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Abstract

In recent years, post deposition treatment (PDT) of the absorber with RbF has led to
a significant improvement in the efficiency of Cu(In,Ga)Ses (CIGSe) thin-film solar
cells. In this work, the influence of RbF by PDT on the recombination and current
transport mechanisms was studied. Temperature-dependent current-voltage (JVT)
measurements were performed with a set of CIGSe samples prepared under various
preparation conditions at Helmholtz-Zentrum Berlin (HZB) and in other laboratories.
Based on JV'T measurements, CIGSe cells with RbF-PDT present non-ideal current-
voltage (J — V') characteristics especially at low temperatures such as a roll-over of the
diode current, a cross-over between the dark and illuminated curves, a saturation of the
open-circuit voltage (V,.) and, examined in detail here for the first time, a discrepancy
between dark and light J — V's. These negative and positive (typically an increased V)
effects of PDT may derive from different physical mechanisms since these non-idealities
are not necessary linked to the high efficiency presented in some measured solar cells.
The open-circuit voltage (V,.) can be influenced by the phototransistor effect visible at
low or in some cases even at higher temperatures, reducing its value and extrapolating
to lower activation energies than expected without any V. clamping.

Analysis of recombination mechanisms showed that typical CIGSe solar cells without or
with RbF-PDT present dominant recombination within the bulk therefore contradicting
those studies that assume a transition from interface to recombination in the bulk due
to changes especially observed at or near the absorber surface after PTD. The behavior
of the deduced diode quality factors as a function of the temperature suggested a
recombination in the space charge region with an exponential defect distribution, and a
transition towards recombination in the quasi neutral region in samples with RbF-PDT.
The influence of electronic material parameters on the blocking of the forward diode
current across the heterojunction and at the back contact of the device was studied by
numerical simulations. These models are focused on barriers at the heterointerfaces of
the solar cell device in order to consider some of the effects of RbF reported in previous
studies such as the alkali diffusion from the absorber into the buffer or window layer
and their interfaces. It was found that a low-doped ZnO window layer, the presence of
acceptor defects at the buffer/window interface or a high band offset at that interface
all lead to a similar diode current limitation as a result of a low carrier concentration
in the buffer layer.

The reduction of the Na content especially at the back contact of the absorber with long
Rb deposition times revealed in previous studies is consistent with the introduction of
a back barrier in numerical simulations, exhibiting the aforementioned non-idealities
and describing those cells which present a strong V. saturation at low temperatures.
This work provides a better understanding of the electronic parameters that may
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have an influence on the blocking mechanisms when alkalis are deposited on CIGSe
absorbers.
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Zusammenfassung

Die Nachbehandlung des Absorbers mit RbF hat in den letzten Jahren zu einer sig-
nifikanten Verbesserung der Wirkungsgrade von Cu(In,Ga)Se; Diinnschicht-Solarzellen
gefithrt. In dieser Arbeit wird der Einfluss der Nachbehandlung auf die Rekombinations-
und Stromtransportmechanismen untersucht. Mit einem Satz von am Helmholtz-
Zentrum Berlin und in anderen Laboren mit unterschiedlichen Parametern praparierten
Proben wurden Messungen der temperaturabhéangigen Strom-Spannungskennlinien
durchgefiihrt. Nachbehandelte Proben zeigen insbesondere bei niedriger Temperatur
nicht ideale Kennlinien, d.h. ein Abknicken der Kennlinie, Uberschneidung von Dunkel-
und Hellkennlinien, eine Séttigung der Leerlaufspannung und die hier zum ersten
Mal im Detail untersuchte Diskrepanz zwischen Dunkel- und Hellkennlinien. Diese
negativen und die positiven (typisch Erhohung der Leerlaufspannung) Auswirkungen
der Nachbehandlung sind nicht notwendigerweise mit denselben physikalischen Mecha-
nismen verkniipft.

Die Leerlaufspannung kann, insbesondere bei niedrigen Temperaturen, durch einen
Phototransistor-Effekt beeinflusst werden, der die Leerlaufspannung reduziert und in
ihrer Extrapolation zu kleineren Aktivierungsenergien fithrt als ohne diese Sattigung
zu erwarten ware.

Die Analyse der Rekombinationsmechanismen zeigt, dass, unabhéngig davon, ob eine
Nachbehandlung erfolgte, die dominierende Rekombination im Absorber stattfindet.
Dies widerlegt andere Untersuchungen, die mit der Nachbehandlung einen Ubergang
von dominierender Rekombination an der Heterogrenzflaiche zur Rekombination im
Absorber postulieren. Die als Funktion der Temperatur bestimmten Diodenfaktoren
sprechen fiir eine Rekombination in der Raumladungszone iiber exponentielle Defek-
tverteilung, die sich in nachbehandelten Proben in das Bahngebiet verschiebt.

Der Einfluss elektronischer Parameter auf das Sperren des Durchlassstromes am
Heterotlibergang oder am Riickkontakt des Bauelementes wurde mit numerischen Rech-
nungen bestimmt. Die Modelle beriicksichtigen Barrieren an den Grenzflichen, um die
in vorherigen Studien festgestellte Diffusion von Alkalimetallen aus dem Absorber in die
Puffer- und Fensterschichten und deren Grenzflichen einzubeziehen. Man findet, dass
eine geringe Dotierung der ZnO-Fensterschicht, Akzeptor-Defekte an der Grenzflache
zwischen Puffer und Fenster oder eine signifikante Diskontinuitat der Leitungsbander
an dieser Grenzfliache in Folge einer geringen Dichte freier Ladungstriger in der Puffer-
schicht alle zu einer ahnlichen Beschrankung des Durchlassstromes fithren kénnen.
Die Verringerung des Natriumgehaltes, vor allem am Riickkontakt, der in vorherigen
Studien mit langer Nachbehandlung in Verbindung gebracht wurde, kann in seinen
Auswirkungen (nicht ideale Kennlinien, starke Séttigung der Leerlaufspannung bei
niedrigen Temperaturen) durch die Einfithrung einer Barriere am Riickkontakt in den
numerischen Modellen beschrieben werden.



Diese Arbeit eroffnet ein besseres Verstiandnis der durch die Nachbehandlung beein-
flussten elektronischen Parameter, die zu einer teilweisen Sperrung des Durchlassstromes
fithren.
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1. Introduction

The importance of implementing renewable energies has been rising due to the unfavor-
able environmental changes that the Earth has been undergoing in the last decades. As
confirmed by scientists of the National Aeronautics and Space Administration (NASA)
and the National Oceanic and Atmospheric Administration (NOAA), August 2020 was
about 2.14 °C hotter than the average recorded on Earth since 1880 [1,2]. The Earth
has been gradually heating up since the late 19th century but it has not been since the
year 2000 that this trend has been accelerated [3]. Carbon dioxide emissions are the
primary driver of global climate change, therefore it is urgently necessary to reduce
these emissions [4]. These emissions stem from fossil energy carriers, the use of which
must be reduced.

Photovoltaic (PV) devices are important energy supply systems which directly convert
sunlight into electrical energy and thus enable reduction of fossil fuels. Today, Si-
based solar cells are dominating the world PV market [5], nevertheless thin-film
photovoltaic technologies based on polycristallline chalcopyrite absorbers allows a
significant reduction of the semiconductor material when compared to crystalline (c-Si),
besides exhibiting a shorter energy payback time (less than 12 months for thin-films vs
12-18 months for ¢-Si) and a lower carbon footprint (12-20 gr CO, equivalent /kilowatt
hour for thin-films vs 50-60 gr COy equivalent/kilowatt hour of electricity for c-Si) [6].
Thin-film devices can be produced on flexible as well as on conventional rigid substrates
with high performance [7,8].

Thin-film solar cell devices based on the chalcopyrite absorber material Cu(In,Ga)Ses
(CIGSe) have proven to be one of the most suitable to convert sunlight into electricity
with high efficiencies. The basic concept of a CIGSe cell has remained unaltered
over the years with a p-absorber/n-buffer/n™ TCO (transparent conductive oxide)
layer configuration [9, 10]. Since the beginning of the 1990s, diffusion of alkaline
elements, mainly Na, from soda-lime glass (SLG) through the Mo back contact layer
into the CIGSe during the deposition process has been identified to be an effective
way to achieve a suitable doping concentration and good performance of the device.
During the last years, CIGSe solar cells have been significantly improved where the
recent boost in efficiency was triggered by heavy alkali fluoride (KF, RbF, CsF) post
deposition treatment (PDT) [7,11]. One of the main beneficial effects of PDT is the



1. Introduction

gain in open-circuit voltage. However, this positive effect is accompanied by non-
idealities that mainly affect the behavior of the exponential diode current at forward
bias and the photocurrent. In this work, the influence of RbF-PDT on the electrical
transport and the dominant recombination path of a large set of CIGSe thin-film
solar cell devices, especially in thermally evaporated absorbers, are investigated by
electrical characterization techniques such as temperature-dependent current-voltage
measurements (JVT'). Device simulations are performed to be correlated with the
experimental measurements in order to better understand the physical mechanisms
that lead to detrimental effects.

This thesis is structured in the following way:

Chapter 2 describes the configuration and the standard layer stack of a typical
CIGSe-based solar cell. The main function of each of these layers is briefly described
in order to understand the role played by these (semi)conductors in the absorption
of photons and the conversion of sunlight into electricity. Definition of the main PV
parameters, transport equations as well as the diode parameters which can describe the
dominant recombination mechanism in a chalcopyrite solar cell are also given. Finally,
the last section of this chapter summarizes the main findings corresponding to the
non-electronic/electronic effects reported in literature for alkali fluoride PDT in CIGSe
cells especially when it comes to RbF.

Chapter 3 introduces the main electrical characterization methods used in this thesis
as well as the description of the method and programs used to fit the experimental
current-voltage characteristics measured in dark and under illumination conditions.
This chapter also provides the device and material properties set in the reference CIGSe

model for device simulations.

Chapter 4 includes an extensive survey of sets of different CIGSe samples without/with
RbF-PDT produced at Helmholtz-Zentrum Berlin (HZB) and external laboratories
and characterized by temperature-dependent current-voltage measurements, external
quantum efficiencies, standard current-voltage measurements and capacitance-voltage
measurements. Plots of the diode factors obtained from the fits of the current-voltage
curves and plots of the open-circuit voltage with respect to the temperature are included.
From these, the different effects of RbF-PDT on CIGSe solar cells are described.

Chapter 5 explores variations of the device and material properties of the numerical
reference model presented in Chapter 3. Special attention is focused on the heterojunc-
tion interface and back contact barrier models in order to explain the non-ideal effects
previously observed in Chapter 4 once the samples are treated with RbF. Variations
in the band alignment, doping concentration, interface defects, back barrier height,



temperatures, among others, are performed. At the end of this chapter, a summary of
the non-idealities for each model studied is also given.

Chapter 6 connects the proposed models previously obtained from the numerical
simulations with the main non-electronic findings reported in literature and fundamental
mechanisms given in Chapter 2. Positive and negative consequences of RbF-PDT either
due to the electrical transport and /or recombination mechanisms are identified in order
to have a more detailed understanding of the mechanisms involved with RbF-PDT.






2. Fundamentals

In this chapter, the electrical transport and the different recombination processes which
may dominate the chalcogenide solar cells are discussed. The basics of a CIGSe solar
cell are introduced at the beginning of this chapter to give an overview of the structure
and operation of type of devices studied in this work including the definition of the
main electrical parameters and the characteristics of a typical current-voltage curve
that are crucial for the analysis of solar cells. Moreover, a brief but comprehensive
review of the main findings of alkali fluoride post deposition treatment reported in
literature can be found at the end of this chapter including some of the main results of
the PDT cell produced at HZB.

2.1. Basics of a CIGSe solar cell

The configuration of a CIGSe-based solar cell is sketched in Figure 2.1a. Typically, a
molybdenum layer is deposited on top of a glass substrate and used as a back contact.
A p — n junction is formed by the p-type Cu(In,Ga), absorber layer and the n-type
material which comprises the buffer layer, typically CdS, and a double window layer
formed by an typically undoped ZnO (i-ZnO) and a highly doped ZnO:Al (AZO) used
as the front contact of the device. At the top of the front contact a metal contact
grid of Ni-Al-Ni is deposited, establishing an ohmic contact for current collection. The
CIGSe absorber is a polycrystalline semiconductor well suited for thin-film devices
because of its direct band gap and its high absorption coefficient « in the order of
105 em™! to 10 em™! so film thicknesses around 1-3 ym are enough to absorb most
of the incident photons with energies above its band gap. A distinctive aspect of
the CIGSe material is its variable band gap which can be changed by varying the
(Gal]/([Gal]+[In]) ratio (GGI). In Cu(In; 1Gay)Sey alloys, a higher Ga content widens
the band gap energy (E,) from 1.02 for Ga free CulnSe; to 1.69 eV for CuGaSe;
following the approximate expression E,(z) = 1.0240.67z +0.11z(x — 1) with « being
the respective GGI ratio [12]. From this, the band gap energy not only can be adjusted
to the desired level but also the absorber can present different band gaps at different
depths in the CIGSe film, so-called band gap grading.
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Figure 2.1.: (a) Schematic representation of a CIGSe solar cell , and (b) energy band
diagram of a CIGSe solar cell in equilibrium.

CdS polycrystalline films posses a direct band gap energy at around E, = 2.4 ¢V [13]
and the wide band gap of CdS permits the sunlight to enter the absorber material
more readily [14]. However, the light absorption in the buffer still reduces the spectral
response of the solar cell in the blue region of the solar spectrum. The role of a buffer
layer in addition to forming a p — n junction with the p-type CIGSe is to provide a
favorable band alignment and charge density [15] at the absorber/window interface.
The double ZnO layer acts as a window with high conductivity and with a wider band
gap than the CdS at around E, = 3.3 €V [13] in order to allow the incident photons to
pass through and to reach the absorber film.

The energy band diagram of a typical CIGSe solar cell without illumination at zero bias
voltage is illustrated in Figure 2.1b. When the sunlight hits the front contact of the
solar cell, those photons with energies lower than the corresponding band gap energies
of the window and buffer layer (E,, = hv < E4zn0 and Eycas) pass through these
layers and are absorbed by the CIGSe layer. During this process, by the absorption of
a photon with an energy above or equal to the band gap of the CIGSe (E,, > E,),
an electron is excited from the valence band into the conduction band creating an
electron-hole pair in the absorber. The electrons are excited to a broad range of energy
states in the conduction band. When E, = F,, the excited electrons lie near the
conduction band edge or so-called conduction band minimum (CBM), while when E,
> F,, the excited electrons relax from a higher energy level to the conduction band
edge before they reach the contacts. The excess of energy (AE = hv — E,) is lost and
transformed into heat and this process is called thermalization. The excited electrons
do not stay at the conduction band edge for a long time, and they either reach the
metal contacts or relax back to the valence band to fill the holes again (recombination).
Those photon energies lower than the band gap of the absorber (E,, < E,) do not
contribute to the photocurrent. The separation of electrons and holes occurs mainly in
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the space charge region (SCR) [16]. The SCR is located mainly within the absorber,
close to the interface between the p-type CIGSe and the n-type material. When these
two materials are brought into contact, the free electrons of the n-type material diffuse
to the p-type absorber an recombine with the free holes of the absorber, leaving a
negatively charged region in the CIGSe and a positively charged region in the buffer.
Due to the charge separation an electrical field is generated which limits the diffusion
of free electrons and holes, leading to an equilibrium between the diffusion current (due
to the carrier density gradient) and the drift current (due to the difference of electric
potentials) and forming the SCR. The width of the SCR is dependent on the charge
carrier concentrations of both p-type and n-type materials. Once the equilibrium is
reached, the Fermi level (Fr) is flat throughout the device. This leads to a bending
of the conduction bands as illustrated in Figure 2.1b. Under illumination or when
bias is applied (non-equilibrium state), electron-hole pairs are created and the Fermi
distribution is different for electrons and holes, so a quasi-Fermi level for electrons
(E¥.,) and a quasi-Fermi level of holes (E ;) are introduced in the energy diagram [17]

(not shown here).

A typical current-voltage (J — V') characteristic of a CIGSe solar cell under dark and
illuminated conditions in linear plot is shown in Figure 2.2. The main photovoltaic
parameters to describe the perfomance of a solar cell are the short-circuit current
density (Js.), open-circuit voltage (V,.), fill factor (F'F') and efficiency ().

80

60 -

40
Dark

20 -

Current density (mA/cmz)

0 0.1 02 03 04 05 06 07
Voltage (V)

Figure 2.2.: J — V curves under dark and light conditions of a solar cell showing the Jgc
and V. points, the maximum power point (Jmpp, Vmpp and Prpp), as well as the area that
defines the F'F.

Jse depends directly on the light intensity, so the total current is the result of the
generated and collected charge carriers.

The open-circuit voltage is the maximum voltage given by the the solar cell and this
occurs when the current is equal to zero (J = 0). From the one-diode model equation
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under illumination (described in Section 2.2) by setting the current density equal to
zero, the V,. can be calculated from the resulting equation:

ART
Vee= S n (‘{]‘;h + 1) (2.1)

with A as the diode quality factor, k as the Boltzmann constant and ¢ as the elemental
charge. The saturation current density (Jy) describes the recombination losses in
the solar cell. Therefore, the open-circuit voltage is a measure of the amount of
recombination in the device. In relation to the band gap energy, the short-circuit
current density decreases with increasing band gap, while the open-circuit voltage
increases as the band gap increases.

The fill factor determines the maximum power from a solar cell, in conjunction with
V,e and Js.. The F'F is defined as the ratio of the maximum power from the solar cell
to the product of the V,. and Jg. so that

Vippuop  Pan
L (2.2)

where Vy,pp and Jy,pp are the voltage and current density at the maximum power point
(Pmpp), respectively. In Figure 2.2, the F'F' can be seen as the area of a rectangle where
the Vnpp and Jypp intersect.

The efficiency denotes the performance of a solar cell and is defined as the ratio of the
maximum generated power from the solar cell to the incident power (Pj,) from the
irradiation source so that

Pupp _ VocJsoF'F

pu— pu— 2.
" Pin Pin ( 3)

2.2. Electrical transport in CIGSe solar cells

When a voltage bias is applied to the solar cell in the dark, a pure diode current (bucking
current) is flowing. When the light shines on the cell, the J—V curve shifts to the fourth
quadrant and the cell generates power. The current under illumination determines the
V,. of the device, so experimentally both J — V' curves, with and without illumination,
are analyzed. The superposition principle states that the total light current (J(V)) is
the sum of the diode current (J4(V)) and photocurrent (J,u(V)) [17]:
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JL(V) = Ja(V) + Jpn(V) (2.4)

The diode current density is described by the Shockley equation (or ideal diode law):

J, = Jo [exp (zZ/{:VT> - 1] (2.5)

For CIGSe solar cells, it is generally assumed that [18]

E
J() = J()() - exp (— Ak‘AT’> (26)

in which Jy is activated by the activation energy (E,) as a result of recombination
of charge carriers. The activation energy describes the temperature dependence of
the saturation current density. Jyg may be called reference current density and is
only weakly temperature dependent. The diode quality factor moderates the voltage
dependence of the current density and together with Jyy and E 4, these are important
parameters to describe the recombination mechanisms in the cell, as will be described
in Section 2.3.

Introducing Equation 2.6 into 2.5, the general expression for the dark diode current
density is [18]:

E
Jd:Joo-exp(— A>

AkT) 5P (%) N 1} 2.7)

Substituting Equation 2.6 for Jy in Equation 2.1 previously given to calculate the

open-circuit voltage, and neglecting the 1 in the argument of the natural logarithm, it
leads to the expression:

Vv, o~ A AT (j‘)o) (2.8)

From here, the activation energy F for temperature-independent diode factor A, Joo
and the photocurrent density J,, can be deduced by plotting the open-circuit voltage
against the temperature 7' from the extrapolation of the V,. to T' = 0 K. However,
there are certain dominant recombination processes where the diode quality factor
shows a weak temperature dependence, such as tunneling process (see Section 2.3).
The activation energy can be easily extracted from assisted Equation 2.6 [19]:
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E
Aln(Jy) = —,7; + Aln(Jyo) (2.9)

By plotting the left part of the equation Aln(.Jy) vs 1/T, the activation energy can
again be determined [20].

An ideal solar cell which obeys the superposition principle is described by an equivalent
circuit with only two components: a current source which delivers the photocurrent
density and a diode component that represents the dark characteristics of the junction
with its corresponding current density. However, a real solar device presents some
non-ideal elements, e.g., parasitic resistances which generally reduce the F'F: a shunt
resistance (Rg,) and a series resistance (Rg). The series resistance comprises ohmic
losses in the bulk, TCO and/or at the metal contacts. Another series element can be a
back contact diode with opposite polarity [17]. The main impact of a series resistance
is to reduce F'F', but high values of Ry may also reduce the Jg., thus low values of
the series resistance are needed for a good device performance. In case of an ohmic
series resistance, the voltage drop at this element is Vi = RgJ. The shunt resistance
describes parasitic current pathways and is typically due to manufacturing defects.
Low shunt resistance causes power losses in the device by generating current pathways
for the photocurrent, causing a reduction of the amount of current flowing through the
solar cell and a reduction of the voltage, thus high values of the shunt resistance are
desirable to reduce the losses. Including these elements to describe the current-voltage
dependence of solar devices, the equivalent electric circuit of a heterostructure solar
cell is shown in Figure 2.3.

m(t) b [ K

Figure 2.3.: Equivalent electric circuit of the one-diode model of a non-ideal solar cell
including the parasitic resistances Ry and Rgy.

Including a series resistance and a shunt resistance to the Shockley equation (Equation
2.5) and under illumination conditions, the one-diode model is described as:

M) _ 1] GY=RS (2.10)

J(V) =y [exp ( TeT o

Here, Jy describes the recombination mechanism under illumination. In the simplest
case, A = 1 is referred to recombination outside the space charge region and recombi-
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2.2. Electrical transport in CIGSe solar cells

nation at the interface of the absorber (back contact or absorber /buffer interface), and
A = 2 is denoted for recombination in the SCR.

Rs J

: - e
(3 EEJM gﬁd,z Ren Tv
| | | T

Figure 2.4.: Equivalent electric circuit of the two-diode model of a non-ideal solar cell
including a second diode connected in parallel and the parasitic resistances Ry and Rgy.

As it will been shown in Chapter 3 and 4, the one-diode model is not sufficient to
describe the J — V' curves of the CIGSe thin-film solar cells characterized in this work,
and therefore a two-diode model equation was more suitable to fit the obtained J — V
curves and to determine the main parameters to describe the recombination processes.
The two-diode model introduces a second diode connected in parallel to the main diode
as shown in Figure 2.4 and its corresponding equation is:

B q(V — RsJ) _ q(V — RsJ) B V—-RsJ
J(V) = J(]’l [exp (All{;T 1 +J072 exXp 7A2kT 1|+—— Jph

With the aim of describing the electrical transport mechanisms that dominates at
different voltage ranges of the J — V' curve and determining the main parameters of
the diode equation, the dark J — V' characteristics are shown in semi-logarithmic plot
as seen in Figure 2.5. In the same way, all JV'T" measurements presented in Chapter 4
are plotted in semi-logarithmic scale.

A typical dark J — V' characteristic of a reference CIGSe solar cell in Figure 2.5
described by the one-diode model is divided in three main regions [21]: (1) the shunt
resistance dominates the current at low negative and positive bias voltages. The
current does not flow only over the diode but also over the shunt resistance. (2) As the
current and voltage increase, the diode factor can be deduced from the straight line
of the semi-logarithmic plot. For a steeper slope, smaller A. (3) The series resistance
dominates at higher voltages. Part of the voltage drops over the series resistance when
a current flows and the Ry can be seen from the bending of the straight line of the
diode factor where the stronger the bending, the stronger the series resistance.

In the voltage range of the straight line representative of the diode factor, between
0.5 V to 0.65 V, typically the V,. of a standard CIGSe solar cell can be found, thus
the transport mechanism that dominates within this region influences the open-circuit
voltage, as well as information about the recombination mechanism can be deduced

11
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Figure 2.5.: A typical dark J — V' curve in semi-logarithmic scale of a CIGSe thin-film solar
cell including the voltage ranges where the diode factor, and the series and shunt resistance
influence the J — V curve.

from the value of this diode factor. However, as previously mentioned, CIGSe devices
measured in this work can be described by the two-diode model where a second diode
(a parasitic diode), with very high values of A and dominating at low voltages, is only
needed to achieve a good fit of the J — V characteristics (see Chapter 4) within the
research area of this thesis.

