chalcogen intermixing was
found. However, an average GGI value of 0.28 with different SSSe ratios
leads to pronounced Ga gradients towards the back contact (see figure 4.53
(a)). This means that the current density gain JP9F through the BSF is
expected for all samples. Due to the fact that GDOES is not so surface
sensitive for the first 100 nm and XRD gives only the integral information
of the absorber, Raman scattering is performed to investigate the surface
properties in detail because of their relevance for p-n junction formation
in the solar cell device. The A1 modes of CISe (175 cm™! - 200 cm™1)
and CIS (290 cm~!) are very sensitive to the SSSe ratio [92] (see figure
4.54). The Al mode intensity of CISe sharply increases and the A1 mode
intensity of CIS decreases with a decreasing SSSe ratio (see figure 4.54 (a)).
A relatively constant CIS A1l mode position (vibration of S against the
cation sublattice) and a linearly increasing CISe A1 mode position with
the SSSe ratio [142,147] (see figure 4.54 (b)) is observed. This means that
an increasing amount of S in the first 100 nm of thin film is followed by a
linear Raman shift of the CISe A1 mode due to different SSSe incorporation
ratios (attributed to a change in anion sublattice occupation), which makes
a fast and exact determination of the SSSe possible.

The microstructural features are visualized via SEM. Cross sections
(prepared by Ga focussed ion beam milling) show a systematic morphology
change for sets of samples A and B with increasing SSSe ratio (see figure
4.55). The images show that the morphology is influenced by the different

anion rather than cation ratios in the samples. Predominantly small grains
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Figure 4.53: GDOES depth profiles for absorbers with different EI ra-
tios EI(Ga)/(EI(Ga) + EI(In)) and EI(S)/(EI(S) + EI(Se)) respec-
tively. In (a) the FI(Ga)/(EI(Ga) + EI(In)) ratio (proportional to the
GGI depth profiles) shows a similar Ga concentration gradient towards
the back contact with a Ga depleted surface for all samples. In (b) the
EI(S)/(EI(S)+ EI(Se)) ratio (proportional to the SSSe depth profiles)
shows a homogeneous S to Se ratio over the whole corrected absorber
depth (reproduced from [12] with permission of AIP Publishing).
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Figure 4.54: Raman spectra of different CIGSSe thin films with varying
SSSe ratios ranging from 0.13 to 0.99 are shown in (a). The characteristic

CISe and CIS A1l mode shifts are marked in the diagram. The Raman
shifts for A1 CulnSez and Al CulnS; vs. SSSe ratio are shown in (b)
with dotted trend lines (reproduced from [12] with permission of AIP

Publishing).
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at intermediate SSSe ratio have been found for both sets of samples, whereas
large grains are formed for very small or very large SSSe ratios. This also

affects the roughness of the absorber layer, which may influence the overall

cell performance.

GGI=0.28, CGI=0.89 GGI=0.29, CGI=0.94

Figure 4.55: SEM cross sections of absorbers with different SSSe com-
positions, ranging from 0.13 in (a) to 0.99 in (c) for A and 0.58 in (d) to
0.98 in (f) for B (reproduced from [12] with permission of AIP Publish-

ing).

The optoelectronic properties of the thin films were examined via PL.
At room temperature and with the current setup the analyzed emission
is attributed to the interband transition. With an increasing SSSe ratio,
the PL peak maximum shifts to higher energy values due to a higher S
incorporation. Additionally, the peak width increases with higher SSSe ratio,
which may be attributed to S-induced defects and local F, fluctuations.
At values greater than 0.61, an additional weak emission (see figure 4.56,
dashed curves) was detected beside the main PL peak, which indicates
the presence of an additional phase. The F, values have been determined
by fitting the asymmetric emission peaks with a superposition of two
Voigt profiles, and then taking the weighted average of the individual peak
positions (see figure 4.56).
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Figure 4.56: PL emission of CIGSSe absorbers with varying SSSe ra-
tios at room temperature. The main PL peak is shifting with increasing
SSSe ratio. For SSSe values greater than 0.61 an additional emission is
detected at 1.35 eV (dashed curve) beside the main PL peak (reproduced
from [12] with permission of AIP Publishing).

Electronic properties of the solar cell

In this part, the results of the electrical characterization of the completed
solar cells are presented. An equivalent circuit model is used to extract the
relevant cell parameters. For this purpose, EQE measurements and I-V
curve measurements under AM 1.5 illumination have been conducted. In
addition, the experimental results with theoretical predictions based on
the SQ limit are compared. In figure 4.57 (a), EQE spectra are shown.
It can be observed that the EQE values for lower SSSe ratios, especially
from 0.61 to 0.13, indicates an improved absorber quality. Additionally, the
band edge shifts with decreasing SSSe ratio to higher wavelengths. The E,
values from EQE are extracted by calculating the derivative of the spectra
and determining the maximal value, which is related to the drop on the
low energy wing towards the absorption edge. In figure 4.57 (b), the three
dotted lines symobolize the theoretical dependence of E,; [55,58,62,143,148]
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on the SSSe ratio for different GGI ratios. For comparison, the E, values
obtained from the PL and the EQE data are shown.

The measured F, values compare quite well with the theoretical data
for In-rich material. The optimum values for highest device performance of
a single junction solar cell can be estimated from the SQ limit [3,10]. I-V
curves of cells with S-poor, intermediate S amounts and S-rich conditions
under AM 1.5 illumination are plotted in figure 4.58 (a) in comparison
with the corresponding dark curves (dashed lines), which serve as input
parameter for the one diode model fit [50,51].

Figure 4.58 (b,c) shows the dark I-V curves of two selected cells with
low and high SSSe ratios of 0.13 and 0.99, respectively (open squares). For
comparison, the fits obtained from the one diode model are also shown.
Figure 4.59 (a) shows an almost linear decrease of the Js, with E, for the
investigated cells. For comparison, reference data from National Renewable
Energy Laboratory (NREL) cells [137] and the J,. calculated in the limit of
the SQ model are shown. The observed trend is attributed to a decreased
photon absorption as a consequence of the overall F, increase.