2.3. Recombination mechanisms in CIGSe solar

cells

The J — V curve can be described by the two-diode model (for the case of this work)
which includes the exponential function of the current with respect to the voltage and
the parasitic resistances, Ry and Rg,. Important parameters of the two-diode equation
are deduced to describe the different recombination mechanisms present in the solar
cell: from the main diode its reference saturation current density, diode quality factor
and activation energy of the saturation current density. The diode current can be due
to different recombination paths.

Generally, there are three types of recombination [17]: radiative recombination, Auger
recombination and defect related recombination. Radiative recombination refers to
the inverse process of optical absorption with a direct band to band recombination of

12



2.8. Recombination mechanisms in CIGSe solar cells

electrons and holes that cannot be avoided. This process is considered in the Shockley-
Queisser limit of an ideal p — n junction [22]. Auger recombination is a non-radiative
process that cannot be avoided. This type of recombination involves three carriers
where a conduction band electron recombines with a valence band hole, but instead
of producing a photon or heat, the excess of energy is transferred to another electron
raising it higher into the conduction band or to another hole pushing it deeper into the
valence band, and then thermalizing it back down to the band edges [23,24]. Because
this process is based on the ability of charge carriers to exchange energy, the Auger
recombination rate increases with a higher concentration of charge carriers, especially
in Si solar devices [25,26], and can be reduced if the doping density is kept below a
limiting value, becoming critical for doping densities in the range of 10'® cm ™3 which
is usually not the case for CIGSe solar devices. Recombination via defect states is a
process that can be avoided since, in principle, defects can be removed or decreased
from the heterostructure device but even for state-of-the-art chalcogenide thin film
absorbers, defect recombination is still the dominant limiting process. Although all
these mechanisms happen at the same time, this thesis is focused on describing the
different sets of CIGSe solar cells presented in this work from the main recombination
mechanism as pointed out in the literature, and therefore the influence of Auger and

radiative recombination are neglected in this work.

Figure 2.6 illustrates the main recombination process in a heterostructure solar cell due
to defect related recombination. Recombination may take place in four regions of the
absorber: in the SCR (path 1) and the area outside the SCR, the so-called Quasi Neutral
Region (QNR) (path 2), at the absorber surface (path 3) and the absorber back contact
(path 4). At first sight, recombination at the absorber surface of a heterostructure solar
cell against a homojunction is complicated by the band misalignment between the layers
and/or impurities not only at the absorber surface but also at each interface formation
of the device. However, in a homojunction, surface recombination is harder to control
than interface recombination, thus a heterojunction is a better structure for a solar
device as we can see also in Si cells [27,28]. Several recombination mechanisms may
happen in parallel where each one carries a certain share of the current. Recombination
in the buffer and window layer usually is insignificant because of the wide band gap
and therefore does not contribute to the diode current. Recombination paths in the
SCR (1) and at the absorber surface (3) can be enhanced by tunneling [20,29].

Defect related recombination via a defect level in the energy band gap of the absorber
is referred as the Shockley-Read-Hall (SRH) recombination [30,31]. The four principal
transitions involved in SRH recombination are: the capture of an electron or hole, and
the re-emission of an electron or hole.

The general expression for the Shockley-Read-Hall recombination reads as:

13
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Figure 2.6.: Schematic representation of the main recombination paths in a heterostructure
solar cell. Recombination within the absorber: (1) SCR and (2) QNR, recombination (3) at
the absorber surface and recombination (4) at the back contact of the absorber. The sketch
also includes a tunneling enhanced recombination (1*) in the SCR and (3*) at the absorber
surface.

np —n?

Tp(n +n*) + 7. (p + p*)

R=U—-G= (2.12)

In this equation, R is the net recombination rate which describes the complete re-
combination process and equals the difference between recombination rate (U) and
generation rate (Gy). 7, and 7,, denote the minimum lifetimes of holes and electrons,

respectively.! The quantities n and p are the carrier densities and n* and p* expressed

%} and p* = Ny exp {%} are the auxiliary density of

carriers which indicate the charge carrier concentrations that would originate if the

as n* = N¢ exp {
Fermi level is located at the energetic position of the defect level (Egef).

Reorganizing Equation 2.12 by inserting the previous expressions, the SRH equation
yields:

np — n?

o Ve exp (] ) £, ot oy e [0

R=U—-G= (2.13)

Tt is assumed a minimum lifetime because all the trap centers (N gef) in the band gap are assumed
to be non-occupied by the carriers: 7, ), = (O'n’pvn’deef)71 with o, , as the capture cross section
of the defect recombination and v, ;, as the thermal velocity of the corresponding charge carriers.
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2.8. Recombination mechanisms in CIGSe solar cells

The defect level can be positioned in any region along the band gap energy of the
absorber. As it can be deduced from the simplified SRH equation (see Equation 2.12),
when n* and p* are large, i.e., when the defect level is close to either the conduction
band edge (E¢) or valence band edge (Ev), the net recombination rate becomes small.
Conversely, if n* and p* are small, the net recombination rate becomes large when the
defect level is close to the mid-gap energy. The net recombination rate will be the
highest when the defect level is positioned at the mid-gap (if capture cross sections are
the same for electron and hole). In other words, the probability of an electron to be
captured is high when the defect level is close to the conduction band and decreases
when the defect level moves closer to the valence band (and vice versa for a hole),
therefore the highest recombination occurs when the defect level is positioned in the
middle of the band gap where the defect can capture efficiently both, electrons and
holes.

Using the relation between n and p under bias voltage, np = n?exp(qV/kT) and
the relation of the intrinsic carrier concentration, n; = Ny Ncexp(—Fy/kT) and
introducing them in the equation of the SRH recombination (Equation 2.13), it can be
deduced that the smallest band gap within the heterostructure solar cell leads to the
highest recombination and contributes to the main part of the diode current, which is
typically in the absorber layer, and only a minor part of the diode current results from
the recombination in the buffer and window layer. In equilibrium state, np = n?, the
net recombination rate becomes zero. Analyses have shown that the limiting process in
CIGSe-based thin-film solar cells is mainly bulk recombination for a standard absorber
thickness [17,18,20]. Moreover, the highest recombination in the bulk can take place
either in the QNR or SCR. Assuming equal carrier lifetimes in the absorber, 7, = 7,,
the maximum recombination takes place at the position when n = p, and following the
condition for the maximum recombination rate, 7,p = 7,n, its position is commonly
within the SCR. However, such maximum recombination will depend on the value of
the carrier lifetime. SCAPS simulations performed by Scheer et al. [17] showed that
for shorter carrier lifetimes, the SCR is the main recombination zone, while for larger
lifetimes, the recombination rate becomes approximately constant in the QNR with
only a small maximum recombination in the SCR. In this case, both recombinations
occur in parallel with a higher recombination rate in the QNR. Thus, the dominance of
the SCR recombination or the QNR recombination changes with respect to the carrier
lifetime. Also see chapter on numerical calculations, Figure 5.2.

In the following sections, the main recombination paths occurring in a heterostructure
solar cell as shown in Figure 2.6 are briefly analyzed separately.
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2.3.1. SCR recombination

The SRH formula (Equation 2.12) describes the recombination rate occurring in the
SCR of the absorber layer. It is within this region where the relation 7,,p = 7,n takes
place for the maximal recombination rate for a single defect, and then V. is dominated
by recombination in the SCR [18]. The recombination rate varies with exp{qV/2kT'}
and the diode quality factor is deduced from the variation of the current density in a
semi-logarithmic plot. The quasi Fermi levels Fr, and Ef , at the position 7,p = 7,n,
vary symmetrically with respect to the defect level at mid-gap. When a voltage V' is
applied, both quasi Fermi levels are modulated and the applied voltage splits between
n and p, so each quasi Fermi level varies as qV//2 as illustrated in Figure 2.7.

Ec |
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Figure 2.7.: Schematic representation of the defect related recombination in the SCR.

In this case, the number of electrons are increased by a small amount, only by a half
of the applied voltage, n o exp(qV/2kT'), with a small increase of recombination with
respect to the voltage. Therefore, if the recombination is dominant in the SCR, the
diode quality factor is A = 2 or close to 2 since experimental devices limited by SCR
recombination may show a diode factor slightly smaller than 2 due to an additional
voltage dependence [17]. The general expression in Equation 2.7 gives an activation
energy of the saturation current density equal to the band gap of the absorber, E'x = E,
via a single defect in the SCR, and the open circuit voltage is given by Equation 2.8.

Nevertheless, the value of the diode quality factor will depend on the location of the
defect level. If the defect level is close to one of the band edges, the diode quality factor
becomes A = 1. A diode with a shallow defect (A = 1) exhibits a stronger voltage
dependence of the diode current in comparison to a diode with a deep defect (A = 2).
However, if the defect level is located close to a band edge, such defect level is not
within the region of the highest recombination, thus the total recombination rate given
by a shallow defect is small. In the case of having a combination of a shallow and deep
defect level in the absorber, the recombination will be dominated by the deep defect
and the diode quality factor will be A = 2 (as long as the forward bias is not too large).
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2.8. Recombination mechanisms in CIGSe solar cells

If the defect is located at an intermediate level between the mid-gap and one of the
band edges, the diode factor changes its slope from 1.1 up to 1.8 with increasing voltage
bias [17]. When the voltage bias increases, the region of the efficient recombination
widens and at certain bias the defect level is included within this region, thus a change
in the slope of the J — V' curve may indicate such an intermediate defect level.

Different defect distributions may also be considered for recombination. A constant
defect density or a linear defect distribution decreasing from the band edges leads to a
voltage dependence of the diode factor. Since the carrier concentrations at the point of
a maximum recombination vary exponentially with voltage bias, an exponential defect
distribution (with a maximum defect distribution at the band edge and decaying into
the band gap) has a stronger impact on the diode quality factor [32]. The current
density can also be calculated from Equation 2.7 where Jy is slightly temperature-
dependent and the temperature dependence of the diode quality factor is given by
1/A=1/2(1+ (T'/T*) with kT™* as the characteristic energy of the distribution. The
diode quality factor can vary between 1 and 2 in case of having an exponential defect
distribution [33] in the band gap with £y = E,. The open circuit voltage from Equation
2.8 is therefore temperature-dependent.

Recombination in the SCR can also be enhanced by tunneling (see path (1*) of Figure
2.6) for a discrete level or for an exponential defect distribution in the band gap if
a strong electric field is present, causing an increase of density of carriers available
to contribute to the recombination rate at a certain location within the SCR with
diode quality factors larger than 2. Previous studies by Rau et al. [18,20] have shown
that tunneling is typically not significant around room temperature but becomes more

important as the temperature decreases.

2.3.2. QNR recombination

As previously mentioned in Section 2.2, recombination in the QNR becomes dominant
for long carrier lifetimes and/or narrow SCR since a large number of carriers pass
through the SCR without recombining and are injected into the QNR being there
the minority carriers. The QNR comprises the area outside the SCR with a gradient
of the electric potential of zero and extends up to the back contact. Therefore, the
charge carriers generated in the QNR of the absorber will either diffuse to the SCR or
recombine. In the same way as the SCR recombination, defect states can be located
via shallow and deep defect level as well as an exponential defect distribution. The
recombination rate can be calculated following the SRH equation (Equation 2.12)
without the generation term:
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np
Tp(n +n*) + 7. (p + p*)

R=U= (2.14)

and for a deep defect the recombination rate where holes are majorities, p >> p*, n*, n,
it can be approximated as:

R=U=— (2.15)

Tn

When a bias voltage is applied (see Figure 2.8), the density of electrons is mainly
modulated, thus only the Fermi level for electrons Ey, moves with respect to the
voltage, leading to a strong increase of the number of electrons, n o exp(qV/kT), and
a strong increase of recombination rate. A diode quality of A = 1 is obtained for deep
and shallow defects as well as for a defect distribution, and only valid if the absorber
thickness (daps) is much larger than the diffusion length of electrons (L), dans >> Ly,
i.e., if the majority carriers do not reach the back contact of the absorber (without
back contact recombination).

| Fc |
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Figure 2.8.: Schematic representation of the defect related recombination in the QNR.

2.3.3. Back contact recombination

Back contact recombination may become the dominant process if the carrier lifetime
in the bulk is very large and the interface recombination is very small. The effect
relatively becomes larger by reducing the absorber thickness, d.,s << L,, and is
enhanced for ultra-thin films [34,35]. For a smaller distance between the back contact
and collection junction [36], the minority carrier electrons (in a p-type material) diffuse
to the back contact and recombine with the high amount of holes. The dominance of
bulk recombination or back contact recombination will depend mainly on the absorber
thickness d,ps, and diffusion length of the minority charge carriers L,,.
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2.8. Recombination mechanisms in CIGSe solar cells

A normal grading increases the band gap energy towards the back surface or towards
the front surface, while a double grading has a minimum band gap at some depth
point of the absorber and increases the band gap towards the front and back surface.
The effect of a back surface grading in samples with standard absorber thickness is
to decrease minority carrier recombination at the back contact [37,38]. This leads

to an increased photocurrent, decreased diode current and even to an increase in the

Vo [39,40].

2.3.4. Interface recombination

A large number of interface states can be present at the absorber/buffer interface
which leads to an interface recombination path, especially if the interface band gap
(Egr) is smaller than the absorber band gap (Egans), as seen in Figure 2.9a. If the
interface band gap equals the absorber band gap (Egr = Egabs), the recombination
occurs between the electrons from the absorber conduction band and the holes from
the absorber valence band. In contrast, if the interface band gap is smaller than the
absorber band gap (Egr < Egabs), then there are two different recombination paths:
one directly from the recombination of electrons and holes from the absorber and the
other one from the cross-recombination where the electrons from the buffer conduction
band recombine with the holes from the absorber valence band. It is assumed to have
an inversion layer at the interface, i.e., electrons are the majority charge carriers at the
interface instead of holes as the p-type material is usually used as an absorber. When
a voltage is applied, the hole quasi Fermi level Ey , is modulated, similar as the QNR
recombination, but limited in this case by holes for recombination p o exp(qV/kT) (see
Figure 2.9b). There is a strong increase of recombination with respect to the voltage
leading to a diode quality factor of A = 1.

However, the diode quality factor depends on the interface charge density. If the Fermi
energies are not pinned?, two cases can occur: a nonsymmetric heterojunction and a
symmetric heterojunction. Based on this, the diode quality factor for interface recombi-
nation via a single defect in the middle of the interface band gap F, ¢ can be determined
by A = 1/(1-8), with 6 = ca1sN A abs/ (EabsV A abs + Ebuffer VD buffer) Where € represents
the permittivity, and N and Np represent the acceptor and donor density, respec-
tively. For a highly nonsymmetric heterojunction, i.e., if ehufier N D buffer >>> €absIV A abs
O Epuffer VD buffer << EabsV A abs, the diode factor is generally A = 1. Considering the
case of a symmetrical heterojunction, that is, epuffer N D buffer = EabsV A abs, the diode

2The position of the Fermi level at the interface is not only determined by the doping ratio of
the absorber and buffer, but can also be determined by interface charge. If the interface charge
density either for donors or acceptors is relatively high, then a variation of the absorber acceptor
concentration or buffer donor concentration has no influence on the Fermi level position at the
interface. This effect is denoted as Fermi level pinning (FLP).
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factor is A = 2. This can be explained due to the symmetrical variation of both quasi
Fermi levels at the interface with respect to the deep interface defect level when a bias
voltage is applied, in a similar way as in the SCR recombination illustrated in Figure

2.7.
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Figure 2.9.: Defect related recombination at the absorber/buffer interface: (a) energy band
diagram and (b) schematic representation of the energy levels under applied bias.

Similarly as the SCR recombination, the interface recombination follows the SRH
expression given in Equation 2.12; except that the carrier lifetimes are replaced by
the interface recombination velocities, S, and S, respectively. The recombination
velocities are defined as .S, , = Nipo, ,Un, for a discrete interface state of density Nip.
The interface recombination velocity increases directly with the interface state density
with an upper limit defined by the thermal velocity. Similar to the SCR recombination,
the interface recombination may be enhanced by tunneling (see path (3*) in Figure
2.6).

For the energy band diagram given in Figure 2.9a, the difference of the conduction
bands between the absorber and the buffer, AEc = E¢ abs — Ec puffer, Tesults AEq < 0.
The activation energy of the saturation current density is given by Fgr = Egabs +AFc
and since AF¢ < 0, the activation energy is smaller than the absorber band gap,
Ea < Egans [41].

Accordingly, without Fermi level pinning, the diode quality factor varies between 1 and
2 depending on the doping ratio and the activation energy of the Jy is Ex = Eg . The
same situation applies for an exponential defect distribution. In case of a Fermi level
pinning either above or below the middle of the interface band gap, the recombination
will depend on the interface hole or electron concentration, respectively, and the diode
quality factor becomes A = 1 as only the hole quasi Fermi level or electron quasi Fermi
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2.8. Recombination mechanisms in CIGSe solar cells

level will move under applied bias with an activation energy being smaller than the
interface band gap, Fx < Fg1r.

The previous analysis is based on exhibiting a conduction band cliff between the absorber
and buffer layers with Fy 1p < Eg a1s. However, when a conduction band spike is present
with a highly nonsymmetric heterojunction, e.g., if epuffer N D buffer >> EabsN A abs, the
activation energy for AEc > 0 is Ey a,s Which also equals the interface band gap and
the diode factor is A = 1. In the case that epufter VD buffer = EabsV Aabs, the activation
energy exceeds the absorber band gap and is given by E, .bs + AE¢ with a diode factor
of A =2 [17]. For devices with a dominant interface recombination, a front surface
band gap grading can shift the recombination to a position within the bulk [17]. For
a cell without interface recombination, the benefit of a front surface gradient will be
small. A front surface band gap gradient increases the V,. of the solar device due to
the suppression of interface recombination without losses in J. [40].

A summary of the diode quality factors and activation energies for the main defect

related recombination paths is listed in Table 2.1.

Table 2.1.: Compilation of the diode quality factors and activation energies for defect related
recombination.

Recombination region Condition Diode factor (A) Activation energy (Ea)
SCR Deep defect 2 FEg.abs
Shallow defect 1
Shallow + deep defect 2
Eqer between Egz/2 and 11-1.8
Ec/Ev
Exp. defect distribution 1-2
Tunneling > 2
QNR dabs >> Ly, 1 Eg abs
IF (AEc <0) No FLP 1/1—-60)=1-2 Eg 1w
FLP 1 < Eg,IF
Exp. defect distribution 1-2 Eq1r
IF (AEc > 0) Highly nonsymmetric 1 Eg abs
Symmetric 2 Egabs + AEC

The considerations of the electrical transport and recombination mechanisms presented
in this chapter will serve as a basis for the interpretations of CIGSe solar cell examined
in the following chapters.
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2.4. Influence of alkali metals in CIGSe solar cells -

Literature review

In recent years, the introduction of alkali fluoride post deposition treatments with
heavy alkali elements (heavier than Na) has led to efficiency improvements of CIGSe
solar cells. Initially, PDTs were introduced as a means to incorporate Na into CIGSe
for flexible solar cells [42] after growing the absorber film without Na (also due to the
absence of Na diffusing from the alkali-free substrate) for a better Ga diffusion and
desired band gap profile. In 2013, PDT with KF was introduced [7] on low temperature
co-evaporated CIGSe absorbers grown on flexible substrates with an efficiency of 20.4%
- a record efficiency for flexible CIGSe cells at that time. Later on, a higher performance
was accomplished by incorporating RbF into the absorber layer on glass substrates
with a remarkable efficiency of 22.6% [11] and, in 2019 a record efficiency of 23.35% was
achieved by incorporating CsF [8] in CdS-free solar cells. These records were obtained
with different absorber techniques and without/with S in the absorber. Despite the
numerous studies demonstrating such high efficiencies and the impact of using alkali
metals post deposition treatments, the mechanisms behind the beneficial effects on
CIGSe devices are still open to discussion.

Non-electronic effects of alkali fluoride PDT

Studies concerning the electronic structure of the CIGSe surface and CIGSe/CdS inter-
face after alkali fluoride PDT resulted in a downward shift of the valence band maximum
(VBM) at the absorber surface after PDT [43-45] using ultraviolet photoelectron spec-
troscopy (UPS), X-ray photoelectron spectroscopy (XPS) and inverse photoemission
spectroscopy (IPES). Contradictory results were also reported; in the case of KF,
an upward shift of the VBM [46] was derived from hard X-ray photoelectron spec-
troscopy (HAXPES). Similar discrepancy has also occurred when comparing the CBM
between untreated/treated PDT samples [44,45]. From this, either low-temperature
absorbers [45,47] or high-temperature absorbers [43] with alkali fluoride PDT have
shown a band gap widening at the CIGSe surface, but also the case without significant
band gap widening has been reported on RbF-PDT CIGSe absorbers prepared at
high temperatures [44]. Moreover, XPS measurements detected the presence of heavy
alkali metal content in the first few nanometers of the CIGSe surface, whereas no Na
was detected. Such measurements have suggested that changes of the CIGSe surface

chemical composition induced by PDT occur in a depth of less than 30 nm [7].

A VBM shift and/or band gap widening at the absorber surface could reduce the hole
concentration at the interface, and a reduced carrier recombination near the absorber
surface [41] has been assumed in previous studies [43,45,48,49]. This can only be
the case if there is actually substantial interface recombination in the device, which is
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presumably not the case for high efficiency CIGSe devices [18,50]. The downward shift
of the VBM was considered as an outcome of the change of surface composition of the
CIGS after PDT due to the formation of secondary alkali-In-Se, phases that were made
responsible for the observed band gap widening [51,52] with an increased Eyp ~ 2.5
eV [45,53], and due to the Cu and Ga depletion in the near-surface region [48,53-57]
which was shown to lead to the formation of a so-called ordered vacancy compound
(OVC) layer on the surface of Cu-poor CIGSe thin-films (see CulnSes phase diagram
in Reference [58], [59]).

Malitckaya et al. [60] investigated the segregation of a secondary phase at the CIGSe
surface as a consequence of alkali fluorides during PDT based on density functional
theory (DFT), finding that the formation of K-, Rb- and Cs-InSe, compounds is
energetically favorable (and not in the cases of Li and Na), and therefore are expected
to be found at the absorber surface after PDT. Hence, the CIGSe surface is depleted of
Cu and Ga and enriched with Rb, K or Cs [54,61], in particular, a K-, Rb-, Cs-InSe;
is observed on top of the absorber [62,63], varying its thickness with respect to the
evaporation rate/deposition time during PDT [53]. Such alkali-In-Sey phase formation
has been suggested to passivate the CIGSe surface [64]. Lepetit et al. [65] showed that
a K-In-Se phase intentionally incorporated on the absorber surface results in similar
effects to those by PDT. However, Larsson et al. and Siebentritt et al. [53,66] reported
that the K-, Rb- or Cs-InSe, rich surface phase in itself or any surface modification are
not responsible for the enhancement performance of chalcopyrite devices, in contradic-
tion to Ishizuka et al. [67] who suggest that such modification of the band diagram at
the interface contributes to improvements in the V,.. The model proposed by Kodalle
et al. [68] suppose that the RbInSe, (RIS) layer acts as a barrier for the photocurrent
and therefore lowers the F'F' if it becomes too thick.

A Cu-depleted surface facilitates the in-diffusion of Cd into copper vacancies during
the chemical bath deposition (CBD) of the CdS buffer layer, as suggested in previous
studies [7,46,51,69]. The Cd in-diffusion further enhances the type inversion close
to the CIGSe interface (forming a p — n homojunction within the absorber). The
created Cdg, donors push the Fermi level closer to the conduction band and reduce the
recombination of electrons due to lower hole concentration at the interface [70]. Lepetit
et al. [65,71] also suggested that the alkali elements could be partially substituted by
Cd during CdS CBD by converting the alkali-In-Se; phase into a CdInyS, interface layer
in the beginning of the CdS CBD that would yield beneficial interface properties.

From the formation of a secondary phase and Cd in-diffusion into Cu vacancies at the
CIGSe surface, the absorber surface is improved for a better coverage [7,49,72] and a
better buffer growth allowing a reduction of the CdS layer thickness without losses in
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photovoltaic parameters [73]. However, it has been reported that the main beneficial
effects from PDT are not necessary associated with the CdS CBD [66].

Secondary-ion mass spectroscopy (SIMS) profiles have revealed a significant reduction
of the Na content after PDT in the CIGSe bulk and a higher heavy alkali content
compared with Na throughout the CIGSe absorber layer [7,11,51,64], showing that
PDT leads to a significant incorporation of the heavy alkali metal and removal of Na in
the CIGSe layer which is commonly explained by an ion exchange mechanism [74,75]
that favors the presence of heavy alkali elements over Na. One hypothesis is that the
main benefit of Rb, K or Cs is the passivation of defects at grain boundaries [55,76,77]
in a similar way as for Na. All alkali elements tend to accumulate at the front and the
back of the absorbers (surfaces and interfaces) [77], with lower concentrations within
the bulk [78], and especially they segregate at the CIGSe grain boundaries [53, 79-84],
where the lighter alkali elements are pushed into the grain interior with the presence of
the heavy alkalis. Na is expected to be more present within the grains than K and Rb,
however, K is also able to diffuse into the grain interior as well as to passivate defects at
the grain boundaries, so K is found inside the grains in larger amount in contrast to Rb
which is unlikely to diffuse into the grain interiors [60,85,86]. A larger concentration of
the alkali elements close to the surface is expected due to the formation of secondary
phases and also due to the presence of smaller grains (larger concentration of grain
boundaries) [51].

Electronic effects of alkali fluoride PDT

As previously discussed, Rb, K and Cs are all known to enhance the performance of
CIGSe devices in a similar way with comparable modifications in the composition
of the absorber films and the impact on the chemical structure at the surface and
interphases [11,51]. Excessive amounts of heavy alkali metals result instead in degraded
photovoltaic properties [48,51]. Besides some results have suggested that the alkali
effects on the CIGSe films and device properties depend on the group IITA elemental
composition in the CIGSe absorbers, i.e., effects of PDT strongly depends on the
GGI [67] and the [Cu]/([Ga]+[In]) (CGI) ratio [57,68] in the absorbers.

Regarding the electronic effects of alkali fluoride PDT on device parameters, an
increase in the open-circuit voltage has been observed consistently, whereas short-
circuit current and fill factor present an inconsistent trend in different contributions
[8,11,48,51,66,67,78,87,88].

It has been assumed that the dominant recombination of CIGSe samples is at the

interface, and upon PDT the recombination shifts to bulk recombination as the domi-
nant mechanism. On this basis, since PDT has an impact on the CIGSe near-surface
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properties and the V. is related to carrier recombination, the gain in V,. has been ex-
plained through the assumption that PDT suppresses (but not eliminates) the interface
recombination mechanism for small band gap [66,70,89] and wide band gap [87] CIGSe
absorbers. Conversely, some other authors [49,53,84] have suggested a V,. improvement
due to an alkali treatment-induced suppression of merely bulk recombination, and
particularly due to modifications of the grain boundaries. Furthermore, time-resolved
photoluminiscence (TRPL) revealed an increase in the minority carrier lifetime 7,
after PDT [55,67,90], then resulting in the reduction of the photogenerated carrier
recombination and the reason for improved V,. [11,48,67,90,91]. Larsson et al. [66]
showed that the beneficial effect on V. from the PDT is independent of the buffer layer
material, while Nakamura et al. [8] by using a Zn-based double buffer layer enhanced
V., suggesting a modified band bending in the depletion region of the chalcopyrite
absorber or less elemental diffusion from the buffers into the absorber, and so reducing
the recombination rate.

Capacitance-voltage (C' — V') measurements have been performed to investigate the
hole concentration of the CIGSe thin film solar cells fabricated with and without
PDT, showing an increase in the net doping concentration (N¢y) as reported by some
authors [48,55,61,70,88,92], which could also explain the reason for the improved V.
Nevertheless, Pianezzi et al. [70] concluded that the addition of heavy alkali metals is
less effective than Na to increase the hole concentration by PDT.

Concerning the F'F', it has been assumed that a loss in F'F' is due to an interaction
between the buffer layer and the alkali-rich surface modification created by PDT [66].
Some authors have reported that HCI etching prior the buffer layer deposition is needed
to achieve competitive F'F' values [66, 78] since as deposited or water-rinsed absorbers
result in lower F'F'. Nakamura et al. [8] reported a gain in F'F' by depositing Zn-based
buffer layers explained by a better coverage of the buffer which results in a better shunt

resistance.

Some publications have reported the presence of a barrier for the diode current, resulting
for instance in a roll-over of the current-voltage characteristics and a cross-over between
dark and light J — V curves after PDT [48, 53,66, 70, 78,93,94] with an increasing
blocking behavior (roll-over of the J — V's) when increasing the amount of the heavy
alkali element incorporated into the solar cell device. Furthermore, a more expressed
saturation of the V,. at low temperatures has been observed for PDT samples [93].

Three possible origins of the J — V' roll-over have been suggested [17,95]: (1) back
contact barrier located at CIGSe/Mo interface, (2) acceptor states located at the
buffer/window interface, and (3) a large positive (cliff) conduction band offset at the
buffer /window interface. Additionally, the CIGSe-surface layer has also been assumed
to cause the barrier [78], where the alkali-In-Se phase has been interpreted as the layer
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responsible for the blocking of the diode current, in contradiction to the findings of
Siebentritt et al. [53], who concluded that the surface band gap widening does not lead

to a transport barrier.

It has also been reported that a surface treatment either with HoO [66] or HCI [53, 78]
leads to a diode quality improvement by removing soluble salts from the surface and/or
thinning the alkali-induced surface layer which might be the reason for a reduced
blocking of the diode current, and therefore leading to an increased F'F' as previously

mentioned.

Ishizuka et al. [94] have found that the buffer layer plays an important role in suppressing
the emergence of the cross-over and the roll-over shapes in the J — V' curves after
PDT, indicating the phenomenon is not an issue of the Mo/CIGSe interface. On the
other hand, Pianezzi et al. [70] suggested the presence of a secondary diode at the
back contact whose barrier is strongly influenced by Na and much less by heavier alkali
metals, and from this point of view, the ion exchange of Na by the heavy alkali metals
during PDT should be avoided [48,96].

The following table (Table 2.2) summarizes the findings of the main effects caused by
the introduction of alkali fluoride PDT in chalcopyrite thin-film solar cells:

Table 2.2.: Summary of the non-electronic and electronic effects of CIGSe solar cells caused
by alkali fluoride PDT.

Non-electronic effects

Downward /upward shift of the VBM and/or CBM at the absorber surface
Cu and Ga depletion at the absorber surface

Surface improved for buffer layer growth

Reduction/substitution of Na in the CIGSe bulk

Heavy alkali metal enrichment in the CIGSe bulk

Segregation of alkali-In-Se phase at the CIGSe surface

Electronic effects

Enhancement in V.

Inconsistent trend in Jg.
Inconsistent trend in F'F'
Roll-over of J — Vs

Cross-over of J — Vs

V,. saturation at low temperatures

Main findings of the CIGSe thin film solar cells fabricated at HZB

An extensive research has been previously performed by Kodalle [48,49,52, 68, 97|
on the CIGSe thin-film solar cells prepared with RbF-PDT and fabricated at HZB
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including some samples presented in this work.

Most of these results are in accordance with the main findings of the morphological and

compositional changes induced by the RbF-PDT and its impact on the performance of

solar devices described above.

Among the main findings are:

An increasing V. and decreasing F'F has been observed for longer PDT duration,
which represents a higher amount of RbF deposited on the CIGSe absorber. The
optimum deposition time of the PDT was 10 min.

All PV parameters deteriorate for low Cu content (low CGI ratio) in the CIGSe
absorber, with a gain in V,. for CGI > 0.8 and improved F'F only for CGI =
0.95.

Accumulation of Rb near the absorber surface and the back side of the absorber
seen from elemental depth profiles of RbF-PDT (see Appendix A.2, Figure A.1).

Segregation of Rb at the grain boundaries in the CIGSe bulk as observed in
the energy-dispersive X-ray spectroscopy using a scanning transmission electron
microscope (STEM-EDX) measurements, leading to a migration of Na to the
CIGSe surface and into the gran interior. A Rb-Na exchange mechanism was
apparently only valid in sample with high Cu content (CGI > 0.8).

Cu and Ga depletion at the absorber surface after rinsing with ammonia solution.

A (Rb,Na)-In,Se, secondary phase is formed at the absorber surface during
the RbF-PDT based on scanning electron microscope (SEM), XPS and STEM
analyses. After NHs(aq) etching, traces of In-Se-O remain on the (Rb,Na)-In,Se,
surface leaving a nanostructured surface layer. The most likely candidate for
such secondary surface phase is the RbInSe, layer [63].

An E, = 2.8 £ 0.1 eV was found for the grow high-quality n-doped RbInSe,
layer determined by total reflectance (T'R) and total transmission (7'T") optical
measurements and whose thickness is dependent on the CGI ratio.

Better coverage of the CIGSe surface after RbF-PDT for the subsequent CdS
deposition with a lower growth rate and shorter CBD duration (i.e. thinner CdS
layers). Also the CdS growth led to a reduction of the amount of the so-called
ordered defect compound (ODC), which is initially present at the surface of the
absorber of Cu-poor films.

Reduction of the Na content within the absorber for longer deposition times of
Rb with a flatter Na distribution near the back contact. Na depth profiles of
some of the samples studied in this work are shown in Appendix A.2, Figure A.1.
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o Higher carrier concentration in the absorber layer for longer RbF-PDT duration
(t = 10 min) due to a higher concentration of Na inside the grains. A short RbF-
PDT (¢t = 4 min) led to a reduction of the carrier concentration as measured by
C —V profiling given in Appendix A.2, Figure A.1. RbF-PDT led to lower carrier
concentration in samples with CGI < 0.8 and to a higher carrier concentration
in samples with CGI > 0.8 in comparison to samples without PDT as seen in
Appendix A.2, Figure A.2.

 Blocking of the forward diode current (roll-over) of the dark J — V' curves after
PDT.

These observations will be considered in the explanation of the experimental and
numerical results given in Chapters 4 and 5 for the proposed models described in
Chapter 6 in order to find the possible connections that will lead to the unknown origin
of the non-ideal effects caused by the RbF-PDT.
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3. Characterization and simulation
details

The main characterization methods used in this work to study the behavior of the
different CIGSe solar cells included in Chapter 4 are described here. Two different
fitting programs were used extract the diode parameters of the dark and illuminated
characteristics and the fitting procedure is given. At the end of this chapter, the
reference model used in SCAPS-1D with the material and device parameters are listed.
By using this model, variations of some of these parameters will be performed in order
to find out which parameters may influence the J — V' behavior of the CIGSe solar
cells after RbF-PDT.

3.1. Characterization techniques

Temperature-dependent current-voltage characterization

Measurements of the J —V characteristics as a function of temperature and illumination
were performed in an evacuated (to avoid water condensation inside the chamber) liquid
Ny cooled cryostat (CryoVac) using a Keithley 2601A source measure unit in four-point
configuration and measuring in the range of -0.5 V to +1.5 V. The temperature range
was varied from 320 K to 100 K with a step size of 10 K. A solar simulator (Oriel
VeraSol) with light-emitting device (LED) light sources was used to simulate the AM1.5
solar spectrum. The light intensity () was varied from 100 mW /cm? to 0.1 mW /cm?.

Current-voltage characterization

The main electrical parameters of the solar cells (Jg, V., F'F and 1) were determined by
current-voltage measurements under standard test conditions (STC: AM1.5 spectrum,
100 mW /cm?, 25 °C) using aWACOM A+ dual light source solar simulator equipped
with a xenon and halogen lamp, and a Keithley source measure unit.
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External quantum efficiency

The external quantum efficiency (EQFE) measurements of the solar cells were performed
without applied bias voltage (short-circuit conditions) and with a monochromator under
chopped illumination over the wavelength range of 300 nm to 1400 nm with a step size
of 10 nm, and using lock-in technique with white light bias. The minimum band gap
energy (Egmin) of the solar cell was extracted from the maximum of the first-order
derivative of the EQE, d(EQE)/d()). The determination of the minimum band gap
used in this work is merely an approximation since the double-graded band gap present
in most of the absorbers would need a more complex analysis as described by Troviano
et al. [98], who proposed an analytical model that considers both absorption and
collection properties of the front and back grading of high-efficiency CIGSe solar cells
in order to interpret the internal quantum efficiency (IQFE) and extract parameters
such as the Urbach energy of band tails and the minimum band gap.

Capacitance-voltage characterization

Capacitance-voltage measurements were performed using a self-built setup based on
an Agilent 4284A LCR meter to determine the doping profiles of the absorber. The
solar cells were relaxed in dark for 5 minutes before each measurement and measured
at room temperature at a frequency of 100 kHz with DC bias voltages ranging from
-0.5 V to +0.5 V.

3.2. Fitting procedure of the J(V,T) —

characteristics and diode equation

A large number of data files was obtained after performing JV'T' measurements of
each sample. Each file contains the PV parameters (Js, Vi, F'/F' and 7) and the
corresponding current densities of the selected voltage range at different temperatures
and light intensities I (evenly distributed along the curve: 100, 75, 50, 35, 25, 15, 10,
7,5,4,3,2,1,0.8, 0.6, 0.5, 0.4, 0.3, 0.2, 0.1 mW /cm?). Dark measurements were also
carried out at each temperature.

In order to determine the diode quality factors A, saturation current densities Jy, series
and shunt resistance R, R, of the dark J — V' curves, each curve at each temperature
was fitted with the two-diode model equation (see Equation 2.11). Previous comparisons
between different software programs including MATLAB and Grace by using their
non-linear least-squares fit solvers, and the software IGOR Pro by using the evaluation
procedure PV-Evaluate 1.0.0 developed by Roland Mainz (HZB) [99] were done and
thus obtaining with the latter program a higher accuracy of the fit. Two diode quality
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factors Ay, Ay, and two saturation current densities Jy 1, Jo o2 were deduced and needed
to reproduce the experimental curves. However, only the parameters corresponding
to the main diode (A;, Jo1) were used in this work for recombination analysis. Dark
J — V curves that present a blocking of the forward diode current at forward bias do
not correspond to the model and have therefore not been fitted.

Under illumination, since the voltage dependence of the photocurrent would lead to an
incorrect determination of the diode parameters, a direct evaluation of the light J —V
characteristics is not feasible. Therefore, the diode parameters under illumination are
determined from the Jg vs V. plots. From the two-diode model equation (Equation
2.11), at V. there is no current flow, then J = 0, and the curve is independent of the
R since there is no voltage drop across it. Besides, the J..(V,.) data points are not
typically in the regime of shunt, thus R, can be neglected!. The resulting two-diode
model equation for the Jg.(V,.) curve results:

Voc Voe
el () el ()] o

The Jg(V,e) curves were fitted with Equation 3.1 and using the software Grace 2D
graph plotting tool for Unix-like operating system?. The Equation 3.1 was modified in

order to introduce the equation with Grace parameters as it is shown:

_abs (a0 [exp(al * x) — 1] + a2 [exp(a3 * z) — 1])

= 3.2
y s0.y (3.2)
where:
y = a0 = Jo, a3 = q/AkT
s0.y = abs(Js) a2 = Jyp

Setting the equation equal to 1 on the left side of the equation and dividing then the
right side of the equation by the J4., a more accurate fit of the curve was obtained.

Tn some cases, the shunt resistance could not be neglected since the J, se(Voe) points were positioned
on the shunt region of the J — V' curves, and therefore R was included in the fit equation.

2The few number of data points of the Jg.(V,.) curves did not allow the application of the same fit
tool used for dark curves
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3.3. Numerical simulation

In order to model the results obtained from the experimental measurements and to
analyze the effects of material or electrical parameters such as conduction band offsets
AFE¢, thickness d, doping N p and defect densities NV 4ef, diffusion lengths L, mobilities
1, among others, influence the JV'T behavior, numerical simulations of a CIGSe solar
cell are conducted using SCAPS-1D.

SCAPS-1D is a one dimensional solar cell simulation program developed at the Depart-
ment of Electronics and Information Systems (ELIS) of the University of Gent [100].
It was originally developed for CulnSe; and CdTe based solar cells, however its ca-
pabilities have been improved to be also applicable to crystalline Si and GaAs and
amorphous a-Si devices. A solar device with up to seven semiconductor layers and its
interfaces between the back and the front contact can be modeled by setting a large
number of material and electrical parameters. SCAPS-1D finds numerical solutions by
solving the basic semiconductor equations: Poisson equation, relating the charge to
the electric potential (¢), transport equations and continuity equations for electrons
and holes (equations can be found in Reference [101]). The total length of the solar
cell is divided in N discrete intervals, and the value of ¢; and the electron and hole
carrier densities (n;, p;) at each of the intervals constitute the unknowns of the problem
that can be found by numerically solving a set of 5N non-linear equations with 5N
variables. The basic equations are non-linear because the continuity equations contain
a recombination term, which is non-linear for n and p. The boundary conditions at
semiconductor-semiconductor interfaces assume that the transport mechanism across
the heterojunctions is thermionic emission. Interface recombination can be treated
by considering not only direct recombination where the electrons of a given semi-
conductor can only recombine with the holes of the same semiconductor, but also
for cross recombination. The boundary conditions at metal-semiconductor interfaces
assume a Schottky barrier, thermionic emission for the majority carriers and surface
recombination for the minority carriers. A more detailed description of the program
and its algorithm can also be found in [102-106].

3.3.1. Simple model of a CIGSe solar cell

The layer stack for the reference CIGSe solar cell consists of four layers: p-type electron
mirror layer, non-graded p-type CIGSe absorber layer, n-type CdS buffer layer, and
n-type ZnO window layer. Table 3.1 lists the input parameters set for each layer and
contacts to represent a simple model with a non-graded absorber, a reasonably long
diffusion length L,, and lifetime of charge carriers 7 adjusted only by neutral mid-gap
bulk defects Ngef in each layer.
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Table 3.1.: Device and layer properties for a simple CIGSe thin-film solar cell model used
for simulations with SCAPS.

Contact Properties

Parameter [units] Back Front
Surf. rec. vel. of electrons [cm-s™] 1x107 1x107
Surf. rec. vel. of holes [cm-s™] 1x107 1x107
Barrier height (rel. to Evy) [eV] 0 0
Reflectivity [1] 0.3 from file

Layer Properties

Parameter [units] p-e-mirror  p-CIGSe  n-CdS n-ZnO
Thickness [pm] 0.1 2.4 0.06 0.15
Band gap [¢V] 1.3 1.1 2.4 3.3
Electron affinity [eV] 4.2 4.4 4.3 4.45
Dielectric permittivity (rel.) [-] 13.6 13.6 10 9
CB effective DOS [em™] 2.2x10%  22x10" 22x10" 2.2x10'®
VB effective DOS [cm ] 1.8x101°  1.8x109 1.8x10' 1.8x10%
Electron thermal velocity [cm-s™] 1x107 1x107 1x107 1x107
Hole thermal velocity [cm-s™!] 1x107 1x107 1x107 1x107
Electron mobility [cm?-V~1.s™! ] 100 100 50 50
Hole mobility [cm?-V~1.s71] 25 25 25 25
Shallow unif. donor density Np [cm™?] 0 0 1x10%  1x10%
Shallow unif. acceptor density N [em™3] 2.5x10% 2.5x10% 0 0
Absorption constant B [eV(/2em™] 1x10° 1x10° 1x10°  from file

Neutral Defect States

Parameter [units] p-e-mirror p-CIGSe n-CdS n-Zn0O
Cap. cross sec. of electrons [cm™?] 1x107%  1x107% 1x107® 1x107'?
Cap. cross sec. of holes [cm™?] 1x107%  1x107Y  1x107® 1x107'2
Energetic distribution (above Ev) Single Single Gauss Gauss
Energy level [eV] mid-gap  mid-gap mid-gap mid-gap
Characteristic energy [eV] - - 0.1 0.1
Defect density [cm ™3] 5x 10 5x10%  1.8x10'® 1.8x10'°
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Figure 3.1.: Equilibrium band diagram of a e-mirror/CIGSe/CdS/ZnO thin-film solar cell.

In addition, no Fermi-level pinning and no interface defects were included in this model.
The absorption coefficient of the ZnO was determined via reflectance and transmission
measurements by UV-Vis as well as the reflectivity parameter of the front contact of
the solar device once finished. The data corresponding to the dielectric permittivity e,
effective density of states N¢ vy, thermal velocities v, , and mobilities y, , were taken
from the numerical modeling given in reference [107].

Conduction band offsets (AFEq) at the absorber/buffer and buffer /window interfaces
are chosen to be a spike [108-110] and cliff [13,110,111] respectively, as can be seen in

the equilibrium band diagram of Figure 3.1. The back contact is assumed to be ohmic
(flat bands).

In CIGSe based solar cells, a high GGI content grading at the backside can reduce the
surface recombination by acting as an electron mirror (also known as back surface field,
BSF) [17]. Because of a long bulk diffusion length of the minority carrier electrons of
the p-type absorber, an electron mirror has been included in the simple CIGSe model
to assure bulk recombination as the dominant process.

In Chapter 5, the parameters of this model are modified to simulate the non-ideal
effects caused by RbF-PDT in JVT measurements presented and described in Chapter
4. SCAPS version 3.3.05 is used to run the calculations without involving changes in
the temperature and/or illumination parameters. Variations of these parameters are
done using SCAPS version 3.2.01 due to small bugs existing in newer versions when
temperature and light power are modified. To characterize a solar cell a voltage is
applied to the left contact and the current is positive when entering the left contact.
Power is generated by the solar cell (P = —VJ) with J — V curves plotted in the
fourth quadrant.
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characteristics of CIGSe solar

cells and the effects caused by
RbF-PDT

In this chapter, temperature-dependent J — V' characteristics of a large set of CIGSe
samples prepared by a multi-source evaporation process (known as physical vapor
deposition, PVD) under different criteria such as absorber band gap grading, absorber
Na and Cu content, PDT-duration and layer stack configuration of the device are
presented to show typical cases of the JVT behavior of samples without and with
RbF post deposition treatment. Evaluation of diode factors and activation energies is
also given for this series of samples in order to describe the recombination and current
transport mechanisms and the role that alkali fluorides by post deposition treatment
play in CIGSe solar cells. In the final section of this chapter, JVT' characteristics
of samples in which RbF-PDT was deposited on CIGSe absorbers prepared by rapid
thermal processing are also described.

Since most of the figures in this chapter correspond to JV'T' characteristics and to
avoid a repetitive figure description, the JVT results will be displayed in the following
way: JVT characteristics in dark (solid lines) and under illuminated conditions (square
symbols) are plotted in semi-logarithmic scale in a temperature range from 7' = 320 K
to T' = 100 K with a step size of 10 K. The insets show the linear plot of the dark and
light J — V curves for three different temperatures: 7" = 300 K, 200 K and 100K.

4.1. Reference CIGSe solar cells — no RbF-PDT

4.1.1. CIGSe absorbers with graded band gap

CIGSe absorbers are prepared in a multi-source evaporation process. The decrease
of the Cu content in the third stage by introducing In,Ses and GasSes to reach the
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desired CGI ratio results in a V-shape depth profile of the band gap energy, being
useful to improve solar cell performance as described in Sections 2.3.3 and 2.3.4, with
Eg min between 1.08-1.10 eV. In Section 4.2, band gap energies and FQFE curves for
each reference sample used in this work are given. The corresponding layer stack for
the reference CIGSe solar cells consists of glass/Mo/CIGSe-PVD/CdS/i-ZnO/Zn0O:Al
Deposition processes for these devices can be found in Appendix A.1. However,
the reference CIGSe samples come from different "standards" since some deposition
parameters have been slightly modified over time, changing the absorber thickness and
the final CGI ratio from CGI = 0.90-0.95 in the earliest samples to CGI = 0.97 in the
latest samples. CGI values and the STC electrical parameters for reference samples
used in this work can be found in Section 4.2. Doping profiles derived from C' — V'
measurements can be seen in Appendix A.5, Figure A.12.

Figure 4.1 shows the JVT' characteristics of a set of reference CIGSe solar cells. JVT'
results are displayed in chronological order from Reference 1 to Reference 6 according to
the deposition date of the absorber. Typically, JVT results of the reference cells show
no roll-over effect of the dark J—V curves. Reference 2 and 4 present this characteristic
over the entire temperature range from 7' = 320 K to T" = 100 K. Reference CIGSe
samples such as Reference 1, 3, 5, and 6 show a small roll-over effect only at lower
temperatures as can also be clearly seen in the inset of each plot when 7" = 100 K.