The J,. is reduced in comparison to the SQ limit due to £y independent
loss mechanisms such as grid shading, surface reflexion, ZnO and CdS
absorption and insufficient charge carrier collection [9]. It can be observed
that the slopes of the curves are similar. The SQ model predicts a linear
increase of V,. from 829 mV to 1213 mV in the range of E;’s considered here
(see figure 4.59 (b)). The experimental V,. (499 mV to 678 mV) data also
show an increasing trend with increasing SSSe ratios but with a reduced
slope. The shift to lower V. values and the reduced slope of the fit curve in
comparison to the SQ limit can be explained by additional loss mechanisms
not considered in the SQ model. The reduction of the experimentally
determined V,. values in comparison to the SQ model predictions indicates
that additional recombination processes play a role.

In principle, interface recombination (IF) becomes important for an
increasing CIS-like surface because under illumination this recombination
process dominates the device characteristics [149,150]. However, it is hard
to decide which process is dominant on the basis of the present data. In

comparison, the NREL V,, trend [137] also shows a V,, increase with E,
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Figure 4.57: EQE measurements of CIGSSe devices showing a shift-
ing absorption edge with different SSSe ratios in (a) according to the S
influence on the E;. The PL emission of the absorbers and the EQE ab-
sorption of the devices are illustrated for different SSSe ratios in (b) in
comparison to theoretical Fy values (reproduced from [12] with permis-
sion of AIP Publishing).
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Figure 4.58: I-V curves of the solar cell devices in the dark and un-
der AM 1.5 illumination with different SSSe ratios in (a). The increase
in V. and the decrease in J,. with the SSSe ratios is illustrated for

J(V = Vo) = 0and Js.(V = 0). The corresponding raw I-V datas
(blue dots) are plotted together with the fits according to the one diode
model (green) in log scale for the different SSSe situation 0.13 in (b) and
0.99 in (c) (reproduced from [12] with permission of AIP Publishing).
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Figure 4.59: Js. of the experimental cells (black squares) in comparison
to the NREL cells (red circles) and the SQ calculated theory curve (green

line) vs. Ey4 in (a). Vo of the experimental cells (black squares) in (b).

For comparison, the NREL cells (red circles) and the SQ calculated ideal

cells (green line) are shown for different E, values (reproduced from [12]

with permission of AIP Publishing).
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lower than expected from the SQ model, which is attributed to Ga-assisted
defects. SSSe values greater than 0.61 lead to a pronounced reduction in
FF (see figure 4.60 (a)), which may in principle result from effects at the
back contact absorber interface or from changes at the p-n heterointerface.
This reduction is not seen for the NREL cells in [137], where an almost
linear decreasing F'F' with E; is observed. In Figure 4.60 (b) the 7 trends
of the experimental (squares), the NREL (circles) and the SQ calculated
data (line) are compared with respect to their E, dependency.

The decrease in experimental 1 can be understood as a consequence
of the insufficient compensation of the Js. losses with increasing SSSe by
the moderate increase of the V,.. Interestingly, the experimental n and
the NREL 7 show similar trends. For a detailed analysis of the device
physics, the one diode model has been used. The only input for the fitting
algorithm is the measured I-V curves in the dark and under illumination.
The rise in Ry at large SSSe values above 0.6 (see figure 4.61 (a)) may
be attributed to the less metallic behavior of the Mo(S,Se)s as compared
to MoSes [151] and a changing band adjustment to the CIGSSe at the
back surface as a consequence of the decrease of F, with increasing SSSe
ratio [151]. Depending on the SSSe ratio, different kinds of Mo(S,Se)s
mixed crystals are formed at the back contact (see figure 4.51 (b)). But
also the band adjustment towards the CdS is strongly influenced by an
increasing E,; of the CIGSSe at the front surface according to figure 4.56.
In the context of CIGSSe-CdS heterojunction cells the two different kinds
of CB discontinuities spike and cliff are introduced to characterize the
junction formation [18]. A spike-like junction formation takes place for
E, < 1.3 eV and a cliff-like junction formation is present for £, > 1.3
eV respectively [152], which influences the F'F' of the heterojunction cell.
Figure 4.61 (a) shows the R, which is connected with FF. A strong increase
for SSSe ratios of 0.61 or higher has been found, which corresponds well
with the reduction of F'F at high SSSe ratios. Figure 4.61 (b) shows
the R, determined from the one diode model, which is connected with
recombination processes at surfaces and in the bulk of the absorber. It has
been found that the R, determined from the dark I-V curves first increases

with increasing SSSe ratio, but then drops significantly at the highest ratio
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Figure 4.60: (a): The FF of the experimental cells are shown for the
different E, values (black squares) with the corresponding dashed trend
lines. (b): The experimental 1 (black squares) values show a similar trend
like the NREL ns (red circles). The calculated SQ (green line) trend
shows the maximal possible 7 for comparison. The S-free sample serves
as reference (triangle) F'F and 7 and for comparison also the FF and

1 of NREL cells are included (red circles) (reproduced from [12] with
permission of ATP Publishing).
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of 0.99. However, this trend cannot be observed in the I-V curves under
illumination.

In order to investigate the transport and recombination properties of the
p-n junction solar cell, the change in n;q and Jy has been investigated. For
this purpose the dark curves are used as input parameters because they
directly reflect the diode characteristics without any additionally generated
photocurrent. In figure 4.62 (a) n;q vs. SSSe (circles) is shown in comparison
to the S-free cells (triangle). With respect to the error bars, no clear trend of
n;q can be found. However, all cells show n;4 values between 1.5 and 2 (see
figure 4.62 (a)). Physically, n;q describes the deviation from the ideal diode
behavior (in the range between 1 and 2) due to recombination processes
in the QNR, SCR and IF as well as due to tunneling processes of the
majority carriers through the SCR. All recombination processes can occur
in parallel but typically one of them plays a dominating role for the V.
limitations [153]. Bulk recombination can be divided into SCR and QNR
recombination which will generate a n;4 of approximately 2 or 1 respectively.
The Ga gradient towards the back contact may also cause an increase of
the n;g by decreasing the QNR recombination rate [153]. In the dark
SRH recombinations in the SCR dominate for CIGSSe cells [18,149,150].
In principle, temperature-dependent I-V measurements would allow to
determine the activation energy of the dominant recombination process,
which is either equal (for SRH recombinations in SCR) or smaller (for IF
recombinations) than E, [149,153,154].