No discrepancy between the Jg.(V,.) data and the dark J — V' characteristics can be
observed. In other words, the Ji.(V,.) points follow the dark characteristics over the
entire temperature range from 7' = 320 K to 7" = 100 K, with the exception of those
samples where a small roll-over effect at low temperatures is present. For the latter
case, the Js.(V,.) data appear to be positioned to the left of the dark J — V' curves
as a consequence of the roll-over effect. Despite not significantly affecting the STC
electrical parameters of the cell, the slight variations in the process parameters may
lead to certain differences in the JV'T' characteristics of the reference cells.

At low temperatures, a slight cross-over effect between dark and light J — V' curves
can be observed in the insets of the JV'T characteristics of the reference CIGSe cells.
Reference 4 is the cell in which all the non-idealities of a standard diode described
above are missing, namely no roll-over, no discrepancy between dark J —V and Jg (V)
points and with an almost inappreciable cross-over effect at low temperatures.

Voe(T') behaviors of this set of reference CIGSe samples will be described in Section
4.2.

As described in Section 3.2, diode factors were extracted with the two-diode model
equation (see Equation 2.11). The derived main diode factors of the set of reference
CIGSe solar cells are displayed in Figure 4.2. In dark (Figure 4.2a) and under light
conditions (Figure 4.2b),the different reference cells (Reference 1-6) have very similar
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4.1. Reference CIGSe solar cells — no RbF-PDT
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Figure 4.1.: JVT characteristics of a set of reference CIGSe solar cells numbered chrono-
logically according to their deposition date (Reference 1-6).
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4. Evaluation of J(V,T) — characteristics of CIGSe solar cells and the effects of RbF

diode factors under both conditions. Diode factors tend to increase while reducing the
temperature (A is slightly temperature-dependent). Nevertheless, Aqak and Ajgye are
mainly < 2 for the measured temperature range.

It was not possible to derive the diode factors in dark at low temperatures in many of
the reference samples since the two-diode model equation did not fit properly in some
of the dark J — V' curves.

3 3
—©— Reference 1 —©— Reference 1
2.8 Reference 2| | 281 Reference 2| |
—&— Reference 3 —&— Reference 3
267 Reference 4 | | 261 Reference 4 | |
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Diode factor [dark]
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Figure 4.2.: Diode factors determined from a set of reference CIGSe solar cells as a function of
the temperature (a) in dark and (b) under illumination. Each reference sample is represented
by the same color/symbol in dark and light plots.

Hence, diode factors are consistent with Shockley-Read-Hall recombination in the SCR
(see Section 2.3.1). This recombination model assumes a diode factor of A = 2 and
independent of temperature, but a recombination due to a defect distribution may
explain the temperature dependence of the diode factor (see Table 2.1). It can be
deduced that the presence of a barrier at low temperatures in some of the J — V
curves of the reference samples lead to an incorrect fit of the two-diode model equation.
It should be pointed out that even when the fit of the dark J — V' curves allowed
to determine the dark diode factors, these may not reflect the actual recombination

mechanism if such a barrier is present.
The main findings can be summarized as follows:

— Typically, the reference CIGSe solar cells do not show a roll-over or discrepancy
between dark and light J — V' (assuming that the J.(V,.) corresponds to the
light J — V).

— Slight cross-over at low temperatures in some of the reference solar cells.

— Agark and Ay are slightly temperature-dependent with values mainly < 2.
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4.1. Reference CIGSe solar cells — no RbF-PDT

— V, saturation at low temperatures in the set of reference CIGSe cells (it will be
described in Section 4.2).

4.1.2. CIGSe absorbers with constant band gap

CIGSe samples with constant (no grading) band gap were prepared by performing a
one-stage process and calibrating the sources for the desired composition, so a multi-
source evaporation of Cu, In, Ga and Se was done simultaneously, i.e., Cu, In, Ga
and Se depth profiles are constant then resulting in a constant band gap energy of the
absorber. Non-graded samples were prepared under the same layer stack as described
in Section 4.1.1. Doping profiles of the measured CIGSe solar cells with constant band
gap are given in Appendix A.5, Figure A.13.
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Figure 4.3.: Evaluation of a CIGSe solar cell with constant (non-graded) band gap: (a)
JVT characteristics, (b) A(T) plot under illumination, (c) Voe(7') plot and (d) EQE of
Reference 1 with graded band gap and a CIGSe cell with non-graded band gap.

Figure 4.3a shows a reference CIGSe solar cell without a Ga grading into the absorber.
Here, a blocking of the forward diode current occurs already at much higher tempera-
tures and therefore a deviation of the J.(V,.) points with respect to the dark J —V
curves takes place. The linear plot in Figure 4.3a shows that the diode current is
already limited at 7" = 200 K while in graded reference samples (see Figure 4.1) the
diode current is not blocked at this temperature. Besides, at this temperature a slight
cross-over between dark and light J — V' curves is present. Estimations of the diode
factors under illumination are shown in Figure 4.3b. In a wide temperature range from
T = 320 K to T" = 150 K diode factors have a remarkable constant behavior with Aj;gp
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4. Evaluation of J(V,T) — characteristics of CIGSe solar cells and the effects of RbF

~ 1.4 independent of the temperature. At lower temperatures when 7' < 150 K, diode
factors increases while decreasing the temperature until reaching values close to 2 as
previously observed in reference CIGSe cells with graded band gap. Noted that the
dark J — V' curves were not fitted because of the presence of the roll-over and thus
the diode factors in dark Ay, were not determined. This practice will be repeated
in further cases with a blocking behavior. In Figure 4.3c, the V,. extrapolation to T'
= 0 K exhibits a saturation at low temperatures, a non-ideal characteristic equally
observed in reference CIGSe devices with Ga grading which will be discussed in more
detail in Section 4.2.

Moreover, from STC parameters, a reduced Jg. results for a non-graded CIGSe solar
cell together with a slight loss in F'F' in comparison with reference cells with graded
band gap, as can be seen in Table 4.2. Similarly, the integrated short-circuit current
density calculated from FQE (Figure 4.3d) indicates a decrease of Jg. in the cell with
constant band gap, Js ~ 37.0 mA /em? for graded absorbers and J,. ~ 33.4 mA/cm?
for non-graded absorbers. The main reason of this decrease in photocurrent is the
higher band gap obtained in samples with no Ga grading, £, = 1.19 eV (band gap
estimation from EQFE, see Figure 4.3d), thus reducing the absorption of photons of the
energy of the solar spectrum compared to the graded absorber with a minimum band
gap of Ey nin = 1.08-1.10 V. Additionally, a missing grading in the absorber and/or
an influence of the back contact barrier as discussed in Section 2.3.3 may lead to a
reduced Jg. and to an earlier blocking of the diode current in terms of temperature.

The main findings can be summarized as follows:

— The absence of a Ga grading into the absorber of CIGSe solar cells shows J — V
characteristics with a strong roll-over and hence a dark/light discrepancy at
higher temperatures than with graded band gap.

— Slight cross-over at higher temperatures than with graded band gap.

— Typically, Ajigns is constant over a wide temperature range (150 K < 7T < 320 K)
but highly temperature-dependent at T" < 150 K.

— V,. saturation at low temperatures.

4.2. CIGSe solar cells with RbF-PDT

The graded absorbers prepared in HZB of the set of CIGSe samples shown in Figure
4.1 were treated with RbF in situ post deposition treatment and then the RbF-treated
CIGSe solar cells were characterized by JV'T' measurements. Measured CGI ratios for
the set of samples studied in Section 4.1 and 4.2 are given in Table 4.1. The optimum
deposition time of RbF on the absorbers was ¢ = 10 min [97] and was maintained for
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4.2. CIGSe solar cells with RbF-PDT

the whole series of CIGSe samples with a constant substrate temperature of Ty, =
280 °C and depositicion rate of approximately 0.2 A/ s. Likewise as in Section 4.1.1,
the absorber deposition for these samples was done on different dates. Details about
the evaporation process of the absorber and the post deposition of the RbF can be
found in Appendix A.1. Doping profiles of reference CIGSe samples with and without
RDbF are shown in Appendix A.5, Figure A.12.

Table 4.1.: CGI ratios of a set of CIGSe solar cells with and without RbF by PDT.

Cells CGI ([Cu]/([Ga]+[In]))
Reference 1 (no PDT) 0.90
(RbF-PDT) '
Reference 2 (no PDT) 0.05
(RbF-PDT) '
Reference 3 (no PDT) 0.90
(RbE-PDT) '
Reference 4 (no PDT) 0.05
(RbF-PDT) '
Reference 5 (no PDT) 0.07
(RbF-PDT) '
Reference 6 (no PDT) 0.97
(RbE-PDT) '
non-graded band gap (no PDT) unknown
from Halle (no PDT) N
(RbF-PDT) unknown
from EMPA (RbF-PDT) unknown
from ZSW (RbF-PDT) 0.92

A higher performance has been accomplished due to the alkali treatment by increasing
the V,. and 7, whereas the Js. and F'F’ show an inconsistent trend in this series of
treated samples as seen in Table 4.2.

The JV'T characteristics of the set of RbF-treated samples are shown in Figure 4.4.
Reference 1 + PDT to Reference 6 + PDT cells correspond to Reference 1 to 6 cells
ordered chronologically in Figure 4.1. CIGSe samples treated with RbF exhibit non-
ideal J — V' characteristics over a wide temperature range, but especially at lower
temperatures. These include a roll-over effect, a discrepancy between dark J — V
curves and J.(V,.) points, and a slight cross-over between dark and illuminated JV
curves. This cross-over effect was also present in most of the samples without RbF
treatment (see linear plots in Figure 4.1) especially at low temperatures.
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4. Evaluation of J(V,T) — characteristics of CIGSe solar cells and the effects of RbF
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Figure 4.4.:

JVT characteristics of a set of CIGSe solar cells with RbF-PDT.



4.2. CIGSe solar cells with RbF-PDT

Table 4.2.: STC parameters of a set of CIGSe solar cells with and without RbF by PDT.

Cells Jse (mA/em?) Voo (mV)  FF (%) n (%)
Reference 1 (no PDT) 35.3 635 72.4 16.2
(RbF-PDT) 36.1 673 69.8 17.0
Reference 2 (no PDT) 34.3 656 72.8 16.4
(RbF-PDT) 34.1 683 74.2 17.3
Reference 3 (no PDT) 35.9 643 71.2 16.4
(RbE-PDT) 36.0 656 22 171
Reference 4 (no PDT) 35.2 638 71.6 16.1
(RbF-PDT) 35.3 656 726 168
Reference 5 (no PDT) 34.8 632 71.6 15.7
(RbF-PDT) 35.5 649 72.6 16.7
Reference 6 (no PDT) 35.8 629 71.1 16.0
(RbF-PDT) 36.4 645 715 168
non-graded band gap (no PDT) 31.1 599 70.0 13.0
from Halle (no PDT) 31.9 644 72.7 14.9
(RbF-PDT) 31.5 678 744 159
from EMPA (RbF-PDT) 36.8 720 720 101
from ZSW (RbF-PDT) 38.8 732 74.3 21.1
3
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Figure 4.5.: Diode factors under illumination as a function of the temperature calculated
from a set of CIGSe solar cells with RbF-PDT.
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4. Evaluation of J(V,T) — characteristics of CIGSe solar cells and the effects of RbF

Diode factors obtained from the Jg.(V,.) data are shown in Figure 4.5. A similar diode
factor behavior with respect to untreated CIGSe solar cells with graded band gap is
shown, but with a more significant temperature dependence in some cells with diode
factors increasing as the temperature decreases and then obtaining for Reference 3 +
PDT to Reference 6 + PDT diode factors in light conditions > 2 at lower temperatures.
Because of the strong roll-over effect in most of the dark J — V curves a fit using the
two-diode model equation was not done.

A comparison of Ajgne between the six different set of CIGSe samples with and without
RbF is shown in Figure 4.6. From this series of samples, there is no general agreement
on the influence of alkali fluorides on the behavior of diode factors obtained from the
Jse(Voe) data. Set 1, 2 and 4 show a decrease of A}z in samples treated with RbF
over a wide or the entire temperature range. This tendency is only observed over a
narrow range at high temperatures in Set 3. Conversely, Set 5 shows higher diode
factors in the sample with RbF over the entire temperature range, while in Set 6 no
change of Ajigny due to PDT was observed, except at low temperatures.

When CGI is closer to stoichiometry, i.e., samples from Set 5 and 6 with CGI = 0.97,
larger or similar diode factors were calculated in RbF-treated samples compared to the
untreated samples. Samples from Set 1 to 4 with lower Cu content, i.e., with CGI =

0.90-0.95, show a tendency to decrease diode factors when samples are treated with
alkali fluorides (see Table 4.1 for CGI).

An important non-ideal diode behavior not observable in Figure 4.4 corresponds to
the saturation of the V. in CIGSe solar cells with RbF-PDT. Figure 4.7 shows the
behavior of the V,. with respect to the temperature obtained from JVT measurements
for each pair of reference cells (with/without RbF-PDT). All CIGSe cells present a
V,. saturation at lower temperatures with a more expressed effect in cells with RbF.
Approximately above T' = 200 K, V. decreases linearly with temperature.

Band gap energies were estimated from external quantum efficiency measurements
(Figure 4.8) and are given in Table 4.3 together with the activation energies of the
saturation current which were estimated from the V. extrapolation to 7' = 0 K. For
most of the samples, there is a good agreement between the estimated E, and Fj,
where V,. extrapolations are approximately equal to the band gap energies, i.e., F,
~ Fx, regardless of whether the absorbers were treated with alkali fluorides or not.
Exceptions are found in samples without PDT such as Reference 1, 3, and 6 where
higher activation energies than band gap energies were estimated from FQFE with E
~ E, + (60-70) meV.
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Figure 4.6.: Diode factors under illumination as a function of the temperature of a series of

CIGSe samples with and without RbF-PDT.
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Figure 4.7.: V,. as a function of the temperature of a series of CIGSe samples with and

without RbF-PDT.
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Figure 4.8.: External quantum efficiencies of a series of CIGSe samples with and without
RbF-PDT.
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4. Evaluation of J(V,T) — characteristics of CIGSe solar cells and the effects of RbF

Table 4.3.: Band gap energies from EQF measurements and activation energies from V.
extrapolations to T' = 0 K of the sets of CIGSe solar cells without/with RbF-PDT fabricated
at HZB and external laboratories. The third column gives the activation energy obtained
from the best linear dependence of the V,. data at high temperatures. The fourth column
gives the average activation energy with an estimated error range generated by varying the
number of data points towards low temperature included in the linear regression.

Cells (no PDT) By &qe) [€V]  Eaw,.ox) [eV] ‘ Eaw,.0x)) [€V]
Reference 1 1.10 1.16 1.165 4+ 0.035
Reference 2 1.09 1.09 1.095 + 0.025
Reference 3 1.10 1.17 1.170 £ 0.030
Reference 4 1.08 1.11 1.115 4+ 0.025
Reference 5 1.08 1.08 1.065 + 0.025
Reference 6 1.09 1.16 1.160 4 0.040
non-graded band gap 1.19 1.19 1.190 £ 0.030
from Halle 1.14 1.14 1.140 £ 0.020

Cells (RbF—PDT) Eg (EQE) [eV] EA(VOC(O K)) [eV] ‘ EA(VOC(O K)) [eV]

Reference 1 1.09 1.09 1.090 + 0.030
Reference 2 1.09 1.09 1.110 £ 0.020
Reference 3 1.10 1.05 1.045 + 0.035
Reference 4 1.12 1.09 1.085 + 0.015
Reference 5 1.08 1.08 1.080 + 0.020
Reference 6 1.09 1.09 1.080 4 0.020
from Halle 1.14 1.14 1.130 = 0.020
from EMPA 1.16 1.14 1.190 £ 0.030
from ZSW 1.13 1.12 1.120 £ 0.020

The linear extrapolation of the V. is connected to an estimated error range generated
by the number of data points taken from high temperatures towards low temperatures
to be included in the linear regression. The fourth column in Table 4.3 includes the
average activation energy with the estimated error range for each sample. Consequently,
the accuracy of the determination of the activation energy from the V,.(T") extrapolation
and/or the accuracy of the measurements carried out by the JVT/EQE setups may
lead to a miscalculation and difference between E, and E, in some samples. Besides,
the determination of F, from FQFE is also an approximation especially when the band
gap is graded (see Section 3.1) and the determination of the dominant recombination
mechanism is defined by the E, where the Fermi level is at the mid-gap position
rather than the E, i, of the graded absorber and/or a variation of the fundamental
recombination theory as discussed in Section 2.2, may have a role on the proper
estimation of the aforementioned parameters. Discussions will be further addressed in
Chapter 6.
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4.2. CIGSe solar cells with RbF-PDT

The main findings can be summarized as follows:

— CIGSe solar cells with RbF-PDT show a strong roll-over and a dark/light dis-
crepancy over a wide temperature range, especially at lower temperatures.

— Slight cross-over, especially at lower temperatures.

— Ajigne is temperature-dependent with values < 2 and a higher dependence is
exhibited at lower temperatures (7' < 150 K) with values > 2 in some of the
samples.

— V,. saturation at low temperatures.

Non-idealities are observed in CIGSe solar cells with RbF-PDT in comparison to CIGSe
cells without RbF-PDT with graded absorbers. Typically, Ajgn: decreases with ROF,
especially at high temperatures when CGI = 0.90-0.95. Typically, more expressed V,.
saturation at low temperaturatures in samples with RbF. Mostly, E, ~ E4 in solar
cells with/without PDT with some exceptions in cells without PDT where E4 > E,.

4.2.1. Evaluation of CIGSe solar cells with RbF-PDT from

external laboratories

In order to evaluate the behavior of the RbF-PDT in different CIGSe solar cells
produced in external laboratories, CIGSe devices from the Martin Luther University
of Halle-Wittenberg (Figure 4.9), from the Swiss Federal Laboratories for Materials
Science and Technology (EMPA), and from the Center for Solar Energy and Hydrogen
Research Baden-Wiirttemberg (ZSW) (Figure 4.10) were measured by JVT.

The same stack sequence in HZB samples described in Section 4.1.1 was used for Halle
and EMPA samples in which a bilayer of i-ZnO/Zn0O:Al was deposited as the window
layer. However, in the sample given by ZSW, the window layer was deposited with a
bilayer of (Zn,Mg)O/Zn0O:Al. STC parameters can be found in Table 4.2.

CIGSe samples with RbF-PDT provided by the University of Halle show non-idealities
similar to those seen in samples produced in HZB: a strong blocking of the forward
diode current over a wide temperature range of the RbF-treated sample with a strong
deviation of the J.(V,.) points with respect to the dark J — V' curves along with a
slight cross-over between dark and light JV characteristics (see Figure 4.9b), and a
more expressed V,. saturation of the RbF-treated sample at lower temperatures (see
Figure 4.9¢). The estimated diode factors under illumination from the sample treated
with RbF show a clear decrease with respect to the sample without PDT, in accordance
to HZB samples with CGI ratio between CGI = 0.90-0.95 (Set 1, 2 and 4 in Figure
4.6).
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4. Evaluation of J(V,T) — characteristics of CIGSe solar cells and the effects of RbF
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Figure 4.9.: JVT characteristics of (a) a reference CIGSe solar cell and (b) a CIGSe solar
cell with RbF-PDT, (c) V,(T) plot and (d) A(T") plot of a cell with and without RbF.
Samples provided by the Martin Luther University of Halle-Wittenberg.

A remarkable JV'T' behavior is observed in the RbF-treated sample provided by EMPA
(see Figure 4.10a) with an efficiency of n = 19.4% which despite being treated with
alkali fluorides presents no roll-over effect over the entire temperature range even not
at lower temperatures, with no discrepancy between dark J — V' curves and Ji.(V,.)
points. In this case, both diode factors in dark and light conditions were calculated
(Figure 4.10b) since the absence of a roll-over effect allowed a good fit of the dark
J —V curves and the two-diode model equation and, then a correct determination
and evaluation of the parameters extracted from the equation, obtaining equal diode
factors in both conditions for temperatures above T' = 200 K. Below this temperature,
there is a small discrepancy with lower diode factors under illumination.

A CIGSe sample treated with RbF provided by ZSW with a higher efficiency of n =
21.5% with anti-reflective coating (ARC) presents a roll-over effect especially at low
temperatures as can also be seen in our samples, along with a discrepancy between
dark and Jg(V,.) curves. Likewise, a V,. saturation at low temperatures is observed
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4.2. CIGSe solar cells with RbF-PDT
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Figure 4.10.: (a) and (d) JVT characteristics of CIGSe solar cells with RbF-PDT, (b)
and (e) A(T) plots and, (c) and (f) V,.(T) plots of samples provided by EMPA and ZSW,

respectively.
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4. Evaluation of J(V,T) — characteristics of CIGSe solar cells and the effects of RbF

for the non-blocked (EMPA) and blocked (ZSW) solar cell.
In Table 4.3, the estimated F, and FE, of Halle, EMPA and ZSW samples are also
given, again with band gap energies approximately equal to the activation energies,

ie, B, = E5. EQFE curves of external samples of this section can be found in the
Appendix A.4, Figure A.5.

The main findings can be summarized as follows:

— Halle solar cells show a similar behavior as HZB solar cells either with or without
RbF-PDT, including diode factors.

— EMPA solar cell with RbF-PDT does not show the non-idealities observed in
HZB/Halle samples but only a small V,. saturation at low temperatures. Agax
and Ajgne are slightly temperature-dependent with values mainly < 2 and Agax
= Ajigne at T'> 200 K.

— ZSW solar cell shows similar non-idealities than the HZB samples but with a less
expressed roll-over at low temperatures. Also a similar behavior for the diode
factors.

— For all the external CIGSe solar cells, E, = Fj.

Note that regardless of the high efficiency achieved by the ZSW solar cell, non-ideal
effects may occur in high efficiency devices. On the other hand, there are some treated
CIGSe samples which do not show these effects. Preliminary, we conclude here that
the positive and negative effects of alkali fluorides are not necessary linked to the same
physical mechanism (see Section 2.3). Further discussions will be presented later on.

The previous two sections (Section 4.1 and 4.2) described the general observations
seen in CIGSe samples with and without an alkali fluoride treatment such as RbF
deposited on the absorber. The corresponding electrical characterizations and analysis
were performed in CIGSe devices where the process parameters were optimized to
produce highly efficient solar cells. In the following sections, variations of the process
parameters will provide more insights about the JV'T" behavior and the current transport
mechanism that deteriorates the diode current and induces non-idealities with respect
to a standard diode especially at low temperatures of CIGSe solar cells with absorbers
treated with RbF.

4.3. Deposition time of RbF on CIGSe absorbers

CIGSe samples were prepared with different amounts of RbF which is controllable by
varying the deposition time of the PDT in order to analyze the effects of the alkali
fluoride concentration deposited on CIGSe absorbers on the JVT' characteristics. In
this section, samples have a CGI ratio of CGI = 0.90 and two variations of the process
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4.3. Deposition time of RbF on CIGSe absorbers

time of the RbF-PDT were measured by JVT": 4 min and 10 min of RbF-PDT. See
Appendix A.1 and Reference [97] for sample details.

Figures 4.11a-c show the JVT results of a reference cell without any PDT (Reference

1, from the set in Section 4.1), a cell with 4 min-treated absorber and a cell with 10
min-treated absorber with RbF (Reference 1 + PDT, from the set in Section 4.4),
respectively. It can be clearly seen how a higher amount of RbF deteriorates the J —V

curves especially at lower temperatures. The linear plots of PDT cells show a strong

roll-over of the J — V curves at low temperatures. This effect is more expressed when

the sample is treated with a duration of 10 min of RbF. A discrepancy between dark

JV curves and Ji.(V,.) points already exists in the cell with low RbF amount.
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Figure 4.11.: Effects of the deposition time of RbF on the JVT characteristics: (a) reference
CIGSe solar cell, (b) 4 min deposition of RbF-PDT and (c) 10 min deposition of RbF-PDT.
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4. Evaluation of J(V,T) — characteristics of CIGSe solar cells and the effects of RbF

The diode factors under illumination are plotted in Figure 4.12a. The diode factors of
the cell with 4 min RbF-PDT are higher than those of the reference cell whereas with

10 min RbF-PDT the diode factors are lower than the reference values.