The Jy decreases with increasing SSSe (see figure 4.62 (b)) by a factor of
two indicating an improvement of junction properties [9], which correlates
to the V,, enhancements (see figure 4.59 (b)). The highly efficient reference
cells from NREL [155] reach cell efficiencies around 19% and .Jy values in the
region of 6E-8 to 4E-7 mA /cm? leading to V,. and FF values around 700
mV and 79% respectively. Jy is based on the minority carrier densities and
dependent on the barrier height between the two semiconductor materials
responsible for the charge carrier flow [24]. However, the high Jy values
found here in this work can indicate an increasing amount of leakage
currents which can be explained by the film morphology; in particular

small holes in the thin film may lead to current leakage and non-ideal p-n
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Figure 4.61: (a): The R, values from the equivalent circuit are shown
for different SSSe ratios (black squares and red circles), which were ex-
tracted from illuminated and dark curves. For comparison also the S-free
values are included (blue and green triangle). (b): The R, are plotted for
different SSSe ratios, which were extracted from the dark curve - also in
comparison to S-free samples (blue triangle) (reproduced from [12] with
permission of AIP Publishing).
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Figure 4.62: The junction properties are well visualized by a saturating
ni¢ &~ 2 in (a) and a decreasing Jy in (b) with increasing SSSe supply.
The reduction in Jy can be explained with an E,; dependent V,. increase
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(reproduced from [12] with permission of AIP Publishing).
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junction formation. The coupling of n;; and Jy over equation 4.6 makes
an independent determination of n;y and Jy difficult (also indicated by
the large error bars in figure 4.62). However, the trends should give an

impression of the changing junction properties.

v, = MaksT ) (J“ n 1> (4.6)

€ JO

The large difference in the V. values between the results and the best
NREL cells may be attributed to a non-optimized post-processing of the
absorber structure. Future work must include further optimization of the

p-n junction region using optimized post-processing.

Short summary

From the experiments with different SSSe supply, it has been concluded
that different degrees of S incorporation have a strong influence on the
structural, optoelectronic and electronic properties of the thin films and
solar cell devices respectively. The SSSe ratio can be controlled by adjusting
the S/Se thickness ratio in the initial chalcogen layer. It was shown by cross
sectional SEM studies that the grain morphology changes with the SSSe
ratio. The overall chalcogen profile shows a homogeneous distribution in
the absorber material which has been proven by structural, optoelectronic
and electronic investigations. From a material science point of view, the
lattice constant evolution of absorber and back contact with SSSe ratio
follow a Vegard-like trend. Additionally, the linear shift of CISe A1 mode
with the SSSe ratio indicates a controlled S incorporation in near-surface
regions, which is the important region for the p-n junction formation. From
an electronic point of view, a SSSe ratio of equal or greater than 0.61 has
detrimental effects on the device performance. This is reflected in a strong
F'F reduction, which is mainly caused by an increasing R,. A significant
enhancement of the V. values with increasing SSSe ratio has been achieved
and values close to 700 mV were observed. However, the rise in V. for
higher SSSe ratios was not enough to compensate for the J,. loss due to the

E, increase. In future work the interface between buffer and absorber has
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to be optimized for the different SSSe ratios to improve the p-n junction

quality.
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4.2.3 Ex- and in-situ investigation of sulfur diffusion into CIGSe

In this chapter, the incorporation of S into CIGSe thin films by controlled
diffusion has been investigated. For this purpose, the conventional SEL
process has been extended by a subsequent S diffusion step. The S gradient
is desirable for achieving a graded E, of the absorber layer, which allows
to optimize the absorption properties. The CIGSe incorporation can be
influenced by Ts, the S supply (partial pressure) and the temperature
of the CIGSe pre-treatment. The presence of binary selenides and small
grains enhances the speed of S incorporation. A combination of Raman
scattering and in-situ as well as ex-situ XRD has been used in order to
obtain detailed information about the diffusion process. The SEL process
has been separated into a pure selenization step 1, where the CIGSe film is
formed, and a post sulfurization step 2 in order to incorporate a specific
amount of S in the CIGSe. The S incorporation occurs at T in the range
of 575°C in step 2. The physics of S incorporation into the quaternary
material CIGSe strongly depends on microstructural features such as grain
size [156], existence of secondary phases [157], CGI and GGI ratio [156,158],
Tse, T's and S supply. Graded absorber films can be grown by incorporating
S close to the surface [144]. In the following, results from an extended
process sequence are presented which has been designed to achieve a better
control of the S incorporation. The results of this chapter have already
been published in [11], and are reproduced here with permission of Elsevier
Publishing.

Influence of different T's on the S incorporation into CIGSe

In order to analyze the effect of temperature on S diffusion properties, a
process composed of annealing the SEL at 575°C for 20 min in step 1
followed by S deposition and annealing for 5 min at different temperatures
(200°C, 300°C, 400°C, 500°C and 575°C) in step 2 has been used. The
temperature ramp rate in both steps 1 and 2 is set at 37.7 °C/min. In
figure 4.63 the A1 mode shifts of CISe and CIS for different Ts are shown
on the left side. On the right side the Raman spectra for each Tg are
plotted in detail. The experimental results (see figure 4.63) show that the
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Al mode does not shift with Ts. In [92], CISe crystals were grown by the
gradient-freezing method and post-treated by S with the help of chemical
vapor transport. The samples produced in that way have different SSSe
ratios from 0 to 1 and exhibit a Raman A1 mode shift around 176 cm™! for
CISe and 290 cm~! for CIS. If one compares the results with these findings,
it can be concluded that no significant amount of S is incorporated under
these conditions. However, traces of a CIS peak at 291 cm™! for Ty of
575°C with 1.5 pm thickness of S layer deposited (S++) has been found
indicating a slight S incorporation [142] (see figure 4.63).

U ——— e
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Figure 4.63: Samples annealed at different T's in step 2 ranging from
200°C to 575°C (left side) and with S supply ranging from 0.22 um
to 1.5 pm (S++). The Raman shift and the intensity of the CISe Al
mode do not change significantly (right side). For Ts around 575 °C a low

intense CIS Al mode emerges (in-view image) (reproduced from [11] with
permission of Elsevier Publishing).

At first the CIGSe film after step 1 has been studied in order to make
sure that the same conditions are present for all the samples out of the
sample set before the S treatment in step 2. Figure 4.64 illustrates the 112
reflections of the sample which show the same asymmetric shape for all the
samples. The asymmetric peak shape may be separated into a high and low
intensity peak with different center positions (corresponding to different
lattice parameters), which stands for In- and Ga-rich phases present in
the CIGSe material [98]. In-situ analysis in the T's regime above 500 °C is
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Figure 4.64: XRD peak profiles of the CIGSe 112 reflections before the
sulfurization in step 2 showing a nearly identical asymmetric shape for
all samples. The peaks are composed of a high and low intensity part
corresponding to In and Ga rich phase, respectively (reproduced from [11]
with permission of Elsevier Publishing).

performed to get an in-view into S-Se substitution reactions (see figure 4.65
(a-e)). In figure 4.65 (a) and (b), the pure effect of temperature (without S
supply) on the Ga/In interdiffusion is reflected in the color maps. From
(c) to (e), the effect of an increasing Ts from 500 °C to 650 °C on the 112
reflections of the CIGSSe is shown.

For the 112 reflections a shift to lower 260 at short times (see figure
4.66 for t < 200 s) have been observed, which can be attributed to the
thermal expansion of the thin film stack. After that time, different effects
have been observed depending on Ts and S amounts supplied (3 pm S
layer). As a result, S diffusion into the CIGSe thin film is found between
500°C (red curve in figure 4.66 (d)) to 650°C (green curve in figure 4.66
(e)) observed by a shift of the position of the 112 reflections with time.
However, the effect of S incorporation is superimposed by the effect of
Ga/In interdiffusion further progressing with increasing temperature and

time at the annealing temperatures used (see figure 4.66). In comparison
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Figure 4.65: Color-coded plots of the 26 value vs. time for S-free refer-
ence samples annealed at 575 °C and 650 °C in (a,b) and samples with
3 pm S layer sulfurized at 400 °C in (c), 500 °C in (d) and 650 °C in (e)
(reproduced from [11] with permission of Elsevier Publishing).

with the S-free samples annealed at the same temperature (light blue curve
in figure 4.66 (b)), the 112 peak position shifts much faster and to larger
angles when S is supplied to the sample.

We conclude that the effect of S incorporation is the dominating effect in
the samples with 3 um S layers (sufficient S supply). The position of the 112
Bragg peaks of the 650 °C sample follows a v/t trend, which is interpreted
as the result of diffusion-limited S incorporation. As an approximation, a
reaction-diffusion layer model has been used, where the CIGSSe reaction
layer grows by S in-diffusion and S-Se exchange inside the CIGSe absorber
layer [39]. In the Bragg Brentano geometry used here, the whole volume
of the film contributes to the 112 reflections. The shift of the 112 peak
positions with time corresponds to a change of the average spacing of the
112 planes di12 with time due to S incorporation, which can be described
by the Bragg equation [142]:

nA

di12(t) = 25in(0r2(0) (4.7)
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Figure 4.66: Overview of 20 angle of the 112 reflection vs. time for
different Ts and 3 pm of S supplied in step 2 in comparison to the S-free
reference samples. The right y-axis shows the estimated S/(S+Se) ratio
corresponding to the determined 260 angle. The determination of the 112
reflection position is performed by a single Pseudo Voigt function fit.
Color-coded plots of the 260 value vs. time of samples with 3 um S layer
sulfurized at 400 °C (d), 500 °C (e), 650 °C (f) and the S-free reference
samples annealed at 575 °C and 650 °C in (b,c) (reproduced from [11]
with permission of Elsevier Publishing).

The average di12(t) is calculated by taking the volume-weighted average
of the dy 12 values for reacted (d{[%") and the remaining unreacted (d$5*°¢)
parts of the absorber layer in the depth z(t) (see equation 4.8). In this
model, the thickness of the reacted layer z can be calculated from the
value of dy12(t) according to equation 4.9. In the first approximation, this
thickness is taken as the average diffusion depth at time ¢, which allows us
to estimate the D for S in-diffusion according to equation 4.10 (we assume
that S diffusion is the rate-limiting step of the reaction) [39]. The maximal
possible S diffusion length into the absorber is equal to the vertical absorber

thickness L = 1.5 pm = x(t = tena)-
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dfy™s - a(t) + di5e - (L — (1)

dy12(t) = 7 (4.8)
_ L- (d112(t) _ d%‘llzc:Se) A
(t) = dCIGS _ JCIGSe (4.9)
112 112
_z(t)?
D= o (4.10)

This leads to a calculated S penetration depth for exemplary different
sulfurization times z(At = 10 s) = 1414 A, 2(At = 100 s) = 9574 A and
z(At = 200 s) = 11583 A. In summary it can be stated that after 200 s
reaction time S has penetrated more than 83% of the thin film. The diffusion
coefficient for the S diffusion into the CIGSe layer is estimated as D2 ;qg, =
2.9-10~1 % according to equation 4.10. In literature a variety of D values
of S in CISe and CIGSe respectively are reported, mostly with the help of
co-evaporation and subsequent HsS treatment for slightly Cu-poor as well as
Cu-rich material (see table 4.17). In [159], CISe single crystals are sulfurized
in a HyS-Ar mixture at 575°C which leads to DZ;5g, = 10_16%. In
general, single crystals display a lower limit in the case of element diffusion
and therefore serve as the lowest estimation of D2;sq.. Article [157]
summarizes bulk and grain boundary diffusion coefficients (D and Dpg) in
the temperature regime of 450-500 °C and the annealing regime of 20-60 min
resulting in D ranging from 1.2-1072 —6- 10’12”("72 [160] and Dp ranging
from 2.5-10~10 —5-10‘10%. Reference [158] presents a D of almost "single
phase" crystals with 3 - 10_13% for slightly Cu-poor and 1.5 - 10_11%
for slightly Cu-rich samples at the annealing temperature 575°C. Slightly
Cu-rich CISe material displays, based on the diffusion properties of the
secondary CuSe phase, an upper boundary of Dg 1ase- Considering the
fact that the absorber layers are polycrystalline, the estimated D value for
the S diffusion falls well into the range of the literature data for S diffusion

into polycrystalline CIGSe.
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Table 4.17: Overview of a variety of experimentally determined D val-
ues for sulfurization of absorbers with different temperatures, material
and process conditions.