3 ‘
o8l —90—no PDT | N ® noPDT, E,=1.16eV
5 4min RbF-PDT L~ 4min RbF-PDT, E, =1.09eV |
—&— 10min RbF-PDT 11 AN A
26 4 AN @ 10min RbF-PDT, E, =1.09 eV
L h h \\ A
=24 1 SO R
g‘) S \\ ~
e} 1 < oot LT TN
9] < oo
g 2 ., oo t 11 : :i
@
b > 08t LN
© 18 *2,
e} S8
kel K:Q
o16f 07F ‘bl:\.‘
ote
14 o o.:.
12t ' °
1 ‘ ‘ ‘ ‘ ‘ 05 ‘ ‘ ‘ ‘ ‘ ‘
100 150 200 250 300 350 0 50 100 150 200 250 300 350
Temperature (K) Temperature (K)
(a) (b)

Figure 4.12.: (a) A(T) under light and (b) V,.(T) plot of CIGSe samples with different
amounts of RbF (deposition time).

The presence of a roll-over effect, enhanced with higher amount of RbF deposited
is accompanied by a stronger saturation of the V,. at low temperatures as seen in
Figure 4.12b. Above T = 200 K, V,. decreases linearly with temperature in all three
cells. The gain in V,. at room temperature is visible in the figure and directly linked
to the increase of the deposition time of the RbF into the absorber. A clear trend
of decreasing F'F' as process time of PDT increases can be seen in Table 4.4. The
extrapolation of the V,. to T' = 0 K results in £y = 1.09 for both CIGSe solar cells
with RbF-treated absorbers, which is in good agreement with the estimated band gap,
E, = 1.09 (see EQE curves in Appendix A.4, Figure A.6).

Table 4.4.: STC parameters of a set of CIGSe solar cells with different amounts of RbF.

Cells Joe (mA/cm?) V. (mV) FF (%) n (%)
Reference 1 (no PDT) 35.3 635 72.4 16.2
4 min RbF-PDT 34.9 654 70.7 16.1
10 min RbF-PDT 36.1 673 69.8 17.0

The depth profiles of Na and Rb for this set of samples is given in Appendix A.2,
Figure A.1. Measurements revealed a lower Na content within the absorber with larger
deposition times of Rb and an almost flat Na distribution near the back contact. The
severity of the non-ideal effects is directly connected to the amount of RbF deposited
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4.4. Influence of Na content in CIGSe absorbers

onto the absorber. The non-ideal effects emerge already with low amounts of RbF. The
sample with higher amount of RbF (10 min RbF-PDT) presents a higher Na content
reduction especially at the back contact region than the sample treated with 4 min
RbF-PDT. This correlates with stronger non-ideal effects such as a stronger roll-over
in dark J — V curves and V. saturation at lower temperatures. It should be noted
that a certain saturation of the V. is already present in the sample without an alkali
fluoride treatment (Figure 4.12b). Doping profiles showed that small amounts of Rb
(4 min RbF-PDT) lead to a reduction of the carrier concentration N¢y compared to
the cell without PDT, and Ny is increased above the reference cell with higher RbF
amount (10 min RbF-PDT). The increase of diode factors in the 4 min RbF cell may
be a consequence of the lower carrier concentration within the absorber. Once the cell
is treated with larger deposition times of PDT (10 min-PDT), the carrier concentration
is recovered with higher values than measured in the reference cell and at the same
time the diode factors are reduced with lower values than the ones calculated from the

reference device.
The main findings can be summarized as follows:

— A higher amount of RbF enhances the roll-over of the J — V' curves.

— Compared to Ajgn of the reference cell: low amount of RbF increases Ajght
especially at low temperatures. A high amount of RbF decreases Ajigns.

— V.. saturation at low temperatures is also enhanced with longer deposition times
of RbF-PDT.

— Vi tends to increase while F'F' decreases with increasing amount of RbF.

The severity of the non-idealities may be linked to the Na content within the absorber,
since a higher Na content reduction correlates with the roll-over enhancement and
stronger V,. saturation. At this point, the Aygn behavior correlates with the carrier

concentration N cv.

4.4. Influence of Na content in CIGSe absorbers

CIGSe samples were prepared under Na-free conditions where a SiO.Ny diffusion
barrier was deposited on a glass substrate and sputtered with Mo. The layer stack then
follows the sequence of glass/SiOxN,/Mo/CIGSe-PVD/CdS/i-ZnO/ZnO:Al. For the
sample treated with RbF-PDT, the optimum deposition time of 10 min PDT was set.
A Na-barrier was also deposited on a CIGSe sample with constant band gap without
PDT, preparation process previously described in Section 4.1.2, and its corresponding
JVT and A(T) plots can be found in Appendix A.3, Figure A.3.
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4. Evaluation of J(V,T) — characteristics of CIGSe solar cells and the effects of RbF

Table 4.5.: STC parameters of a set of CIGSe solar cells including a Na-barrier at the back
contact.

Cells Joe (mA/cm?) V.. (mV) FF (%) n (%)
Na-barrier 1 (no PDT) 33.5 505 508 8.57
(RbF-PDT) 33.4 979 65.6 12.7
Na-barrier 2 (no PDT) 33.2 103 519 8.99
(RbF-PDT) 33.7 272 66.7 12.9
Na-barrier 3 (no PDT) 34.0 504 58.2 9.97

Na-barrier + non-graded

band gap (no PDT) 31.0 513 54.1 8.6

Figure 4.13 shows the JVT characteristics of CIGSe solar cells with a Na-barrier at
the back contact. The CIGSe cell without PDT in Figure 4.13a exhibits a strong
roll-over effect even at high temperatures as can be seen in the linear plot at T =
300 K. For lower temperatures, the effect is very severe. This cell also exhibits the
strongest cross-over effect between dark and light J — V' curves seen so far in CIGSe
samples at any temperature.

In the CIGSe cell with Na-barrier and RbF-PDT of Figure 4.13b the roll-over effect is
considerably reduced at high temperatures but still very expressed at low temperatures.
Regarding the STC parameters in Table 4.5, there is a significant V. and F'F' gain for
the Na-barrier cell with RbF.

A deviation of the J.(V,.) data with respect to the dark J — V' curves is present in
both solar cells with a Na-barrier.
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Figure 4.13.: JVT characteristics of a CIGSe solar cell including a Na-barrier (a) without
PDT and (b) with RbF-PDT.
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4.4. Influence of Na content in CIGSe absorbers

Additional CIGSe solar cells with Na-barrier, some of them prepared on different
deposition dates, were measured and are included in this section for the evaluation
of the estimated activation energies, band gap energies and diode factors and can be
found in Figure 4.14 and in Table 4.6 (JV'T characteristics of these additional cells are
not shown in this work).
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Figure 4.14.: (a) A(T') plot under illumination, and (b) V,.(T) plot of a series of CIGSe
solar cells with Na-barrier at the back contact with and without RbF-PDT.

Table 4.6.: Band gap energies from EFQFE measurements and activation energies from V.
extrapolations to T' = 0 K of a set of CIGSe solar cells with Na diffusion barrier. The third
column gives the activation energy obtained from the best linear dependence of the V.
data at high temperatures. The fourth column gives the average activation energy with an
estimated error range in function of the number of V,. data taken to extrapolate from high

to low temperatures.

Cells (no PDT)

Eq mqr) [€V]  Eaw..0x) [€V] | Eagieox) [€V]

Na-barrier 1 1.13 0.93 0.93 £+ 0.030
Na-barrier 2 1.13 0.80 0.80 £ 0.020
Na-barrier 3 1.13 0.83 0.845 + 0.035
Na-barrier + non-graded band gap 1.19 0.96 0.965 £+ 0.035

Cells (RbF—PDT) Eg (EQE) [GV]

EAW,.0 ) [V]

| Ea(voe0 ) [6V]

Na-barrier 1 1.13

1.10

1.095 £ 0.035

Na-barrier 2 1.13

1.03

1.015 £ 0.015

As can be clearly seen in Table 4.6, the activation energies of the set of CIGSe cells with

Na-barrier at the back contact are smaller than the band gap energies estimated from
the EQE (Ex < E, - 200 meV). Once the cells "Na-barrier 1" and "Na-barrier 2" are
treated with RbF, the activation energies increase towards the band gap energies. For
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4. Evaluation of J(V,T) — characteristics of CIGSe solar cells and the effects of RbF

the cell "Na-barrier 2" there remains a small discrepancy between Ey and E, (Ea ~
E, - 100 meV). EQFE curves of this series of CIGSe cells are included in the Appendix
A4, Figure A.7.
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Figure 4.15.: Ny profiles of a series of CIGSe solar cells with a Na-barrier at the back
contact with or without RbF-PDT.

Doping profiles derived from C' — V measurements of the corresponding Na-barrier
devices are shown in Figure 4.15. Here, the four CIGSe cells without any PDT exhibit
almost one order of carrier concentration Ny lower than the cells with RbF-PDT.
At this point, a very low carrier concentration in the absorber correlates to smaller
activation energies than band gap energies. When the CIGSe is treated with RbF, the
carrier concentration in the absorber increases and the estimation of the activation
energy becomes approximately equal to the band gap energy. It can also be observed
that the "Na-barrier 2 + PDT" cell exhibits a lower Ny than the "Na-barrier 1 +
PDT" cell by almost a half order of magnitude and this behavior correlates with the
small discrepancy between E, and E, in the "Na-barrier + PDT" cell. From this set of
devices, with a higher carrier concentration, i.e., with Noy > 10 cm™, the estimation
of the activation energy approximately equals the band gap energy, as evidenced by
the "Na-barrier 1 + PDT" cell.

The aforementioned behavior can be seen also in the CIGSe samples with and without
RbF-PDT studied earlier in Sections 4.1 and 4.2. The corresponding doping profiles
found in Appendix A.5, Figure A.12 show a carrier concentration Ny larger than 100

cm™, and for most of these cells in Table 4.3 the relation E, ~ E, was obtained.

The derived diode factors under illumination are plotted in Figure 4.14a. CIGSe
devices "Na-barrier 1" and "Na-barrier 2" present an almost constant behavior at high
temperatures where Ajgny ~ 1.2-1.3. For T' < 250 K, the diode factors are temperature-
dependent and tend to increase to values above 2 as the temperatures decreases. A
similar behavior is observed in the cell "Na-barrier 3" with constant diode factors Ajigns
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4.5. Influence of Cu concentration in CIGSe absorbers

~ 1.3 above T" = 200 K and becoming temperature-dependent at lower temperatures.
Once the CIGSe is treated with RbF, cells "Na-barrier 1 + PDT" and "Na-barrier 2
+ PDT" show almost constant diode factors Ajgne =~ 1.3-1.4 for T' > 200 K, and once
again increasing values at lower temperatures, in this case below 2. Therefore, PDT
tends to decrease the diode factors at lower temperatures with Ajigne < 2.

However, an exception is observed in the cell "Na-barrier 4+ no grading" without PDT
where the diode factors stay below 2 at low temperatures contrary to the series of
samples with Na-barrier and no PDT.

The main findings can be summarized as follows:

— CIGSe solar cells with Na-barrier at the back contact show all non-idealities with
significant roll-over and cross-over over the full temperature range.

— RbF-PDT reduces the roll-over only at high temperatures and the cross-over
effect.

— A stronger V. saturation is observed in the set of samples.

— Gain in V,. and F'F in samples with RbF-PDT.

— In samples without PDT: Ey < E,. After RbF deposition, E5 increases trying
to approximate to E.

— Typically, Ajgn is constant at high temperatures. At lower temperatures, Ajght
is highly temperature-dependent especially in samples without PDT with values
> 2. RDF decreases Ajgg at low temperatures to values < 2.

Stronger non-idealities are shown in CIGSe solar cells with low Na concentration within
the absorber in comparison to reference cells without/with PDT. A relation between
the carrier concentration due to the Na content and the E 4 can be observed: low Na
content correlates with low E 4.

4.5. Influence of Cu concentration in CIGSe

absorbers

Variations of the Cu content in CIGSe absorbers were done by varying the duration
of the third stage of the multi-source evaporation process. As mentioned in [97], the
absorber layers not only differ in CGI ratio and thickness but also the band gap grading
as well as the position of the minimum band gap are affected. CIGSe samples with CGI
= 0.30, 0.70, 0.80 and 0.99 were measured by JVT' and are described in this section.

Table 4.7 gives the STC parameters of the corresponding set of CIGSe solar cells. For
CGI < 0.80, RbF-PDT does not have a positive effect on V,. but decreases the V..
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4. Evaluation of J(V,T) — characteristics of CIGSe solar cells and the effects of RbF

Table 4.7.: STC parameters of a set of CIGSe solar cells with different CGI ratio.

Cells Jse (mA/cm?) Voo (mV) FF (%) n (%)
CGI = 0.30 (no PDT) 23.6 656 15 111
(RbF-PDT) 254 509 48.9 6.3
CGI = 0.70 (no PDT) 32.6 657 733 157
(RbF-PDT) 33.6 609 69.7 14.3
CGI = 0.80 (no PDT) 34.6 640 718 159
(RbF-PDT) 33.9 676 63.6 14.6
CGI = 0.99 (no PDT) 347 639 636 15.2
(RbF-PDT) 34.7 632 69.3  16.4
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Figure 4.16.: JVT characteristics of a set of CIGSe solar cells without RbF and different
CGI ratio: 0.30, 0.70, 0.80 and 0.99.
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4.5. Influence of Cu concentration in CIGSe absorbers

The low efficiency of the solar cell with CGI = 0.30 is not only affected by the large
decrease of the V,. after the deposition of RbF but also by the large loss in F'F'. The
low Jg. achieved by the cell is independent of the RbF-PDT, it is rather a consequence
of the large band gap shift as seen in Appendix A.4, Figure A.8.

For CGI > 0.80, there is a V,. gain and only for samples grown at CGI > 0.90 (also
see results of samples measured in Table 4.2) PDT leads to an improved FF.

The JVT curves of the set of CIGSe cells without RbF-PDT can be seen in Figure
4.16. Here, the roll-over effect of the dark J — V' curves is only slightly present in some
of the devices at low temperatures. A small discrepancy between the Jg.(V,.) data and
dark J — V curves can hardly be seen in the cells more affected by the roll-over at
low temperatures. A special case is observed in the cell with CGI = 0.30 where the
Jse(V,e) data show more deviation to the left due to the Jg.(V,.) saturation at higher
light intensities and lower temperatures. The J.(V,.) points are not positioned on the
non-blocked dark J — V' curves.
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Figure 4.17.: JVT characteristics of a set of CIGSe solar cells with RbF-PDT and different
CGI ratio: 0.30, 0.70, 0.80 and 0.99.
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4. Evaluation of J(V,T) — characteristics of CIGSe solar cells and the effects of RbF

The linear plots of the cells in Figure 4.16 exhibit a slight cross-over effect between
dark and light J — V curves at lower temperatures when CGI > 0.70, for CGI = 0.30

this effect is more significant.

In Figure 4.17, it can be observed that the post deposition of RbF on CIGSe leads
again to JVT characteristics with much stronger non-ideal effects: a strong roll-over
of the dark J — V curves over the entire temperature range, a strong deviation of the
Jse(Voe) data with respect to the dark J — V' curves and a cross-over between dark and
light J — V curves which is more expressed for CGI < 0.70. The low-efficiency CIGSe
cell when CGI = 0.30 did not allow a good JV'T measurement as can be seen in the
behavior of the dark J — V' curves in negative bias at lower temperatures.

The additional deviation of the J.(V,.) data points observed previously in Figure 4.16
for CGI = 0.30 without PDT becomes even more significant with RbF-PDT, occurring
already at much higher temperatures and lower light intensities. Here, the Ji.(V,.)
points are not only clamped but take a reverse direction where the V,. is deteriorated.
Same applies for the Ji.(V,.) data points of CGI = 0.70 + PDT.

Figure 4.18 shows the V,. saturation at lower temperatures that this set of CIGSe solar
cells exhibits when measured at full illumination. This saturation is more expressed
when the Cu content is either too low or too high (CGI = 0.30 and 0.99). For CGI
= 0.70 and 0.80, the V,,. saturation is minimized and for CGI = 0.70 + PDT, the V.
follows the linear extrapolation to 7" = 0 K, decreasing linearly with temperature. The
beneficial effect of the RbF can be clearly seen for the treated sample once the CGI is
above 0.80.

The E 5 extracted from the V,. extrapolations of Figure 4.18 are given and compared
with the E, from FQE curves (included in Appendix A.4, Figure A.8) in Table 4.8.

The relation £y < E, holds for CGI = 0.30 with and without RbF and for CGI =
0.70 with RbF-PDT, with a difference of 240 meV or more (Ey < E, - 240 meV).
For the rest of the cells, activation energies are approximately equal to the band gap
energies ( Fy & FEy), except when PDT is applied for high Cu concentration (CGI =
0.99) where there is still a small difference between the estimated energies (Ex ~ E,-
90 meV). In Section 4.4, it was observed that the carrier concentration Ny played
a role in the activation energy of the series of samples with Na-barrier. Previously,
it was discussed that a low carrier concentration in the absorber, i.e., when N¢gy <
10" em™, correlates to lower activation energies and, thus to the relation Ey < F,.
Nevertheless, the doping profiles for the set samples with diverse CGI ratios shown
in Figure 4.19 does not correspond to the same conclusion. Only for CGI = 0.30 +
PDT, the low carrier concentration in the absorber results in a lower I/ than F,, as
estimated by the V,. extrapolation.
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Figure 4.18.: V. as a function of the temperature of a series of CIGSe samples with and
without RbF-PDT and different CGI ratio.

Table 4.8.: Band gap energies from EQFE measurements and activation energies from V.
extrapolations to T = 0 K of a set of CIGSe solar cells with different CGI ratio. The third
column gives the activation energy obtained from the best linear dependence of the V.
data at high temperatures. The fourth column gives the average activation energy with an
estimated error range in function of the number of V. data taken to extrapolate from high
to low temperatures.

Cells (no PDT) By mqr) [V]  Eawi.ox) [eV] | Eagieo ) [eV]

CGI =0.30 1.36 1.09 1.095 £ 0.025
CGI = 0.70 1.14 1.10 1.105 £ 0.025
CGI = 0.80 1.11 1.13 1.135 £ 0.025
CGI = 0.99 1.09 1.10 1.120 £ 0.030

Cells (RbF-PDT) B, mqe) [€V]  Eaw,.0x) [€V] \ Eaw,.0x)) [€V]

CGI = 0.30 1.30 0.80 0.80 £ 0.02
CGI = 0.70 1.14 0.90 0.90 £ 0.01
CGI = 0.80 1.10 1.11 1.12 £ 0.01
CGI = 0.99 1.12 1.03 1.03 = 0.02
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4. Evaluation of J(V,T) — characteristics of CIGSe solar cells and the effects of RbF

However, for CGI = 0.30 (no PDT) and for CGI = 0.70 + PDT which also resulted
in E5 < Eg, the corresponding carrier concentrations are approximately Noy > 10
cm™ so the previous assumption is not fulfilled.

The loss in V. (see Table 4.7) after PDT for CGI = 0.30 and 0.70 may be a consequence
of the reduction of the carrier concentration once the samples are treated with RbF as
can be seen in the respective doping profiles.
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Figure 4.19.: Ny profiles of a series of CIGSe solar cells with or without RbF-PDT and
different CGI ratio.

The extraction of the diode factors under dark and/or illumination were done in samples
affected neither by the blocking of the forward diode current nor by the deviation of the
Jse(V,e) data points with respect to the non-blocked dark J —V curves. The results are
given in Figure 4.20. For CGI = 0.70, the determination of the diode factors were done
in dark and under illumination. Here, no change exists in both conditions since the
diode factors show almost identical values and a similar temperature-dependent trend
where the diode factor increases as the temperature decreases. For CGI = 0.80, the
calculations done with and without PDT under illumination show lower diode factors
for CIGSe treated with RbF in comparison to the non-treated absorber, as previously
observed in solar cells with CGI = 0.90-0.95 (see Figure 4.6). Finally, for CGI = 0.99,
highly temperature-dependent diode factors were calculated with values above 2 at
lower temperatures for dark (no PDT) and light (with PDT), whereas for a non-treated
CIGSe the diode factors under illumination are smaller than those calculated in dark, a
different behavior observed for lower CGI ratio (CGI = 0.70). It should be noted that,
the large diode factors at lower temperatures may indicate the influence of a blocking
and the incorrect determination and evaluation of the diode factors extracted from the
fit.
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4.5. Influence of Cu concentration in CIGSe absorbers
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Figure 4.20.: A(T) plots of CIGSe solar cells for (a) CGI = 0.70 (no PDT), (b) for CGI =
0.80 (with and without PDT) and (c) CGI = 0.99 (with and without PDT).

The main findings can be summarized as follows:

— The beneficial behavior of RbF (gain in V,.) is only achieved in CIGSe solar cells
with CGI > 0.8. An increase in F'F' is only obtained for high Cu content with

CGI = 0.99.

— Typically, the set of CIGSe solar cells without PDT do not show a roll-over or
dark/light discrepancy, unlike solar cells with RbF-PDT that show significant

non-idealities.

— Severe cross-over in cells with CGI = 0.30 (with/without PDT) and CGI = 0.70

(with PDT).

— The V. saturation at low temperatures is more significant for too low Cu (CGI

= 0.30) and too high Cu (CGI = 0.99) content.
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4. Evaluation of J(V,T) — characteristics of CIGSe solar cells and the effects of RbF

— Ej\ < E, for CGI = 0.30 (with/without PDT), CGI = 0.70 (with PDT) and
CGI = 0.99 (with RbF), the latter with less difference.

— Agark and/or Ay is slightly temperature-dependent and mainly < 2, except
for too high Cu content (CGI = 0.99) which is highly temperature-dependent
especially at lower temperatures.

— Ajignt decreases with RbF only when CGI = 0.80, similarly as observed in Section
4.2 for CGI = 0.90-0.95.

The non-idealities are independent of the Cu content, since a similar behavior to the
reference CIGSe solar cells with and without RbF was observed. The decrease in carrier
concentration after PDT correlates with the lower V,. in cells with low Cu content.
However, the carrier concentration due to the Cu content does not show a relation
with the lower E 4 than the E, contrary to that observed in Section 4.4 due to the Na
content.

4.6. Variations of the layer stack of the standard

CIGSe solar cell structure

In this section, the standard layer stack of the CIGSe device described in Section
4.1.1 is modified by changing the type of deposition and materials of the buffer and
window layers in order to study how the JVT' characteristics behave by varying the
heterojuntion and/or the heterointerfaces of a standard CIGSe solar cell.

Table 4.9.: STC parameters of a set of CIGSe solar cells with a different layer stack of the
standard device.

Cells Jse (mA/em?) V. (mV) FF (%) n (%)
_/i-ZnO/AZO (1o PDT) 34.2 366 195 6.2
(RbF-PDT) 35.3 313 48 49
CdS/-JAZO (no PDT) 375 622 630 158
(RbF-PDT) 36.2 635 638 1538
CdS/Zn0S/AZO (no PDT) 35.3 619 698 153
(RbF-PDT) 36.0 647 701 163
7Zn0Si-ZnOJAZO (no PDT) 315 526 626 104
(RbF-PDT) 33.3 551 604 111
7Zn0S/ZnMgO/AZO (no PDT) 335 532 637 114
(RbF-PDT) 32.8 953 60.0 10.9
Zn0S/ZnMg0O/i-ZnO/AZO (no PDT) 34.6 550 66.4 12.6
(RbF-PDT) 35.0 595 61.9 129
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4.6. Variations of the layer stack of the standard CIGSe solar cell structure

In Table 4.9, the STC parameters of the measured and studied solar cells are given.
EQFE curves of this series of samples can be found in Appendix A.4, Figure A.9.

4.6.1. No deposition of the CdS buffer layer

The cell structure of a CIGSe solar cell without a buffer layer results in glass/Mo/CIGSe-
PVD/-/i-ZnO/Zn0O:Al. As seen in Table 4.9 and compared to cells with buffer layer,
lower V,. at STC is obtained for these samples as a consequence for a reduced barrier
for recombination (see below).
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Figure 4.21.: JVT characteristics of a CIGSe solar cell with no CdS buffer layer: (a) without
RbF-PDT and (b) with RbF-PDT.

Figure 4.21 shows the JVT characteristics of a solar cell with no CdS layer and
without/with RbF, where the non-idealities caused by the PDT are much less significant
than the ones observed in samples with the standard cell structure. A roll-over at low
temperatures is present in the cell with RbF-PDT (see Figure 4.21b) as well as a slight
cross-over effect that can be seen in the linear plot of the figure inset. No important
deviation of the Jg.(V,.) data points with respect to the dark J — V' curves is observed
in any case. However, even when no visible blocking of the forward diode current is
observed in the cell without PDT (see Figure 4.21a), the CIGSe cell without a buffer
layer between the absorber and the window film does not obey correctly the diode
model equation since a good fit of the J — V' curves using a single or a two-diode model
was not achieved for dark or illuminated conditions.