| Process | material | T (°C) | D (cm?/s) ‘
H,S [159] | single crystals | 575 10-1¢
H,S [157] | polycrystalline | 400-500 1.2—-6-10712
[158] single crystals | 575 Cu-rich | 1.5-107
[158] single crystals | 575 Cu-poor | 3-10713

CIGSe pre-treatment

In recent articles [145,156] it has been shown that the properties of the
base material CIGSe are relevant for the diffusing species S. With the
help of T, in step 1 the grain size and the amount of binary selenides are
adjusted in utilizing the information about the phase formation in the SEL
process [84]. The binary selenides are supplied by the growing CISe and
CIGSe respectively according to equations 4.11 and 4.12 [84].

CusSe + InsSes — 2CulnSes (4.11)

CusSe + GasSes — 2CuGaSes (4.12)

For a further analysis of S dependent diffusion, samples with different
degrees of CIGSe to binary selenide ratios are grown (Ts. between 300-
400°C) which are annealed at a T's of 575°C for 5 min in step 2. In
figure 4.67 (a) the corresponding GIXRD profiles under different angles of
incidence « are shown. Schematically the penetration depth z of X-rays
into the CIGSSe material depending on « is presented in figure 4.67 (b).

In figure 4.68, the 260 values of the 112 Bragg reflections vs. Tg, are
shown for different o values. The 26,15 values are determined by analyzing
the asymmetric measured peak profiles by a superposition of two Voigt
profiles and then taking the weighted average of the individual 26715 values.
The right axis also shows the estimated SSSe ratio for the corresponding 26
value according to Vegard’s law. With the help of GIXRD analysis depth

resolved diffraction patterns [98] can be obtained showing a decreasing 26

IP 216.73.218.36, am 20.01.2026, 12:54:06. Inhalt,
tersagt, m mit, fr oder in Ki-Syster



https://doi.org/10.51202/9783186396099

156 4 Results and discussion

(@)

40000 -

30000 -~

L

20000 4

Intensity (Counts)

100004

26 (°)
(b) Excited absorber volume

CIGSSe Absorber

Penetration depth x

=
630 hm

e
1120 nm ]
Figure 4.67: The GIXRD profiles of the 112 reflection is shown for dif-
ferent Tse in (a) and the varying o’s are expressed by lines, dashed lines
and dots (reproduced from [11] with permission of Elsevier Publishing).
The penetration depth of X-rays into the CIGSe material with varying a
is visualized schematically by the position of the color bars, respectively
in (b). The analyzed sample surface area is higher for smaller incident
angles, which is related to the setting of the aperture in the GIXRD mea-
surement.
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angle of the 112 reflections with increasing Tgs. (black to magenta data
points). Additionally, the composition ratio SSSe is measured via XRF to
prove that the reduced lattice constant does not arise from different initial
compositions from sample to sample (see table 4.18). With the help of the
XRF together with GIXRD results one can conclude that S incorporation

is reduced with increasing T’s. (see figure 4.68, also confirmed via Raman,

XRF and PL).
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Figure 4.68: The 260 position of the 112 reflection vs. Tse for differ-

ent incident angles o showing a decreasing 26 value with Ts.. The data
points are extracted with the help of an average function of two Voigt fits.
The approximated SSSe ratio out of the 26 position is shown on the right
axis (reproduced from [11] with permission of Elsevier Publishing).

The penetration depth z(«) of X-rays in the GI geometry strongly

depends on the incident angle o with values around z(a = 0.4°) = 0.26 pm,

Table 4.18: Overview about the elemental composition ratios GGI, CGI
and SSSe for different temperatures determined via XRF.

[ T (°C) [ GGI (a. u.) [ CGI (a. u.) | SSSe (a. u.) |

300 0.35 £ 0.004 0.97+£0.01 0.34 £0.01
365 0.31 +0.004 0.85 £0.01 0.31 £0.02
380 0.3 £ 0.004 0.86 + 0.01 0.3+0.01

400 0.3+0.01 0.85+0.02 0.27+£0.01
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z(a =1°) = 0.63 pm and z(a = 2°) = 1.22 pym (according to chapter
3.2.1 and table 3.1). The Ga/In interdiffusion cannot play a major role
for the 112 reflection shifts because the step 2 treatment (sulfurization
step with 575°C' for 5 min) is identical for all samples of this series. With
increasing the incident angle o from 0.2 ° to 6112 the 26112 angle position
decreases (see figure 4.68, black to magenta points) which qualitatively
shows an increasing lattice constant in the deeper lying regions of the
absorber which contribute more for larger incident angle. Additionally
the difference in 26112 angle position for a = 0.4° and 1° is larger for
the 400 °C in comparison to 300 °C sample, which is a hint for a varying
degree of S diffusion in the different CIGSe pre-treated layers. This can be
attributed directly to the different amount of binary selenides left in the
thin films before the start of the S post-treatment.

Special CIGSe pre-treatment temperature regime around 350 °C

The quantitative depth resolved GIXRD measurements indicate that in
the temperature range 300°C < Ts. < 400°C (condition of selenization
step 1) the S incorporation in step 2 is strongly influenced. With the help
of in-situ XRD, the S diffusion rate for different T's and varying S supply,
either with 3 um Se layer or S supply in excess, are analyzed in detail.
For this purpose four different samples I (Ts = 575°C and 3 pum S), II
(Ts =575°C and 3 pum S + excess), III (Ts = 650°C and 3 pm S) and IV
(Ts = 650°C and 3 um S + excess) are produced (see figure 4.69).

A shift of the 112 reflection over time shows the influence of increasing
Ts from 575°C to 650°C as well as the S excess (see figure 4.70, black
to blue). The different offsets in the 112 reflection positions at the S
interaction regime at 200 s arise from slight differences in height of the
mounted samples during the annealing from sample to sample. The 650 °C
with 3 um S sample shows a similar 26 trend as described before which
is a sign for a diffusion controlled S incorporation (green curve in figure
4.70). However, the CIGSe thin film at 350 °C also contains binary selenide
residues. In region A, the 260 trend can be described by the phase formation

of binary selenides towards sulfo-selenides, CIGSe or CIGSSe. Region
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Figure 4.69: Color coded reflection maps as output data from IXRD
measurements showing the 26 angle shift vs. time. An additional reflec-
tion is determined next to the main 112 reflection due to the formation of
CulnsSs phase in (b,d) (reproduced from [11] with permission of Elsevier
Publishing).

B is characterized by the S-Se exchange reactions in the CIGSe and the
remaining sulfo-selenides towards CIGSe or CIGSSe.

Region C is dominated by the Ga/In interdiffusion in CIGSSe, which
is found by comparison to the 650 °C reference sample (see figure 4.70,
magenta). The 575°C, S++ and 650°C, S++ curves follow an instanta-
neous S in-diffusion trend whereas no ”controlled” S-Se reaction takes place
(see figure 4.70, red and blue). The 26 angle shifts abruptly after 200 s
and a diffusion controlled S incorporation such as for the 650°C (green
dotted line) sample is not observed. Via ex- and in-situ XRD measurements
(see figure 4.70, 4.71) the appearance of a secondary phase (defect spinel
Culn;Ss) is identified [161]. In figure 4.71 the Bragg-Brentano scans of
the CIGSSe samples after the annealing step 2 are shown. The CIGSSe
phase is identified by the XRD 112 reflection position of the more Se-like
(black line) and S-like (green dotted) chalcopyrites. The spinel-like phase
is identified by the appearance of the 1-5-8 XRD peak, which belong to
the CulnsSg phase, and the reduced CIGSSe 112 peak intensity (FWHM
is increased). In the color-coded reflection map in figure 4.69 (b) and (d)
respectively (red and blue frame) the CulnsSg 222 reflection appears at
20 = 28.5° next to the main 112 CIS reflections at later annealing times

because the system tries to absorb higher S amounts.
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Figure 4.70: 260 values extracted from the 112 reflection profiles of the
color-coded reflection maps. The right axis shows the SSSe ratio esti-
mated from the experimental 26 angles. A slight 26 shift for Ts = 575°C
(I, black), an instantaneous 20 angle shift for Ts = 575°C and S ex-
cess (II, red), a moderately increasing (diffusion controlled) 26 shift for
Ts = 650°C (III, green) and an instantaneous 20 shift for Ts = 650 °C

and S excess (IV, blue) are observed (reproduced from [11] with permis-
sion of Elsevier Publishing).

With equation 4.9 the penetration depth of S in the second step is
estimated as z(At = 10 s) = 2090 A, z(At = 100 s) = 4021 A and
x(At = 1000 s) = 9461 A. In this case S needs 1000 s to penetrate through
63% of the thin film. Furthermore the D is estimated according to equation
4.10 as DgIGSe =1.1- 10’11%, which again represents an average D
value of grain boundary diffusion and grain diffusion parts. Surface analysis
via Raman scattering determines an A1 mode shift of CISe with Ts (values
higher than 184 cm™!, see figure 4.72 (a)) to higher energies due to an
increased S incorporation in the anion sublattice [92]. A shoulder-mode at
318 cm ™! is noticed for the sample with excess S supply which corresponds
to CulnsSg [161] (see figure 4.72 (b)).

In figure 4.73 (a)-(d) the SEM cross sections of the four samples I, 11,

IIT and IV are shown. The grain size is increased from (a) to (c) because
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Figure 4.71: Bragg Brentano scan of the finished CIGSSe samples (after

step 2) with the different sulfurization conditions 575°C (black line),

575°C plus S excess (red dashed), 650 °C (green dotted) and 650 °C plus

S excess (blue dash dotted). CH corresponds to CIGSSe related XRD
peaks (black line: more Se-like, green dotted: more S-like) and 1-5-8
represents XRD peaks (red dashed and blue dash dotted: more spinel-
like) which belong to the CulnsSs spinel phase (reproduced from [11]

with permission of Elsevier Publishing).

of the increased temperature in step 2. From a morphological viewpoint S

in excess leads to small grains in SEM cross sections, which is identified

by comparing (a) with (b) and (c) with (d).

Additionally, one gets the

impression that the layer thickness (see figure 4.73 (b,d)) of the thin film

is reduced under S in excess, which can be explained by the evaporation

of certain Se-species.

This behavior is also described in [162] where a

two-step mechanism of S incorporation is introduced in a way that at first

a chalcogen exchange reaction of the solid-gas interface occurs, followed by

an S diffusion in and Se diffusion out of the film.
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Figure 4.72: Raman analysis of the four absorber samples being post-
treated at Ty = 575°C (I), at Ts = 575°C and S excess (II), at Ts =
650 °C (III) and at T's = 650°C and S excess (IV). A shoulder-mode is
observed at 318 cm™! when the absorber is exposed to an excess of S (II
and IV) (reproduced from [11] with permission of Elsevier Publishing).
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Figure 4.73: SEM cross sections of a 350 °C treated absorber sample
being post-treated by Ts = 575°C ((a) corresponding sample I), by

Ts = 575°C and additional S excess ((b) corresponding sample II), by
Ts = 650°C ((c) corresponding sample III) and by Ts = 650°C and S
excess ((d) corresponding sample IV). Strong morphological changes can
be seen from (a) to (b) and (c) to (d), accompanied by a reduced grain
size (reproduced from [11] with permission of Elsevier Publishing).
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Short summary