Figure 4.22 shows the V,. plot as a function of the temperature where a slight V.
saturation is only exhibited at very low temperatures (7' < 130 K) in the cell without
RbF-PDT. Once the absorber is treated with RbF, the V. values seem no longer be
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Figure 4.22.: V,. as a function of the temperature of a CIGSe solar cell (without/with
RbF-PDT) with no CdS buffer layer.

saturated at low temperatures, following closely the linear extrapolation to T' = 0 K.
Nevertheless, the post deposition treatment of the RbF leads to a V. loss in the full
range of temperature (see also V. at STC in Table 4.9).

The estimation of the activation energies can be found in Table 4.10. In both cases,
with and without RbF-PDT, lower E5 are determined compared to the FQFE values,
so Ea < E,. Previous studies [112] demonstrated that a conduction band cliff between
the absorber and the next layer in the direction of the front contact leads to a reduced
barrier for recombination. Consequently, if £, < E, as resulted in this case, the cells
without a CdS buffer layer, assuming then a conduction band cliff between the absorber
and the i-ZnO layer, are limited by interface recombination (see Section 2.3.4) which is
also the reason for the low V. at STC. Doping profiles of this set (included in Appendix
A5, Figure A.14) show a high doping in the CIGSe absorber with Noy &~ 10 ¢cm™,
therefore the estimation of the activation energy does not correlate with the carrier
concentration in the absorber unlike the samples with a diffusion barrier at the back
contact described in Section 4.4.

The main findings can be summarized as follows:

— A CIGSe solar cell without CdS buffer layer does not exhibit significant non-
idealities after RbF-PDT such as roll-over, dark/light discrepancy and V. satu-
ration in comparison to standard CIGSe solar cells with buffer layer.

— Loss in V,. after RbF-PDT.

— The absence of a buffer layer leads to Ex < E, with/without PDT.

In this case, a relation between the carrier concentration and the value of the E 4 cannot
be found since the band line-up is the main responsible for a lower activation energy
than the band gap due to the dominant interface recombination in this cell structure.
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4.6. Variations of the layer stack of the standard CIGSe solar cell structure

Table 4.10.: Band gap energies from EQF measurements and activation energies from V.
extrapolations to T' = 0 K of a set of CIGSe solar cells under different cell structures. The
third column gives the activation energy obtained from the best linear dependence of the V.
data at high temperatures. The fourth column gives the average activation energy with an
estimated error range in function of the number of V. data taken to extrapolate from high
to low temperatures.

Cells (no PDT) Ey maqr) (V] Eaw,.0x) [eV] ‘ EAW,.0x)) [eV]
- /i-ZnO/AZO 1.09 0.84 0.840 + 0.010
CdS/-/AZO 1.09 1.09 1.090 + 0.020
CdS/ZnOS/AZO 111 1.05 1.045 + 0.015
Zn0S/i-ZnO/AZ0O 1.10 0.97 0.975 + 0.015
Zn0S/ZnMgO/AZO 1.10 0.96 0.965 & 0.035
Zn0S/ZnMgO /i-ZnO/AZO 111 1.16 1.160 £ 0.010
Cells (RbF-PDT) Eq ®ap) [V]  Baw,.0x) [eV] | Eawa.ox) [€V]
- /i-Zn0/AZO 1.10 0.76 0.740 £ 0.040
CdS/-/AZO 1.10 1.10 1.100 £ 0.030
CdS/ZnOS/AZO 1.10 0.97 0.950 = 0.020
7n0S/i-Zn0/AZ0O 1.09 1.15 1.155 + 0.045
Zn0S/ZnMgO/AZO 1.09 1.05 1.030 + 0.030
Zn0S/ZnMgO /i-ZnO/AZO 1.10 0.97 0.970 & 0.010

4.6.2. No deposition of the i-ZnO window layer

The cell structure of a CIGSe solar cell without the deposition of the highly resistive
i-ZnO window layer results in glass/Mo/CIGSe-PVD/CdS/-/ZnO:Al.

The JVT characteristics in Figure 4.23 exhibit the non-idealities such as a roll-over,
slight cross-over effect at lower temperatures and the discrepancy between the Jg.(V,.)
data and the dark J — V curves, being much more expressed in the CIGSe cell with
RbF-PDT as previously observed for treated absorbers.

The corresponding cells also exhibit a V. saturation at lower temperatures as can be
seen in Figure 4.24a, however the estimations of the activation energies are equal to
the band gap energies F, = E (Table 4.10), a good agreement between both energies.
From these observations, solar cells with the absence of the highly resistive i-ZnO of the
window bilayer still have a good performance with efficiencies of approximately 16%
(see Table 4.9) and with dominant recombination in the bulk obtained from the relation
E, = EA. Besides, a similar JVT and V,.(T") behavior is observed in comparison with
reference devices described in Sections 4.1 and 4.2. However, a poor V,. gain results
for the cell with RbF-PDT without any improvement in the performance due to the
post deposition treatment because of the reduction in the Jg..

69



4. Fvaluation

of J(V,T) — characteristics of CIGSe solar cells and the effects of RbF
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Figure 4.23.: JVT characteristics of a CIGSe solar cell without i-ZnO layer:

RbF-PDT and (b) with RbF-PDT.
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Figure 4.24.: (a) V,.(T') plot and (b) A(T") plot under illumination of a CIGSe solar cell

(without/with RbF-PDT) with no i-ZnO layer.

The A(T') plot under illumination in Figure 4.24b gives lower diode factors at higher
temperatures for the cell with RbF-PDT with respect to the cell without PDT. For
temperatures below T' < 200 K, the derived diode factors for the cell with treated
absorber begin to increase as the temperature decreases to values for above 2. Once
again, PDT reduces the diode factors as observed for cells with CGI = 0.90-0.95 in

Figure 4.6.
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4.6. Variations of the layer stack of the standard CIGSe solar cell structure

The main findings can be summarized as follows:

— A CIGSe solar cell without i-ZnO layer presents a similar behavior than a
standard CIGSe cell with/without RbF-PDT including the V. saturation at low
temperatures and Ay, behavior.

— Poor V,. gain with RbF-PDT.

The main difference with respect to standard CIGSe cell structures is the poor gain in
Ve obtained after PDT. This structures is not beneficial for RbF.

4.6.3. Deposition of Zn(0O,S) as a window layer

The substitution of the highly resistive part of the window layer was done by re-
placing the i-ZnO with a Zn(O,S) layer. The cell structure follows the layer stack
glass/Mo/CIGSe-PVD/CdS/Zn(0,S)/ZnO:Al. The deposition of the Zn(O,S) was
conducted by RF-sputtering (see Appendix A.1).
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Figure 4.25.: JVT characteristics of a CIGSe solar cell with Zn(O,S) as a window layer:
(a) without RbF-PDT and (b) with RbF-PDT.

Non-idealities with respect to a standard diode are shown in both devices with and
without RbF as can be seen in Figure 4.25, again the roll-over and the discrepancy
between the Jg.(V,.) data and the dark J — V' curves are more significant in the cell
with PDT. A slight cross-over effect between dark and light curves is also observed in

the linear plot in both devices.

The non-ideal effect of the PDT in CIGSe solar cells is once again observed in a more
significant saturation of the V. with respect to the temperature in Figure 4.26a. How-
ever, despite exhibiting the non-idealities after PDT in a similar way to the reference
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Figure 4.26.: (a) V,.(T') plot and (b) A(T") plot under illumination of a CIGSe solar cell
(without/with RbF-PDT) with Zn(O,S) as a window layer.

samples with i-ZnO window layer, the estimations of the activation energies give more
discrepancy when comparing to their respective band gap energies given in Table 4.10.
For the solar cell without RbF the activation energy is slightly lower than its band
gap, Ex < E, (Ex = E4- 60 meV) and this discrepancy becomes more important for
a cell with RbF-PDT (Ej ~ E,- 130 meV).

The above notwithstanding, the derived diode factors under illumination of both cells
follow a similar trend with lower diode factors for the treated absorber at higher temper-
atures and increasing values with decreasing temperatures. At the lower temperatures,
diode factors are matched and reach values close to 2.

The main findings can be summarized as follows:

— The non-ideal effects are present in both conditions, being much more expressed
with RbF, including the V. saturation at low temperatures.

— The substitution of the i-ZnO layer leads to Ex < E, with a higher difference in
the case with PDT.

— Ajigne presents a similar trend than standard solar cells.

The main difference of using a Zn(0,S) layer instead of the standard i-ZnQO is the lower
E 4 than E, especially when the absorber is treated with RbF. RbF-PDT is beneficial
for this structure.
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4.6. Variations of the layer stack of the standard CIGSe solar cell structure

4.6.4. Deposition of Zn(0O,S) as a buffer and (Zn,Mg)O as a

window layer

In the first instance, the CdS layer was replaced by the Zn(O,S) to act as a buffer
layer of the CIGSe device structure: glass/Mo/CIGSe-PVD/Zn(0,S)/i-Zn0O/Zn0O:Al.
Afterwards, the highly resistive i-ZnO layer was replaced by the deposition of the
(Zn,Mg)O to act as a part of the window bilayer, resulting in the cell structure as follows:
glass/Mo/CIGSe-PVD/Zn(0,S)/(Zn,Mg)O/Zn0O:Al. One more sample was produced
as in the latter case except that, erroneously the i-ZnO layer was also deposited after
the deposition of the (Zn,Mg)O on a different deposition date. Consequently, the three
samples with the Zn(O,S) buffer layer as a common characteristic were measured by
JVT. The deposition of the Zn(O,S) and (Zn,Mg)O was conducted by RF-sputtering
(see Appendix A.1). The corresponding plots for the three-layer window device are
found in the Appendix A.3, Figure A.4.

The corresponding JVT characteristics can be seen in Figure 4.27 where for the two
different layer stacks where the Zn(O,S) is used as a buffer layer, the non-idealities
are present in the cells with RbF-PDT such as a roll-over over the entire temperature
range or at lower temperatures and a deviation of the J.(V,.) points with respect the
dark J —V curves. The CIGSe solar cells without RbF-PDT do not exhibit the effects
mentioned above and behave without any visible blocking over the entire temperature
range. Just a slight cross-over effect between the dark and light J — V' curves is present
in one of the samples especially at lower temperatures for the untreated absorbers and
at higher temperatures for the treated CIGSe.

Voe(T') plots of this set of solar cells are shown in Figure 4.28 where the estimated E5 ob-
tained from the V. extrapolations to 7' = 0 are given in Table 4.10. From this, the cells
with structures consisting of Zn(0,S)/i-ZnO/Zn0O:Al and Zn(0O,S)/(Zn,Mg)O/Zn0O:Al
have lower activation energies than band gap energies, i.e., F'x < E,. Once the absorber
of these cells is treated with RbF, the activation energies approach the band gap, for
the Zn(0O,S)/i-ZnO/AZO cell structure the activation energy exceeds the band gap
energy (Ex ~ E, + 60 meV), while for the Zn(0O,S)/(Zn,Mg)O/AZO cell structure the
activation energy is slightly lower than the band gap (Ex ~ E4-40 meV).

From the V,.(T') plots in Figure 4.28, the V. saturation at lower temperatures usually
observed in most of the CIGSe cells either with or without RbF-PDT is not observed
in the solar cells without PDT where the Zn(O,S) act as a buffer layer. Conversely, in
solar cells with treated absorbers the saturation of the V. at lower temperatures takes
place.
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Figure 4.27.: JVT characteristics of a CIGSe solar cell with two different layer stacks
above the absorber: Zn(0,S)/i-ZnO/AZO and Zn(0,S)/(Zn,Mg)O/AZO (a) and (c) without
RbF-PDT, and (b) and (d) with RbF-PDT, respectively.

A general conclusion from the A(T') plots in Figure 4.28 can not be described since
diode factors even above 3 were derived in most of the fits. Nevertheless, for the
Zn(0,S)/i-Zn0/Zn0:Al and Zn(0,S)/(Zn,Mg)O/Zn0O:Al cell structures, diode factors
in dark and under illumination of the solar cells without PDT show similar values
and a similar trend with highly temperature-dependent diode factors increasing while
decreasing the temperature. As a consequence of the RbF-PDT, the diode factors
under illumination are lowered over the full temperature range.
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Figure 4.28.: (a) and (c) Vo.(T) plot, and (b) and (d) A(T) plot of a CIGSe solar cell
(without/with RbF-PDT) with two different layer stacks above the absorber: Zn(O,S)/i-
ZnO/AZO and Zn(0O,S)/(Zn,Mg)O/AZO, respectively.

The main findings can be summarized as follows:

— When using Zn(0O,S) as a buffer layer with/without (Zn,Mg)O as part of the
window, the roll-over and dark/light discrepancy are only exhibited in samples
with RbF-PDT over the full temperature range, even at room temperature,
including the cross-over of the J — V's.

— In solar cells without RbF, £y < E,. After PDT, the E'5 tries to approximate
to the band gap.

— V,. saturation is not observed at low temperatures in samples without PDT but
emerges once the absorber is treated with RbF.
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4. Evaluation of J(V,T) — characteristics of CIGSe solar cells and the effects of RbF

— Ajignt is highly temperature-dependent (with/without PDT) over the entire
temperature range with values > 2 especially at lower temperatures. Ajign
decreases after the deposition of RbF.

— These structures with PTD leads to a V,. gain but also to a loss in F'F' such as
the standard cells.

Even when the V,. increases with RbF-PDT, the F'F is further reduced by using Zn(0,S)
instead of CdS as a buffer layer with/without (Zn,Mg)O as part of the window, with more
expressed non-idealities once the RbF is deposited on the absorber. In this experiment,
the substitution of CdS by Zn(0,S) and the use of (Zn,Mg)O as a window layer do not

improve the performance of the device.

4.7. Deposition of a secondary phase on CIGSe

surface: RbInSe; layer

In Section 2.4, some studies indicate a formation of a secondary phase at the top
of the CIGSe absorber, most likely a RbInSe; compound. For this reason, JVT
characteristics of a reference CIGSe solar cell with CGI = 0.95 are compared with cells
where a RbInSe; layer was grown onto the CIGSe surface. The layer stack follows
the sequence of glass/Mo/CIGSe-PVD/RbInSe,/CdS/i-ZnO/Zn0O:Al. The RbInSe,
thin film was deposited using a one-stage multi-source evaporation of In, Se and RbF
and the deposition times of the RbInSe, layer were 1 min (with a thickness of 5 nm)
and 4 min (with a thickness of 20 nm) for the measured samples. The increase of the
deposition time is directly connected to the increase of the RbInSe, layer thickness.
Process details of these samples can be found in Appendix A.1. EQFE curves and N gy
profiles derived from C' — V' measurements are given in Appendix A.4 and A.5.

Table 4.11.: STC parameters of a set of CIGSe solar cells with a RbInSes thin-film onto
the absorber.

Cells Jee (mA/cm?) V. (mV) FF (%) n (%)
no RIS 37.2 655 73.4 17.9
1 min RIS 35.7 670 73.3 17.5
4 min RIS 35.9 684 71.2 17.5

The STC parameters of this set of devices in Table 4.11 show an increase of the V,. but
a steady decrease in F'F' with higher deposition times of the RbInSe, layer, a similar
trend as observed for samples prepared with RbF-PDT (see Section 4.2), but here
without any improvement in the efficiency of the device.
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Figure 4.29.: JVT characteristics of a reference CIGSe solar cell and two cells with different
deposition times of a RbInSe, thin film onto the absorber.

The JV'T measurements of the corresponding set of solar cells are displayed in Figure
4.29. As previously observed in Section 4.1.1, the reference solar cell does not exhibit
non-idealities with respect to a standard diode, i.e., there is no blocking of the forward
diode current over the entire temperature range and the Ji.(V,.) data follow the dark
J — V curves at high and low temperatures. When a 1 min RbInSe; layer is then
deposited, there is no change in the JV'T characteristics, showing again an ideal diode
behavior. A very slight roll-over at low temperatures appears when a 4 min RbInSe,
layer is deposited onto the absorber. Even when the Rb concentration incorporated into
the bulk after the 4 min RbInSe, deposition is higher than the Rb content within the
absorber after 10 min PDT (see Appendix A.2, Figure A.1), the strong non-idealities
observed in Section 4.2 do not occur.
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Figure 4.30.: (a) V,.(T) plot, and A(T') plot in (b) dark and (c) under illumination of a
reference CIGSe solar cell and two cells with different deposition times of a RbInSes thin
film onto the absorber.

Nevertheless, the saturation of the V. at low temperatures is present in this set of solar
cells as seen in Figure 4.30 especially for the reference and the 1 min RbInSe, layer,
while for the 4 min RbInSe, the saturation is less pronounced. The estimations of the
E, and the E, are given in Table 4.12. The comparison results in a small difference of
40-50 meV between both energies (a possible miscalculation as briefly discussed at the
end of Section 4.2) but Ey ~ E,.

Since the JVT' curves show no roll-over or a significant roll-over effect only at low
temperatures, the determination of the diode factors of this set was done in dark
(Figure 4.30b) and under illumination (Figure 4.30c), showing a similar behavior as
the reference CIGSe samples with RbF-PDT where the diode factors are slightly
temperature-dependent and increase as the temperature decreases, stay mainly < 2
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4.8 Deposition of RbF-PDT on CIGSSe absorbers prepared by RTP

Table 4.12.: Band gap energies from FQFE measurements and activation energies from
Voe extrapolations to T = 0 K of a set of CIGSe solar cells with a RbInSes thin-film onto
the absorber. The third column gives the activation energy obtained from the best linear
dependence of the V,. data at high temperatures. The fourth column gives the average
activation energy with an estimated error range in function of the number of V,. data taken
to extrapolate from high to low temperatures.

Cells Eg (EQE) [eV] EA(VOC(O K)) [eV] ‘ EA(VOC(O K)) [eV]
no RIS 1.09 1.13 1.115 £ 0.025
1 min RIS 1.10 1.05 1.040 £ 0.020
4 min RIS 1.10 1.06 1.050 + 0.020

and have Agak = Ajight. There is no clear trend between the diode factors and the
deposition times of the RbInSes thin film. At higher temperatures, the lowest diode
factors are obtained from the 4 min RbInSes, while at the lowest temperatures the
diode factors increase with the deposition of the RbInSes; with the highest values for
the 1 min deposition time. Besides, doping profiles given in Appendix A.5, Figure A.15
show higher N¢gy for the 1 min RbInSe, in comparison with the 4 min RbInSe, and
the reference cell, respectively. From this, higher Ny corresponds to higher diode

factors at lower temperatures, an opposite trend with respect to the samples with
RbF-PDT.

The main findings can be summarized as follows:

— The deposition of a RIS layer shows similarities of the STC parameters with
respect to RbF-PDT CIGSe solar cells: V,,. gain and FF' loss.

— RIS samples do not show a roll-over or dark/light discrepancy.

— Vi, saturation at low temperatures, being less pronounced in the 4 min RIS solar
cell.

— Diode factors behave as the deduced diode factors from the reference cells.

The formation of a RIS layer on the absorber surface is not responsible of the non-ideal
effects observed after PDT.

4.8. Deposition of RbF-PDT on CIGSSe absorbers
prepared by Rapid Thermal Processing

Up to this point, CIGSe absorbers had been prepared by multi-source evaporation.
The set of samples presented in this section comes from Cu(In,Ga)(S,Se)s (CIGSSe)
absorbers prepared by rapid thermal processing (RTP) described in Appendix A.1. The
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4. Evaluation of J(V,T) — characteristics of CIGSe solar cells and the effects of RbF

cell structure of these samples follows the sequence of glass/SiOx Ny /Mo/MoNa/Mo/CIGSSe-
RTP/CdS/i-ZnO/Zn0O:Al. One reference sample, one sample with RbF-PDT and one
sample with NaF+RbF-PDT were processed and measured by JVT. EQFE curves and
Ny profiles are included in the Appendix A.4 and A.5.

Table 4.13.: STC parameters of a set of CIGSSe solar cells prepared by RTP.

Cells Joe (mA/cm?) V,. (mV) FF (%) n (%)
no PDT 38.5 047 69.0 14.5
RbF-PDT 38.6 280 64.7 14.5
NaF + RbF-PDT 38.0 296 69.2 15.7

The STC parameters are given in Table 4.13 and show an increase in V,,. in the samples
with PDT, with a higher V,. gain where NaF+RbF-PDT was deposited on the absorber.
Samples with RbF-PDT undergo a loss in F'F' but it is recovered when NaF is deposited
by PDT with the highest beneficial performance due to the PDT.
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Figure 4.31.: JVT characteristics of a set of CIGSSe solar cells prepared by RTP.
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4.8 Deposition of RbF-PDT on CIGSSe absorbers prepared by RTP

Non-idealities with respect to a standard diode are present even in the reference CIGSSe
solar cell at lower temperatures: roll-over effect, discrepancy between Jg.(V,.) data
and dark J — V curves and slight cross-over effect, as can be seen in Figure 4.31. For
the RbF-PDT solar cell, the non-ideal effects extend to higher temperatures. When
the PDT includes Na, the non-idealities are reduced.
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Figure 4.32.: (a) V,.(T) plot, and (b) A(T) plot of a set of CIGSSe solar cells prepared by
RTP.

The V,. saturation is exhibited at lower temperatures and very expressed for the
NaF+RbF-PDT solar cell as can be observed in Figure 4.32a, and also for this case,
the estimation of E is slightly smaller than the estimation of the E,, obtaining E5 ~
E,- 60 meV (see Table 4.14). For the reference and RbF-PDT solar cell, the activation
energies precisely equal the band gap energy, F, = E4.

As seen in the doping profiles given in Appendix A.5, Figure A.16, the PDT causes a
reduction of the carrier concentration N ¢y, whereas typically for absorbers prepared
by PVD, the N¢y is increased for larger deposition times (see Appendix A.2, Figure
Al).

In Figure 4.32b, an increase of the slightly temperature-dependent diode factors for PDT
solar cells with respect to the reference cell is observed, obtaining the highest values for
the NaR-+RbF-PDT cell with Ay close to 3 at lower temperatures. In Section 4.2,
compared to the CIGSe reference samples, the results at higher temperatures mostly
showed a decrease of the diode factors when PDT was applied to the CIGSe absorber
for CGI = 0.90-9.95 (see Figure 4.6). However, in some cells, A}z also showed an
increasing trend as the temperature decreases.
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4. Evaluation of J(V,T) — characteristics of CIGSe solar cells and the effects of RbF

Table 4.14.: Band gap energies from E'QFE measurements and activation energies from V.
extrapolations to T' = 0 K of a set of CIGSSe solar cells prepared by RTP. The third column
gives the activation energy obtained from the best linear dependence of the V. data at high
temperatures. The fourth column gives the average activation energy with an estimated
error range in function of the number of V,. data taken to extrapolate from high to low
temperatures.

Cells By gqe) [€V]  Eaw,.ox) [€V] ‘ Eao0x)) [€V]
no PDT 1.0 1.0 1.000 £+ 0.010
RbF-PDT 1.0 1.0 1.000 £+ 0.010
NaF + RbF-PDT 1.0 0.94 0.945 + 0.015

The main findings can be summarized as follows:

— CIGSSe solar cells prepared by RTP show an increase of V. after PDT with a
loss in F'F' when RbF is only deposited.

— The set of CIGSSe cells exhibit non-ideal effects over a wide temperature range
especially at low temperatures, including the cell without PDT, being much more
expressed in the cell with only RbF.

— More significant V,. saturation at lower temperatures for the NaF+RbF-PDT
cell with 5 < E,, even when the roll-over and dark/light discrepancy is reduced
when NaF' is deposited.

— Reduction of the N¢y after PDT in contrast to samples prepared by PVD.

— Ajigne are temperature-dependent with values increasing in a higher rate at low
temperatures, especially for the NaF+RbF-PDT cell.

RTP CIGSSe solar cells show certain similarities with PVD CIGSe solar cells after
PDT, mainly the gain in V,. and efficiency as the positive effect of PDT. For the RTP
cells, NaF' plays an important role since it reduces the roll-over and the F'F loss due
to RbF-PDT. However, this causes a reduction of the E, and V,. saturation at low
temperatures not present in the cell without PDT or RbF-PDT cell. Compared to PVD

devices, the main difference lies on the reduction of the N ¢y and increase of Aygn after
PDT.

4.9. Summary of the non-idealities of CI1GSe
thin-film solar cells

This chapter presented the main characteristics that CIGSe solar cells exhibit after the
absorber is treated with RbF and/or NaF+RbF by post deposition treatment. In most
of the cells, PDT induces non-ideal effects with respect to a standard diode especially
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at low temperatures: roll-over of the J — V' characteristics, discrepancy between the
Jse(Vye) data points and the dark J — V' curves, V. saturation and cross-over between
the dark and illuminated J — V curves.

The roll-over of the forward diode current, usually accompanied by the discrepancy
between the J.(V,.) data and dark J — V curves, is enhanced with higher amounts
of Rb which also leads to a lower Na content within the absorber. In high-efficient
CIGSe solar cells from external laboratories, the roll-over is shown in the sample with
the highest efficiency measured so far in this work, however, the effect on the ZSW
cell that presents a different layer structure that includes a (Zn,Mg)O layer instead of
the i-ZnO as part of the window bilayer is less expressed than in the samples prepared
at HZB. In samples without a RbF treatment, the roll-over is also present when the
sample has no Ga grading (constant E,), when the i-ZnO is replaced by a Zn(O,S)
layer as part of the window bilayer, with the presence of a Na-barrier at the back side
of the absorber at full temperature range and finally in RTP CIGSe solar cells.

A slight cross-over effect between dark and light J — V curves is typically present in
most of the CIGSe solar cells at low temperatures but ocurring earlier in temperature
with RbF-PDT. The more severe cross-over effect is shown in the samples with low Cu
content and in samples with a Na-barrier at the back contact.

Similarly, a saturation of the V,. at low temperatures is typically exhibited in most
of the CIGSe devices, being more expressed in samples with RbF-PDT which leads
to a lower Na content than the reference CIGSe cells, in samples with too low or too
high Cu content (CGI = 0.30 and CGI = 0.99) in comparison to 0.7 < CGI < 0.8
samples, and with the most severe saturation in the samples with a Na-barrier at the
back contact. A reduced V. saturation is mainly observed in samples with a different
layer structure than the standard device, e.g., when Zn(O,S) is used as a window layer
or as a buffer layer with/without a (Zn,Mg)O as a window layer, or without CdS layer.
Much less expressed V. saturation is achieved for the latter cases either before or after
PDT. The same applies when a 4 min RIS layer is deposited on the absorber. In RTP
cells, a saturation of the V. is more expressed in the sample treated with NaF+RbF.

From the evaluation of the activation energies and band gap energies, typically F5 ~
E, in most of the CIGSe solar cells. As discussed in Chapter 2, recombination in the
bulk is assumed to be the dominant recombination mechanism in high-efficient CIGSe
thin-film solar cells. However, there are cases where 'y < E,. This is found is samples
with Na-barrier at the back contact in which after PDT, Rb helps to increase the E4.
A relation between the low E, and the low N¢gy due to the Na content was observed.
Another situation is present in samples with different CGI ratio, especially in samples
with low Cu content (CGI = 0.30) and when the sample is treated with RbF at CGI =
0.7 and CGI = 0.99. Varying the layer structure of the device, the relation £, < F, is
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shown in the sample without a CdS buffer layer, when Zn(O,S) is used as a part of the
window bilayer and when Zn(O,S) is used as a buffer layer, in which for the latter, Rb
increases E'o approaching the band gap. In RTP, a lower activation energy than the
band gap was found in the samples with the highest gain in V,., namely, the sample
with NaF+RbF-PDT.

The determination of the diode factors in dark (if possible) and under illumination
showed a slightly temperature dependence with diode factors mainly < 2 and with
a decreasing trend especially at high temperatures once the RbF is deposited on the
absorber in samples with a CGI range between CGI = 0.8-0.95. At low temperatures,
it was usually observed a higher temperature dependence of the diode factors with
larger Ajgny for low Rb content (4 min RbF-PDT) and lower Ay for high Rb content
(10 min RbF-PDT), which also led to a lower and higher Ny, respectively, compared
to the ones deduced from the reference cells without PDT. A decreased of the diode
factors after PDT was also observed at low temperatures in samples with Na-barrier
at the back contact. However, an opposite trend was observed in CIGSe solar cells
prepared by RTP with increased diode factor after PDT over the full temperature
range. It is worth mentioning that RTP samples present a similar behavior in Ajjgp,
and N¢gy when comparing with PVD samples with short Rb deposition time. A high
temperature dependence of the diode factors was obtained in samples with too high
Cu content (CGI = 0.99) and when CdS was replaced by the Zn(O,S) buffer. A
non-temperature-dependent Ay behavior was observed in the sample with a constant
band gap in the absorber with almost constant diode factors at 7" > 150 K.

As previously described in Chapter 2, one of the main beneficial effects of the RbF-PDT
is the increase of the V,., an effect mostly observed in the samples with absorbers
prepared by PVD and RTP studied in this work. A V. increase was observed with
longer RbF deposition times and longer deposition time of the RIS layer on the ab-
sorber in samples with CGI > 0.80. CIGSe solar cells without CdS buffer layer and
cells with low Cu content did not show an increase in the open-circuit voltage which
correlates with the significant limitation by the interface recombination and the low
carrier concentration N¢y in the absorber after PDT, respectively. Finally, PDT led to
a F'IF loss for samples with higher Rb amount, higher deposition time of the RIS layer
and with low Cu content. A decrease in F'F was also observed in samples without CdS
and when it was replaced by Zn(O,S) as a buffer.

The aforementioned findings obtained from experimental measurements will be de-
scribed in more detail in Chapter 6 in connection with the results of the numerical
simulations presented in the following chapter in order to explain the physical, recom-
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bination and transport mechanisms behind the non-idealities of the previous CIGSe
thin-film solar cells without and with RbF-PDT.
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5. Numerical modeling: Study of
current limitation

In this chapter, the limitations of the current flow across the heterojunction in CIGSe-
based thin film solar cells are modeled using SCAPS-1D simulations. Non-idealities with
respect to a standard diode are observed especially at low temperatures in temperature-
dependent J — V measurements of CIGS solar cells prepared with PDT as seen in
Chapter 4. These include: blocking of the forward diode current, saturation of the
open-circuit voltage with respect to temperature, a discrepancy between dark and
Jse(Voe) characteristics, and a crossover between dark and light J —V curves. Supposed
beneficial effects that could result from the PDT deposition such as the increase in the
carrier concentration and/or increased carrier lifetime in the absorber were neglected
in the numerical simulations. However, such material parameters were included in the
analysis of the back contact barrier model in order to know to what extent they affect

the resuting J — V' characteristics.

In Chapter 3 the device and material properties of a simple CIGSe model were listed.
Figure 5.1 shows the results for the simulated J — V curves in linear scale, the
semi-logarithmic dark J — V' curves including the Ji.(V,.) data points at different
light intensities from 100 mW /cm? to 0.1 mW/cm? and the V,. as a function of the
temperature from 400 K to 100 K, respectively, in order to reproduce the experimental
characteristics already observed and described for reference CIGSe solar cells in Chapter
4.

The reference model already presents some non-ideal behavior at the lowest temperature
(T" = 100 K), and this will be a subject of study included in Section 5.1.1. The
corresponding V. extrapolation to 7' = 0 K shown in Figure 5.1c, results in a 'y above
the value of the Eg of the absorber set in the SCAPS model (Ey = E; + 90 meV).
As mentioned in Reference [17], device simulation programs may use temperature-
dependent material parameters such as the lifetime of electrons and holes 7,,,, and the
effective density of states in the conduction and the valence band of the absorber N v,
which increase the slope of the V,.(T) curve by about 3kT300 ~ 78 meV in the case of
the SCR and QNR recombination.
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5. Numerical modeling: Study of current limitation

Since the reference model presents SCR recombination as the dominant recombination
in the absorber, the material parameters mentioned above may be considered and may
increase the activation energy above the band gap energy of 1.1 eV.
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Figure 5.1.: Simulation of the reference device: (a) J — V curves in linear scale, (b) J -V
characteristics in semi-logarithmic scale from 7" = 300 K to T = 100 K where the square
symbols represent the Js.(V,) data points for intensities of 100 mW /cm? - 0.1 mW /cm?, and
(¢) Voe(T') plot including the V. extrapolation to 7" = 0 K (dashed line).
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Table 5.1.: STC parameters of the reference CIGSe numerical model for different doping
densities and carrier lifetimes within the absorber.

Ny crese (em™) 7 (ns) Je (mA/em?) Vo (mV) FF (%) n (%)
2.5x10% 20 37.1 565 7.4 16.2
100 37.3 609 80.6 18.3
200 37.3 628 81.3 19.1
6x10° 20 36.7 H88 78.0 16.9
100 37.2 630 81.3 19.1
200 37.3 648 82.1 19.9
1x10' 20 36.5 601 78.3 17.2
100 37.2 643 81.6 19.5
200 37.3 661 82.4 20.3

Table 5.1 lists the STC parameters of the reference CIGSe model for different doping
densities and carrier lifetimes within the absorber. The reference parameter set results
in low open-circuit voltage due to a low doping density and carrier lifetime within
the absorber (N, (g, = 2.5x10'% cm™3 and 7 = 20 ns), considering that real CIGSe
devices show a V,. ~ 635-640 meV without any absorber treatment. It is clear that
higher doping densities and/or carrier lifetimes would lead to an increased V,. and
efficiencies as seen in Table 5.1. However, improving the carrier lifetime may also result
in an increased effect of the recombination outside the SCR, i.e., recombination in
the QNR that departs from the traditional analytical models presented in Chapter 2
where the dominant recombination is assumed to take place in the SCR. The chosen
reference parameters also ensure good convergence of the numerical algorithm at low
temperatures, and because the study of J — V behaviors at low temperatures is an
important task in this work, low material parameters were kept in the model for the

following sections if not mentioned otherwise.

The calculations of the recombination rate displayed in Figure 5.2 show that the
dominance of the total recombination within the SCR of the absorber is only valid for
a certain voltage range, especially at low voltage, e.g., V = 0.3 V. When the voltage
increases further and around V., the recombination begins to also take place in the
QNR of the absorber as shown for V= 0.6 V. A band gap grading in the absorber
suppresses the recombination in the QNR (see Apendix A.17) and the recombination
in the SCR stays dominant for larger bias voltages since a wider band gap outside the
SCR will cause lower recombination rate in this region.

From this, especial attention needs to be paid to the estimation of the diode factors
of the simulated dark J — V curves and the J..(V,.) data points since two types of
recombination mechanisms may be present when fitting the corresponding SCAPS J—V
curves. Fits by using the two-diode model and the method used for the experimental
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Figure 5.2.: Total recombination rate of the reference CIGSe model.

curves described in Section 3.2 at different temperatures determine the diode factors
which are given in Table 5.2. Likewise, the diode factors of the experimental JVT
characteristics already given in Chapter 4 were estimated using the two-diode model.
As described in Section 2.2, the second diode of the equation with very high values
of the diode factor (parasitic diode) determines the current at low voltages. The
main diode controls the current at high voltage up to where the series resistance
becomes relevant. It defines the open-circuit voltage and its underlying recombination
mechanism is therefore the one that needs to be deduced. SCAPS J —V curves include
neither the shunt nor the series resistance and the parasitic diode. Instead, the first
diode of the diode equation fit returns values close to 1 while the second diode of
the equation returns values close to 2, and both slightly increase as the temperature
decreases for the dark J — V' curves.

Table 5.2.: Estimated diode factors of the simulated dark J — V curves and Jg(Vye) data
for different temperatures of the reference CIGSe numerical model.

‘ Dark J -V ‘ Jse(Voe) data

TEK)| A | A | A | A
300 | 1.09 | 1.90 | 1.05 | 1.86
250 | 1.1 | 1.91 | 1.04 | 1.86
200 | 1.14 | 1.93 | 1.03 | 1.82
150 | 1.2 | 1.95 | 1.04 | 1.83
100 | - - 10| 184
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Figure 5.3.: Fits of the simulated dark J —V curves at 7' = 300 K in semi-logarithmic scale,
of the reference CIGSe model (a) with low doping density and carrier lifetime (N

A,CIGSe
= 2.5x10"® em™2 and 7 = 20 ns), (b) with low doping density and high carrier lifetime
(N crase = 2.5x10% ¢cm™3 and 7 = 100 ns), and (c) with high doping density and low
carrier lifetime (N, jaq, = 1x10' cm =3 and 7 = 20 ns).

In Figure 5.3a, the simulated dark J — V' curve of the reference CIGSe model is fitted
using the two-diode model. In order to see the contribution of the two diodes in the
curve, the recombination current density of the first diode (A;) is set to Jy; = 0, then
the curve only shows the result of the second diode of the equation (As). Likewise, the
same procedure applies for the recombination current density of only the first diode,
Jo,2 = 0. The corresponding values are those listed in Table 5.2 for T' = 300K, resulting
Ay (when Jy; = 0) close to 2 and A; (when Jyo = 0) close to 1.

It can be observed that at low bias voltages the recombination is dominant in the SCR
where A = 2. At higher bias voltages, the curve begins to deviate from the A, fit
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curve and the diode factor changes from 2 to 1. In this case, the injection into the
bulk of the absorber is more significant and the recombination begins to take place
not only in the SCR but also in the QNR, as previously observed in the plots of the
total recombination in Figure 5.2. A dependency with respect to the absorber doping
density is present as seen in Figure 5.3c, here the dominant recombination of the device
stays longer in the SCR while for a higher carrier lifetime (Figure 5.3b) no significant
change is observed.

In the following sections, the non-ideal behaviors are evaluated according to the barriers
occurring at the heterointerfaces and/or the back contact of the device model.

5.1. Interface barriers

5.1.1. Conduction band offset

The electrical properties of the devices are dependent on the electronic matching of
the interfaces, i.e., band line-ups. Valence and conduction band offsets are important
parameters which characterize a heterojuntion. The transport properties are strongly
influenced by band discontinuities, interface states, and potential barrier height. As
previously described in Section 3.3.1, the conduction band offsets of the CIGSe model
were chosen to be a spike between the absorber/buffer layers (AE¢ = 0.10 ¢V) and a
cliff between the buffer/window layers (AE¢ = 0.15 eV).
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Figure 5.4.: Simulation at 7' = 100 K of: (a) J — V curves for different conduction band
cliffs at the buffer/window interface, and (b) J — V curves in semi-logarithmic scale for
AEc = 0 eV and AEc = 0.15 eV where the square symbols represent the Jg.(Vye) data
points for intensities of 100 mW /cm? - 0.1 mW /cm?.
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5.1. Interface barriers

At the beginning of this chapter, Figure 5.1 showed the J — V characteristics which
resulted from the reference model. At T' = 100 K, the J — V' curve already exhibited a
roll-over effect and a discrepancy between the dark J — V' curve and the Jg.(V,.) data
points.

Figure 5.4a shows how the J—V curves at T' = 100 K are less influenced by the blocking
when reducing the cliff at the CdS/ZnO interface, accompanied by an improvement in
the F'F. The Jy(V,.) points for the corresponding limited-current curve are positioned
on the non-blocked dark curve (see Figure 5.4b).
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Figure 5.5.: (a) Simulated J — V curves for different conduction band cliffs at the buffer-
/window interface, (b) equilibrium band diagram of the reference and the model where a large
cliff at the buffer/window interface has been introduced (AE¢ = 0.47 V), and (¢) J —V
characteristics in semi-logarithmic scale of the models presented in the band diagrams where
the square symbols represent the Jg.(V,.) data points for intensities of 100 mW /cm? - 0.1
mW /cm?.
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The roll-over effect of the diode current for conduction band offsets below 0.12 eV is
not significant or is barely observed, however, the F'F is still affected by the cliff. A
band alignment (AE¢ = 0 eV) gets rid of the roll-over effect and also the discrepancy
between the dark J — V' curve and the Ji.(V,.) data existing with higher conduction
band offsets, as seen in Figure 5.4b.

To study the current limitation of the diode current at high bias voltage and at high
temperatures, larger conduction band cliffs at the CdS/ZnO interface were introduced
in the model (Figure 5.5). To considerably limit the diode current, conduction band
cliffs above 0.40 eV are needed to cause a roll-over and a loss in F'F'. In forward current,
a large cliff, as seen in the equilibrium band diagram of Figure 5.5b, acts as a barrier
to the flow of electrons from the window side to the absorber, i.e., the flow of electrons
faces a spike, thus limiting the diode current at high bias voltages, above V. [113].
The transport of electrons over the barrier can be described by the thermionic emission
theory [53,114].

The comparison of Figures 5.4b (small cliff, low temperature) and 5.5¢ (large cliff, room
temperature) shows a small difference as in the the latter case the bucking current
at low voltage is reduced by the barrier. Consequently, the Ji.(V,.) points at low
intensities do not follow the non-blocked dark J — V. Nevertheless, they still deviate
from the blocked dark J — V' towards the non-blocked dark J — V' at higher intensities.
The gain in open-circuit voltage at low photocurrent densities does not necessarily
imply a better solar cell because the relevant number is the voltage at the maximum
power point.
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Figure 5.6.: (a) Simulated J — V' curves for different temperatures and constant conduction
band cliff (AEc(CdS/ZnO)= 0.30 eV), and (b) J — V characteristics in semi-logarithmic
scale when AE¢(CdS/Zn0O)= 0.30 eV for different temperatures where the square symbols
represent the Jg. (Vo) data points for intensities of 100 mW /cm? - 0.1 mW /cm?.
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5.1. Interface barriers

It is clear from the above that moderate cliffs do not block the current at higher
temperatures but will do so at lower temperatures. To further illustrate this, we show
the case where AE¢ = 0.30 eV at different temperatures in Figure 5.6, observing how
the blocking of the forward diode current and the discrepancy between the Jg.(V,.)
points and the dark J — V curves begin to take place when decreasing the temperature.
The colormap in Figure 5.7b shows the PV parameters for different conduction band
offsets and temperatures and the threshold region where the F'F' begins to decay and
consequently where the roll-over begins to emerge (fading of red color) with increasing
conduction band offsets and decreasing temperatures.
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Figure 5.7.: PV parameters versus temperature and conduction band offset at the CdS/ZnO
interface displayed on colormaps.

For the colormaps presented here and in subsequent sections, it should be noted that

the open-circuit voltage of strongly blocked devices is somewhat arbitrary and difficult
to precisely calculate because the current densities in a wide interval around V. are
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extremely low so that even a small variation in current will cause a large change of the
open-circuit voltage. The uncertainty in open-circuit voltage also affects the fill factor
calculation.

So far, the saturation of the V,. at lower temperatures seems to be an effect independent
from the blocking of the diode current caused by the conduction band cliff at the
CdS/ZnO interface since it was not observed for the simulations previously described.
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Figure 5.8.: Simulated (a) J — V curves with different conduction band spikes at the
absorber /buffer interface for AEc(CdS/ZnO) = 0.15 eV, (b) J — V characteristics in
semi-logarithmic scale of the reference model (AE¢(CIGSe/CdS)= 0.10 ¢V) and when
AEc(CIGSe/CdS)= 0.45 eV, where the square symbols represent the Js(V,.) data points for
intensities of 100 mW /cm? - 0.1 mW /cm?, and (c) J — V curves with different conduction
band spikes at the absorber/buffer interface for AE«(CdS/Zn0O) = 0.45 eV.

In the case of a spike at the absorber /buffer interface (with a small cliff of AE¢(CdS/Zn0O)
= 0.15 eV), only larger conduction band offsets above 0.40 eV cause a change of shape
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5.1. Interface barriers

in the J — V' characteristics mainly at low bias voltages, i.e., for V < Voc, with losses
in the photocurrent, while the diode current remains exponential as can be observed in
Figure 5.8a. A higher spike causes a reduction in the short-circuit current by creating
a barrier for the transport of photo generated carriers leaving the absorber through the
interface, as reported in previous studies [53,113,115]. The barrier should be smaller
than AFq = 0.40 eV to avoid losses in F'F and Jg.. Zhang et al. [115] also reported
that if the electron carrier concentration in the near-interface region of the buffer layer
is increased, the Jg. is not affected even if a large conduction band spike is introduced.
Here, the Ji.(V,.) data points in the semi-logarithmic plot for a large spike in Figure
5.8b are again positioned on the reference dark curve.

Figure 5.8c shows the variations of the spike at the absorber /buffer interface with a large
constant cliff at the buffer/window interface (AEc = 0.45 e€V). As the spike increases,
the kink effect is enhanced and accompanied by a loss in FF. In this combination of
band offsets, the influence of the spike is noticeable earlier than in the case where only

the spike is present with only a small cliff at the buffer/window interface.

5.1.2. p* layer at the CIGSe surface

Previous studies [116] have reported that a highly doped p* layer at the absorber
surface may be responsible for kinks present in the J — V' curves. In order to analyze
the possible effects caused by the introduction of a p* layer, Figure 5.9a shows the
band diagram of the reference model including a 50 nm layer with a high acceptor
(p-type) doping density at the absorber surface (N ,+ jayer = 2.0x10'7 cm™3).

It can be shown that the p* layer mainly affects the photocurrent collection, which can
explain the loss in FF and the reduction of the J4. for bias voltages below V,. when

high doping concentrations above 2.0 x 10" cm ™3

are introduced but not the blocking
of the dark or bucking current, as observed in Figure 5.9b. The photocurrent collection
becomes very voltage-dependent. A high p-type doping at the absorber surface will
cause an approach of the Ey to the Fermi level and simultaneously a distancing of the
FE¢ due to the constant band gap. This will cause a barrier that the electron flow needs
to overcome resulting in a reduced Jg due to the incomplete collection of carriers.
Even when a large spike at the absorber/buffer interface also leads to a reduction of the
photocurrent as seen in Section 5.1.1, the semi-logarithmic plots of these two models
behave differently. A highly doped p-type layer at the surface of the CIGSe entails
a gain in V. due to the shrinking of the SCR. The lower the temperature, the larger
discrepancy between the Jg.(V,.) data and the dark J — V characteristics without any

diode current limitation.
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Figure 5.9.: (a) Equilibrium band diagram of the reference CIGSe model and including a
highly doped p-type layer at the absorber surface, (b) simulated J — V' characteristics for
different doping densities of the p* layer, and (c) J — V characteristics in semi-logarithmic
scale of the reference model (7' = 300 K) and including a p™ layer at the absorber surface
for different temperatures where the square symbols represent the Jg.(V,.) data points for
intensities of 100 mW /cm? - 0.1 mW /cm?.
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5.1. Interface barriers

5.1.3. Buried p — n junction in the absorber

The influence of a buried p — n junction within the CIGSe absorber has been evaluated
and discussed in Reference [117]. An n-doped region near the absorber surface leads to
a p — n junction that is buried inside the absorber, resulting in reduced open-circuit
voltage and photocurrent. This is also demonstrated in the model given in Figure
5.10.
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Figure 5.10.: (a) Equilibrium band diagram of the reference CIGSe model compared to a
buried p—n junction near the absorber surface, (b) simulated J—V characteristics for different
thicknesses of the n-type region of the CIGSe absorber, and (c¢) the quantum efficiencies for
different thicknesses of the n-type region of the CIGSe absorber.

The J — V characteristics for different depths of the n-type region in the absorber

maintaining the same doping concentration, i.e., with Np = N are shown in Figure
5.10b with an increase in the loss of F'F' and J. with increasing depths, doping
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5. Numerical modeling: Study of current limitation

concentrations and/or diffusion lengths (the latter two absorber parameters are not
shown here). No non-ideal effect (kink, roll-over) is exhibited even for very large n-type
region depths within the absorber.

The quantum efficiencies given in Figure 5.10c show the decrease in the blue range
of the spectrum when the p — n junction is shifted deeper into the absorber which
causes the decrease of the Js.. The band bending of the band diagram shown in
Figure 5.10a is shifted more into the absorber in comparison to the band bending of
the reference model. In both models the maximum recombination point is positioned
within the CIGSe absorber and not directly at the interface, so a higher performance
is not guaranteed for the buried p — n junction. Pistor et al. also discussed the
low contribution of the minority carriers in the n-type region of the absorber to the

photocurrent that results in a lower blue response.

5.1.4. Doping concentrations in the window and buffer layer

Variations of the doping concentrations N will be carried out to study the possible
non-idealities with respect to a standard diode induced by lower doping concentrations
in the window and buffer layer.