The implementation of a two-step process has been shown to be a successful
approach to control the incorporation of S into the CIGSe thin film. Ts in
step 2 around 575 °C and S supply higher than 1.5 um thickness of initial S
layer is necessary to achieve a relevant S incorporation into a normal grained
CIGSe absorber layer. For some process conditions a diffusion controlled
S incorporation has been identified, which is based on a superposition
of grain boundary and volume diffusion. A D value of approximately
Dg 1cge = 2.9 10~ % was estimated for the diffusion controlled process
(see section 4.2.3). The S incorporation is reduced by increasing Ts. in
step 1 due to the increasing CIGSe to binary selenide ratio in the thin
film. The S incorporation in these films with a certain amount of binary
selenides is found to proceed via a two-reaction scenario which yields a D
for the diffusion controlled process of D2;g, = 1.1-1071! % (see section
4.2.3). When the CIGSe thin film is exposed to a large S excess during the
annealing step 2 a secondary phase, identified as the defect spinel phase
CulnsSg, is formed which results in a small grained absorber structure.
These thin film structures are nearly Se-free and exhibit a reduction in
layer thickness which indicates evaporation of the Se species during the

sulfurization with S in excess.
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CHAPTER b

Summary and prospects

Summary

The present thesis focuses on improving 7 of chalcopyrite thin film solar
cells produced by a fast industrial process by adjusting the optoelectronic
and structural properties. Therefore a detailed time- and temperature-
dependent analysis of the CIGSe and CIGSSe thin film phase formation
was performed with the help of ex- and in-situ investigations. The approach
used here to improve 7 is based on band gap (Ey) gradients and the oppor-
tunity to control them with process-related parameters like temperature
(in the annealing chamber), S and Se partial pressure during the annealing,
chalcogen amount (in the evaporation chamber), Na delivery (from the
substrate) and modification of the process sequence (in the design of the
experiment). The co-evaporation process from NREL produces record cells
with V-profiles of the GGI ratio in the absorber (which directly influences
the band structure), which serve as reference for the target values for given
absorber composition. Therefore back contact grading as well as GGI and
SSSe ratios at the absorber surface were the features to be optimized by
variation of the process parameters. Under optimum process and layer
design conditions efficiencies of 14.2% for CIGSe and 12.2% for CIGSSe

thin film solar cells were achieved in this work.
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The properties of the interface between CIGSSe and Mo have been
investigated in detail for different selenization and sulfurization conditions.
Preferred growth orientations of MoSes and MoSSe, interlayers were found
for the bare back contact and in the presence of metallic precursors. From
an electronic viewpoint, the device performance is strongly influenced by
the resistivity and the SSSe amount at the interface. For a higher SSSe
ratio above 0.6 a pronounced reduction in F'F' has been found, and for
a higher MoSes /Mo ratio a strong increase in series resistance (Rs) has
been identified. Chalcogenisation of the back contact is very aggressive
and involves corrosion of the Mo back contact. In order to control the
back contact corrosion process a diffusion barrier layer has been introduced
between the metallic precursor layers and the Mo back contact. The
functional layer’s task is to prevent excessive S/Se diffusion into the back
contact and thereby allow to form a well-defined Mo(S,Se)s interface layer.
Mo-N is introduced in this work as a potential candidate in this thin film
system also because the integration into to the process is achievable without
a lot of effort.

A major factor influencing the GGI profile is the Se excess during the
selenization (Se amount) in the SEL process, which leads to a more homo-
geneous Ga/In profile of the thin film and makes a better £, adjustment
on the solar spectra possible. In this context D values of approximately
3.9- 10712% at 575°C for 2 pum Se supply were estimated based on a
simple model of the interdiffusion process. Furthermore it is possible to
achieve an appropriate Ga/In profile by setting an optimal process tem-
perature in presence of a high temperature glass which withstands high
thermal stress leading to an optimal E, profile. By changing the glass
substrates also Na delivery may also be influenced, which has a strong
impact on the Ga/In interdiffusion properties. These experiments were
performed in cooperation with the Schott AG as part of the public funding
project comCIGS II, where the effect of high temperature glasses on the
chalcopyrite structure and device performance are analyzed for special
high temperature processes. Additionally, temperature-dependent diffusion

coefficients were evaluated for ex- and in-situ analysis of the concentration
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profiles and the lattice constant change (D ~4 —7- 10*13#) at 650°C
and 675 °C respectively with 1.5 pm Se supply.

Another approach followed in this work is based on S near-surface
incorporation during the SEL process in order to achieve a double graded
CIGSSe material, which is a big challenge in the SEL process with solid
chalcogen layers. The simultaneous S/Se supply with different ratios leads
to a homogeneous chalcogen profile in the absorber and therefore a constant
E, throughout the whole sample. The separation of the classical two-step
process into a "three-step process" by introducing a separate selenization
and sulfurization step allows better control of the S diffusion. With the
help of an appropriate S-post treatment it seems to be possible to introduce
an optimized front surface grading, which is found by the combination of
in-situ XRD analysis and the planar diffusion model. It was possible to
estimate D values for the process of S diffusion into CIGSe thin films of

approximately 3 - 10_11% at 650 °C with a S supply of 3 pum.

Prospects

In the thesis, it was attempted to correlate numerical calculations with
the help of SCAPS with the experimental results and analyze the possible
influence of a changing back surface or front surface grading as well as
double graded band structures on the performance parameters (especially
the V,.). The evaluation can be extended to include different carrier mo-
bilities, lifetimes, dominant recombination paths and absorber thicknesses.
Additionally, the analytical approach introduced by [52,53,67] can be ex-
tended to more complex structures and serves an independent verification
for the numerical calculations. For the absorber process technology, it is
important to improve the p-n junction properties towards the buffer, as this
is seen as the major limitation for V,., which strongly affects the n. After
the selenization or sulfurization process an optimized post-processing is
important to modify the absorber surface for the buffer deposition. Optimal
storage conditions between absorber growth and post-processing steps for
finished solar cell devices are necessary to protect the sensitive absorber

surface against humidity.
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APPENDIX A

Appendix

A.1 Introduction into SCAPS simulations

Since the working principle of a solar cell is based on charge transport
(7) and charge distribution (p(7)), the Poisson equation (see equation
A.1), the transport equations (see equations A.2, A.3) and the continuity
equation (see equations A.4, A.5) are needed. w,, displays the mobility
for e~ and h' respectively. The Poisson equation (equation A.1), which
is the first Maxwell equation, describes the correlation between p(7) and
the electrostatic potential (7). One practical application deals with the
determination of ¥(7) and the field distribution caused by p(7) within the
SCR [24]. The charge transport in a semiconductor is driven by a drift
component (see equations A.2, A.3), which is caused by an electric field &,
and a diffusion component, which is influenced by the carrier concentration

gradient.

()

V) = p £(7) = —Vi(7) (A1)
I = qunn&  + qD,Vn (A.2)
—— N——

drift component  dif fusion component
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Jp = quppf - qD,Vp (A.3)
—— ——

drift component  dif fusion component

The continuity equations describe the time dependent local e~ (n) and h*
(p) density variations caused by local recombination (R(7)) and generation
(G(7)) rate, and by the gradient of the net current density J flowing in
and out the respective volume element (see equations A.4, A.5) [24]. G,
and G}, are the e~ and h* generation rate (unit: em=3 s=!), which are
caused by absorption of photons [24]. R,, and Rj, are the recombination

rates, which can also be expressed in terms of carrier lifetimes 7, and 7,
An opq Qe

Tn Tp

respectively to respectively [24]. Here, An (Ap) displays the

excess charge carrier density and 7, (7,) is the carrier lifetime.

on 1
_n _p 1
o = Gn— R qw,, (A.5)

In an idealized model solar cells can be treated as 1D structures because
of their lateral homogeneity in the charge carrier transport direction, and
then the five equations can also be simplified to 1D versions. The 1D
simulation tool SCAPS [64] solves these five equations numerically, which
for most problems requires less than 1 min of calculation time. This enables
a fast correlation between experiments and simulations, which results in
short feedback times. In equation A.6 the one-dimensional Poisson equation
is introduced [24]. The relationship between potential and electric field
can be expressed as £ = —8%% in the 1D case. Therefore the potential
can be calculated for different charge distributions. In this case N4 is
the concentration of the ionized acceptors, Np the ionized donors, p the
density of h™ and n the density of e~. Charge neutrality must be fulfilled
at all times, which means that the sum of all positive charges has to be
equal to all negative charges n+ No = p+ Np [24].

&Pw % _ plx) _gn—p+Na—Np)

= — = A.6
Ox? Ox €0€s €0€s (4.6)
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J,, and J, for e~ and h' respectively in one dimension are expressed
through the variation of the quasi Fermi energy levels Er, and Ep, over
the position x (see equations A.7, A.8). For the one-dimensional case,
and with the restriction of low-level injection, which means that there
are less excess carriers Ap = An than the majority carriers, the following
continuity equations can be written (see equations A.9, A.10) [24]. An
n-type material is characterized by n, ~ Np and p, = p,o + Ap, while
a p-type material is described by p, =~ N4 and n, = nyo + An [24]. pro
(npo) is the concentration of h* (e™) in the thermodynamical equilibrium

in the n-type (p-type) material.

Jn = qupné + anZ—Z = qlin (n§ + kBqT;lZ) = nndbdjjn (A7)
Jp = qupp§ — qu;% = qpp <p£ - ]ﬁszi) = ppdif” (A.8)
% =G - % + nm% + u,@% + Dn% (A.9)
% =G - % —pnup% - upﬁ% + Dpa;f; (A.10)

These equations are solved numerically in SCAPS, which gives the basic

solar cell parameters like V., Js., F'F and n as output.

A.2 Derivation of J,,,q with the analytical approach

For the ideal case (collection efficiency equal 100%) of e~ /h™ pair separation
and generation in the solar cell, J is estimated by integrating over the
energy interval d(hv) and over g in an infinitesimal thin spatial slice dx

(see equation A.11).
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“+oo d “+o00 d “+oo
J=gq b/ d(hu)o/gdx:q O/ d(hV)(bUO/ae_‘”dx:q b/ d(hv)go[1—e™ 29

(A.11)

The situation changes when E; varies as function of position x (see figure
2.13 (b)), which results in an « changing with position. « can be expressed
with the extinction coefficient k. (from the complex refractive index in
equation A.12) and A according to equation A.13 [24]. Near the absorption

edge, a can be approximated by equation A.14 for direct semiconductors.

T =n, — ike (A.12)
Ak,

o= 7; (A.13)

a o (hy — E,)Y/? (A.14)

Equation A.14 is extended by the linear F, variation Ey(z) = E*** —
Bz from EJ'* to E;”m [52]. B is a positive number calculated by 5 =
w, which describes the linear F/, grading degree. d is the thickness
of the absorber layer and z displays the relative change of F, as a function
of the composition (Ga/(Ga+In)). This leads to the equation A.15 by

replacing the value for E,(x).

ax (hy — B + Bx)1/? (A.15)

Absorption will start after a critical distance d. inside a linear graded
absorber for the different photon energies hv; [52]. The e~ /h™ generation
rate g can be expressed as a function, which is defined for values smaller

and greater than d. (see equations A.16, A.17).

g=0,0<z<d, (A.16)
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9= =2 = go(hw — Byer + o) /2o H 0BT 400 Ly g,
(A.17)
J can now be calculated using the equation A.11, but according to the
definition of g only values for « > d. contribute to J because below d. g
will be zero (see equation A.16). Below d. the incoming photons with a
certain energy hr; cannot be absorbed inside the absorber and therefore
no carrier can be generated. In this way J depends on the different a.yy¢

values which differ for the different grading degree (see equation A.18).

) d 00
J= q/d(hu)/gdx =.. q/d (hv) o1 — e~ i) (A.18)
0 de 0

sy is defined for the three different energy sections [0, E;’”"],

[Egin, 3 (Eper — Epn) + ] and [3 (Eper - EJn) + Epn, o]
(according to the procedure in [52]), which is divided into the follow-
ing expressions A.19, A.20 and A.21. For the first energy section the case
of non-absorption is described along equation A.19 because the incident
photon energy is below E;’”". In the second energy section the linear inter-
polation part from E"" towards 3 (Ee® — E7™) + E™" is described in
A.20. The third energy section displays the constant absorption region in
A.21.

aepp =0, 0 < hv < EJ"" (A.19)

2 mzn hv — E;nln min 3 max min min
aeff 3 9 <E;}naaz _E;nin)’ Eg < hl/< 5 (Eg _E!] )+Eg
<1
(A.20)
min 3 max min min
Oy = g™, 5 (EgT = Bg) + B < hy (A.21)
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