In terms of doping, the ZnO layer in the SCAPS model represents the i-ZnO layer in
the actual device where it is located between the buffer and the highly doped ZnO:Al.
The doping of the i-ZnO layer depends strongly on preparation conditions such as the
oxygen partial pressure [118] during sputtering. The high doping in ZnO:Al is needed
to lower the total sheet resistance but is not relevant for the current transport across
the junction.

Figure 5.11a shows the J — V' characteristics for various doping concentrations of
the ZnO layer. A strong roll-over behavior for very low doping densities is notable
accompanied by an important loss in F'F’. However, the formation of the kink effect
due to the ZnO doping emerges only when the conduction band cliff at the CdS/ZnO
interface is considerable, e.g., when AFE¢ = 0.40 €V in the given example. The band

diagram for Np zno = 5.0 X 10Y7 ecm ™3

can be seen in Figure 5.11b. For this case, the
semi-logarithmic plot shows the discrepancy of the Jg.(V,.) points with respect to the
dark curve at high illumination intensities usually exhibited in the presence of a barrier

blocking of the diode current.
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Figure 5.11.: (a) Simulated J — V' characteristics for various doping densities in the window
layer when AFE¢ = 0.40 eV, (b) equilibrium band diagram of the reference model and the
low-doped ZnO window layer model, and (c) J — V characteristics in semi-logarithmic scale
of the reference and low-doped ZnO curve when AFE¢ = 0.40 eV where the square symbols
represent the Jg.(V,.) data points for intensities of 100 mW /cm? - 0.1 mW /cm?.
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5. Numerical modeling: Study of current limitation

The trend of the J — V' characteristics with decreasing temperature is illustrated in
Figure 5.12. For a high ZnO doping (see Figure 5.12a), the roll-over emerges only
when decreasing temperature, since at 7" = 300 K no blocking occurs. For a lower ZnO
doping (see Figure5.12b), the roll-over arises earlier and more expressed, even at room
temperature.

Lowering the doping concentration in the CdS buffer layer alone does not have any
influence on the non-idealities or the PV parameters for the reference model. Never-
theless, a low-doped CdS layer enhances the barrier effects for larger conduction band
offsets and lower ZnO doping densities (Figure 5.12).
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Figure 5.12.: Simulated J — V characteristics for different temperatures when
AEc(CdS/ZnO) = 0.40 ¢V with high CdS doping (solid lines) and low CdS doping (dashed
lines) for (a) Npzno = 1.0 x 1012 em™3, and (b) Np za0 = 1.0 x 10*® cm=3.

The colormap in Figure 5.13a shows the threshold region where the F'F' begins to
decay with increasing band offset and decreasing ZnO doping. As an example in semi-
logarithmic scale, the model with a low-doped ZnO layer of Np 7,0 = 1.0 x 10*® ¢cm ™
when AE(CdS/Zn0O) = 0.40 eV is shown in Figure 5.13b for different temperatures.
The arrow indicates the area where these parameters are located in the colormap. The
discrepancy between the Jg.(V,.) points and the dark J — V' curve is present when T

= 300 K and becomes more noticeable as the temperature decreases.
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Figure 5.13.: (a) Calculated PV parameters versus ZnO doping and conduction band
offset at the CdS/ZnO interface displayed on colormaps, and (b) J — V' characteristics in
semi-logarithmic scale of the model with a low-doped ZnO (Np zno = 1.0 X 10'® cm~3) when
AFEc = 0.40 eV where the square symbols represent the Jg.(V,.) data points for intensities of
100 mW /cm? - 0.1 mW /cm?.
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5. Numerical modeling: Study of current limitation

5.1.5. Acceptor defects at the buffer/window interface

In this section, the introduction of interface defects that could explain some of the
non-idealities of the J —V characteristics is studied. The presence of acceptor defects at
the heterointerface in superstrate devices was discussed in reference [119]. Furthermore,
Holscher et al. [120] discussed the presence of interface defects (acceptor or donor
not specified) at the heterointerface detected by admittance spectroscopy due to the
impact of the air-light exposure of the bare absorbers. However, the introduction
of such interface defects at the heterointerface of the absorber/buffer layers do not
reproduce the non-idealities searched in this work. The presence of neutral and donor
defects at the CIGSe/CdS interface only result in a reduced V,. and negligible loss in
FF. Acceptor defects at this heterointerface result in a more significant loss of the PV
parameters, including a loss in the photocurrent. For the latter cases, the degree of
loss is dependent on the doping densities and the level of energy with respect to the
reference.

Thus, especial attention is focused on the incorporation of acceptor defects at the
heterointerface between the CdS/ZnO layers.

The model presented in Figures 5.14b and ¢ consists of various acceptor defects densities
at the CdS/ZnO interface at the energetic position of Egef = 0.3 €V and Egef = 0.6 €V
above the Ey of the buffer layer, respectively, which lead to a roll-over effect of the
diode current and F'F' loss with increasing defect densities in the order of magnitud of
~ 10'2 cm~2. At higher bias voltages and higher doping concentrations, a cross-over
between the dark and lightJ — V' curves is exhibited, being more significant for deeper
defects. The equilibrium band diagram of the model including acceptor defects with
NA(CdS/ZnO)= 5.5 x 10'? ¢cm~? in comparison to the reference model is given in
Figure 5.14a.

Some other non-ideal effects are exhibited and presented in Figure 5.15. The discrepancy
between the Jg.(V,.) data and the blocked dark J —V curve occur at high intensities as
seen in the semi-logarithmic plot with a slight V. gain (Figure 5.15a). Here, the SCAPS
evaluation of the V. with respect to the temperature was possible, then obtaining
a saturation of the V,. at low temperatures and an activation energy approximately
equal to the one obtained from the reference model (see Figure 5.15b).

Figure 5.16 illustrates the linear and the semi-logarithmic plot for different temperatures.
Simulations were performed for lower defect densities and as can be seen such low
densities do not caused a roll-over or cross-over at high temperatures but are sufficient
to cause a blocking of the diode current, a cross-over between dark and light curves
and a discrepancy of the Js.(V,.) data points when decreasing the temperature.
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5.2. Back contact barrier

5.2. Back contact barrier

As the emphasis in Section 5.1 was on understanding transport across the heterojuntion,
the models presented assumed and were restricted to ideal back contact properties.
However, such a back contact barrier may be needed to completely reproduce measured
J — V curves in numerical calculations. In numerous publications there are indications
that a barrier at the back contact at least contributes to the limitation of the current

transport in actual devices [95,121-124].
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Figure 5.17.: (a) Equilibrium band diagram of the reference model and the model including
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5. Numerical modeling: Study of current limitation

The model presented in this section keeps the material and device parameters given in
Table 3.1 but introduces a back barrier as seen in the band diagram in Figure 5.17a.
For convergence purposes, a higher carrier lifetime /longer diffusion length in the CIGSe

absorber was set in the model with neutral mid-gap defects of Ngef = 1 x 10 cm™3.

The corresponding J — V' curves for a varied back contact barrier height (©p¢) are
shown in Figure 5.17b in comparison to the curve without any back barrier. The
blocking of the diode current is more expressed as the back barrier height increases for
the dark J — V curves with the curve completely lying on the x-axis when Opc = 0.4
eV. The light characteristics are not affected by the back barrier since they follow an
exponential diode current behavior for any barrier height. The calculations show a
significant V,. reduction when the back barrier is introduced as well as a cross-over
between the dark and the illuminated characteristics. The semi-logarithmic plot of
the back barrier model exhibits an expressed discrepancy of the Jg.(V,.) data points
with respect to the dark J — V' curve with the points deviating to the left of the dark
blocked curve as can be observed in Figure 5.17c.
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Figure 5.18.: V,.(T') plot including the V,. extrapolation to 7' = 0 K (dashed lines) for
different back barrier heights.

The V,. extrapolations to 7" = 0 K for the varied back barrier heights are given in Figure
5.18. Besides the reduced open-circuit voltage as a consequence of the introduced
back barrier, the latter also leads to a reduced value of the apparent activation energy
as deduced from the extrapolation of the V,. to T' = 0 K. At lower temperatures, a
saturation of the V. becomes more significant and it shows earlier for larger barrier
heights.

Material parameters of the CIGSe absorber such as the thickness d, doping density N 4,
and neutral mid-gap defects Nger (determining the diffusion lengths L, a concept used
hereafter for behavior descriptions) together with the back barrier height Op¢ lead
to differences in the recombination and/or the transport mechanisms, and therefore
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5.2. Back contact barrier

the resulting PV parameters. The corresponding STC parameters by varying such
aforementioned settings in the model illustrated in the band diagram of Figure 5.17a
can be found in Appendix A.7, Figure A.19. In order to purely describe and observe the
back barrier effects, such variations were performed in the model without an electron
mirror, also known as back surface field (BSF), at the back side and are given in Figure
5.19.
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Figure 5.19.: PV parameters as a function of the back barrier height ©pc, absorber thickness

dcigse, doping density N a cigse, and neutral mid-gap defect density Nqef in the absorber of
the model without an electron mirror (back surface field) at the back contact.
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5. Numerical modeling: Study of current limitation

Without a back barrier (©gc = 0 €V), V,. and F'F increase for longer diffusion lengths
(low neutral defect density, Ngef = 1x 101 cm™3) and thicker absorbers while for shorter
diffusion lengths (high neutral defect density, Nqor = 1 x 107 cm™3) is independent of
the absorber thickness. Moreover, interface recombination emerges as the dominant
recombination for longer diffusion lengths (from the SCAPS recombination profiles not
shown here) as a consequence of the absence of an electron mirror at the back side.

With the introduction of a back barrier, e.g., ©gc = 0.3 €V, the high loss in V. for
shorter diffusion lengths without any back barrier is reduced but still with a slight V..
decrease for shorter diffusion lengths and thinner absorbers. However when Opc > 0.3
eV, a different behavior results for thicker absorbers (dcigse > 2 pm) with higher V.
for shorter diffusion lengths. Also for large back barrier heights, F'F decreases for
shorter diffusion lengths and thicker absorbers while for longer diffusion lengths a
gain results for thicker absorbers. Besides, interface recombination stays dominant for
longer diffusion lengths with the introduction of a back barrier.

In comparison to the model with an electron mirror (see Appendix A.7, Figure A.19),
here the open-circuit voltage stays constant for larger back barrier heights (Opc < 0.2
V) in the case when Ngop = 1 x 10 cm™3. Conversely, an earlier reduction of the V..
occurs for shorter diffusion lengths without an electron mirror, 0.5 eV of barrier height
below the model with an electron mirror. A higher change in F'F' occurs for shorter
diffusion lengths when larger barrier heights are introduced (Opc > 0.25 eV).

In addition to all the above, the same trend is observed for higher doping densities but
leading to higher open-circuit voltages over all.

To illustrate the J — V' characteristics under different absorber and back barrier
parameters as described in the plots above, Figure 5.20 shows the behavior of the
light and dark J — V' curves by varying the back barrier height ©p¢, the absorber
thickness dciase, and neutral mid-gap defect density Nger. It should be mentioned that
for convergence purposes, the simulated characteristics shown in the following figures
are taken from the model without an electron mirror at the back side of the absorber,
nonetheless the J —V behavior of both models are alike. For high carrier lifetimes/long
diffusion lengths (with Ng,f = 1 x 10 em™2) the roll-over in the dark curve begins
to occur as the back barrier increases (above Opc = 0.25 eV) and becomes slightly
more significant for thicker absorbers. However, the light curves do not experience
any blocking of the diode current as already seen in Figure 5.17b. For low carrier
lifetimes /short diffusion lengths (with Ngef = 1 x 10'” cm™2), conversely, the blocking
of the diode current occurs earlier in both light and dark curves and enhanced to a
greater extent for higher back barrier heights and thicker absorbers.
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5.2. Back contact barrier

A visible cross-over between the dark and light curves takes place with the presence of
a back contact barrier, and in terms of diffusion lengths L,,, a greater loss in F'F' and
V.. for shorter diffusion lengths.
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Figure 5.20.: Simulated J — V characteristics of the model (without an e-mirror and low
doping density in the absorber) including a back contact barrier with variations in the back
barrier height ©pc, absorber thickness dcigse, and neutral mid-gap defect density N get in
the absorber.

In order to investigate the effects of the back surface recombination velocity in CIGSe
solar cells together with a back contact barrier, Figure 5.21 illustrates the J — V'
characteristics obtained for variations of the surface recombination velocity S, absorber
thickness dcigse, and doping density Na cigse With a constant back barrier height of
Opc = 0.2 ¢V and a neutral mid-gap defect density of Nger = 1 x 10'7 em™3. It can be
seen that lower recombination velocities lead to a stronger blocking effect of the diode
current and is enhanced for thicker absorbers. With a higher doping density and a high
recombination velocity (S = 1 x 107 cm/s) the J — V curves are no longer blocked,

however as the recombination velocity decreases the roll-over develops once again.
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Figure 5.21.: Simulated J — V characteristics of the model (without an e-mirror and short
diffusion length) including a back contact barrier of ©pc = 0.2 eV with variations in the
absorber doping density NN ciase, thickness dciase, and surface recombination velocity S at
the back contact.

The cross-over effect is reduced when increasing the thickness of the absorber as also
seen in the resulting J — V curves of Figure 5.20 for a shorter diffusion length.

The V. is not affected and the F'F slightly deteriorates by decreasing the recombination
velocity.

As previously observed for long carrier diffusion lengths, the dark J — V' curves are

the only ones affected by the decrease of the back surface recombination velocity (see
Apendix A.7, Figure A.20).

Since the evaluation of the JVT characteristics is one of the main tasks in this work to

study such non-ideal effects, simulations of the temperature-dependent current-voltage

characteristics including a back contact barrier are performed and given in Figure
5.22 keeping a constant back barrier height of ©pc = 0.2 eV, high back recombination

velocity, short diffusion length and low doping density in the absorber.
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Figure 5.22.: Simulated J — V characteristics of the reference model (without an e-mirror,
low doping density, short diffusion length and high back surface recombination velocity)
including a back contact barrier of ©gc = 0.2 eV with variations in the temperature T and
the absorber thickness dcigse: (a)-(b) linear plot, and (c)-(d) semi-logaritmic plot where
the square symbols represent the Jg.(V,.) data points for intensities of 100 mW /cm? - 0.1
mW /cm?.

A similar trend was obtained either by varying the recombination velocity or the
temperature. As the temperature decreases, the kink is more expressed and especially
for thicker absorbers since the blocking of the light curve gets more pronounced and
the cross-over between the dark and light curve is minimized. The semi-logarithmic
plots in Figures 5.22c-d also shows the discrepancy of the Jg.(V,.) data points with
respect to the dark J — V' curve with decreasing temperature, a non-ideality usually
observed in Chapter 4.
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5. Numerical modeling: Study of current limitation

5.3. Summary of barrier models

In this chapter, the evaluation of those effects potentially responsible for degrading the
idealities of the diode and photovoltaic performance has been carried out.

According to the models presented, neither a highly doped p™ layer nor the formation of
a buried homojunction are likely to contribute to the diode current limitations similar
to those seen in the experiment (Chapter 4), but will mainly affect the photocurrent
collection and FF. A surface band gap widening of the CIGSe (not shown here)
by an OVC/ODC compound on the surface of the absorber has been a topic of
discussion by some authors [125,126] which lead to a new model for chalcopyrite-based
heterojunctions. Numerical simulations showed that such model does not involve a
limitation of the current or a deterioration of the PV parameters no matter if the
OVC/ODC layer is a p-type or n-type compound with a constant electron affinity with
respect to the absorber layer.

On the other hand, it has been shown above that a large band offset at the CdS/ZnO
interface (Section 5.1.1), low ZnO doping (Section 5.1.4), and acceptor defects at
the CdS/ZnO interface (Section 5.1.5) can all contribute to lower F'F', kinked J — V
characteristics, and a discrepancy between dark and Ji.(V,.) characteristics. These
three cases lead to similar band diagrams and non-ideal J — V' characteristics as shown
in Figure 5.23 [93]. This suggests that the three cases share a common mechanism

which impedes the current flow.

The main effect is the limitation of the forward diode current through the buffer layer
and a poor F'F, effects caused by the large separation between the CdS conduction
band and the Fermi level. The current transport through the CdS layer depends on
the carrier density in the buffer layer. By increasing the band offset at the CdS/ZnO
interface the distance between the CdS conduction band and the Fermi level increases,
resulting in a low charge carrier density (despite the relatively high doping, Table 3.1)
in the buffer layer.

With a low-doped ZnO layer, its conduction band is positioned above the Fermi level
in the equilibrium band diagram pushing again the CdS conduction band farther away
from the Fermi-level. However, the formation of the roll-over effect due to the ZnO
doping emerges only when the conduction band offset at the CdS/ZnO interface is still
considerable, as observed in the colormap of Figure 5.13, e.g., when AFE¢(CdS/Zn0O)
= 0.40 eV in the given example.

And finally, a similar roll-over effect together with a loss in F'F' occurs when adding
acceptor defects at the CdS/ZnO interface to the reference model. The SCR in the
ZnO generated by the defects at the interface again pushes up the conduction band of
the buffer layer, as can be seen in Figure 5.23a.
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Figure 5.23.: Comparison of the (a) equilibrium band diagrams and (b) the simulated J —V
characteristics between the reference model (no barrier effect) and the electronic material
parameters modified: high band offset at the CdS/ZnO interface (with AEc(CdS/Zn0O) =
0.47 eV), low-doped ZnO window layer (Np 7,0 = 5.0 x 107 em™3 with AE¢(CdS/Zn0) =
0.40 eV) and acceptor defects at the CdS/ZnO interface (N a(CdS/ZnO)= 5.5 x 10'2 cm~2
with AEc(CdS/Zn0O) = 0.15 eV).

In addition to the current limitation of the forward diode current as a result of a low
charge carrier density of the CdS layer, a deviation at high bias voltage between the
Jse(Voe) values at different illumination intensities and the dark J — V' curves was
observed in all three cases. Due to unreliable V,. values at low temperatures given
by the numerical calculations for the large band offset at the CdS/ZnO interface and
low-doped ZnO model, the V,.(T") plot was only shown for the case of defects at the
interface (see Figure 5.15b) which showed a saturation of the open-circuit voltage at
low temperatures. Since the effect of the current limitation is similar in all three cases,
it might be expected to also have a similar behavior for the V,. as a function of the
temperature for the other cases.

The assumption that a common underlying mechanism is the limitation of the current
by the transport through the buffer layer is strengthened by considering the carrier
mobility in the buffer. Because of the low carrier density in the buffer layer, the
electron mobility (u,) in the CdS significantly influences the current transport, as
shown in Figure 5.24 (here it is shown the model with a large cliff at the CdS/ZnO
interface of AE¢(CdS/ZnO) = 0.40 eV, however the same effect occurs in the described
models). While reducing the electron mobility, the barrier effect is enhanced because
the transport through the CdS begins to dominate and the current scales linearly with
the electron mobility when the bias voltage is greater than ~ 0.6 eV. Thus, a low
mobility of electrons in the buffer amplifies all non-ideal effects.
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Figure 5.24.: Simulations of the J — V characteristics as a function of the electron mobility
pin of the CdS buffer layer with a constant cliff of AEc(CdS/ZnO) = 0.40 eV: (a) illuminated
and dark curves in linear scale, and (b) dark curves in semi-logarithmic scale.

A low-doped CdS buffer layer enhances the kink effects as a result of large conduction
band cliffs at the buffer/window interface and low doping in the window layer. It was
also noticeable that even a small change in the spike at the CIGSe/CdS interface, when
combined with the CdS/ZnO cliff, can also significantly affect the current transport.
The spike at the absorber/buffer interface also influences the depletion but as it is
by itself a barrier to the flow of electrons, it modifies the J — V' characteristics in a
slightly different way.

Besides, in combination with the cases previously described in Figure 5.23, models such
as the introduction of a p™ layer at the absorber surface, defects at the CIGSe/CdS
interface, buried p — n junction and/or the increase of the conduction band spike at

the CIGSe/CdS interface will lead to a more severe influence and enhancement on the
FF loss.

The introduction of a barrier at the back contact also contributes to a non-ideal
behavior of the J — V' characteristics, such behavior being strongly dependent on
absorber parameters and contact properties.

For a better and clear understanding, all these observations are summarized in Table
5.3. Here, the different models evaluated in this chapter are listed as well as the
non-idealities and the positive or negative effects caused in the PV parameters.
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5. Numerical modeling: Study of current limitation

From the semi-logarithmic plots of the blocked models studied in Figure 5.23, it was
observed that under dark conditions the current at low bias was also influenced by the
blocking of the diode current. It is evident that in such cases, in the same manner as
the experimental measurements shown in Chapter 4, it is not appropriate to deduce
the diode factors from the dark J — V curves to gain information on the recombination
mechanisms. Furthermore, it may be challenging to align the determination of the
diode factors obtained from the numerical simulations with the experimental results.

In contrast to the established analytical models (see Section 2.3), in SCAPS the reference
model around V,, is not only limited by the SCR recombination but is also influenced
by the QNR recombination. For the blocked models, such QNR recombination becomes
much more dominant (see Appendix A.6, Figure A.18).

This adds to the difficulty of assigning the observed diode factors. Experimental curves
typically show diode behaviors with very large diode factors at low bias which is
included neither in the analytical nor in the SCAPS model. On the other hand, due to
the change in dominant recombination from the SCR to QNR the curves calculated by
SCAPS can also show a two diode behavior. Therefore, assigning the different sections
of the experimental curves to corresponding sections of the numerically calculates

curves cannot be done with certainty:.
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6. Influence of RbF on the
electrical characteristics of
CIGSe thin-film devices

In the present chapter, the influence of RbF treatment on the electrical characteristics
of CIGSe thin-film solar cells is examined. An extensive study of several series of
samples was given and described in Chapter 4. CIGSe solar cells with and without
RbF-PDT were prepared under different conditions and characterized by temperature-
dependent J — V' measurements. The evaluation of CIGSe devices with absorbers
treated with RbF-PDT typically showed the emergence of non-ideal effects especially
at low temperatures: a blocking of the forward diode current (roll-over of the J — V),
a discrepancy between dark and the J.(V,.) characteristics, a cross-over between dark
and light J — V curves and a saturation of the V,. with respect to temperature.
Chapter 5 included an extensive analysis of numerical models that could mainly explain
the limitation of the current transport observed in CIGSe samples with RbF-PDT.
Here, possible connections of the main RbF-PDT effects on CIGSe cells including
the evaluation of the recombination parameters such as the activation energies of the
saturation current density and the diode factors obtained from the previous chapters
with the non-electronic findings reported from the literature and the fundamental
recombination and transport theory are made.

6.1. Positive and negative consequences of
RbF-PDT

While the post deposition treatment with RbF in CIGSe solar cells typically shows
beneficial effects, mainly an increase in the open-circuit voltage (universally observed
here either in PVD or RTP solar cells), simultaneously, non-ideal effects have also been
observed in most of the samples. However, both effects may have different underlying
reasons. One clear example corresponds to the EMPA sample in Figure 4.10 which
introduces minor non-idealities even though it shows the benefits that PDT entails.
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6. Influence of ROF on the electrical characteristics of CIGSe thin-film devices

Typically, the recombination mechanism and its underlying parameters are responsible
for the V. increase (except where the V,. is not determined by recombination, e.g.,
when having a V,. clamping according to the phototransistor model [121,124,127], also
see Section 5.2).

On the other hand, the non-ideal effects originate from the carrier transport mechanisms
other than the recombination. Their relevance for STC device performance lies in the
lowering of the F'F', especially observed in samples with increasing Rb concentration
with CGI = 0.90 (in Section 4.3) and increasing deposition times of the RIS layer
on the absorber (in Section 4.7). One of the main non-ideal effects corresponds to
the blocking of the forward current that can be grouped into: (1) blocking of the
photocurrent, e.g., the model of a p™ layer at the absorber surface (Section 5.1.2) and
buried p — n juntion in the absorber (Section 5.1.3), and (2) blocking of the diode
current, e.g., interface barrier from band alignment, doping concentration, interface
defects, and from the back barrier model (see Chapter 5). While the latter models
also reduce the photocurrent in the active quadrant, it can be shown that the blocked
J — V curve from the back barrier model corresponds to a series connection of the
main diode of the solar cell and the Schottky diode at the back side of the absorber,
i.e., both junctions can be calculated separately and the addition of their individual
J —V curves is equal to the J — V curve of the complete device. This is only valid if
phototransistor effects are still negligible. So, the apparent loss in photocurrent is just
the current limitation introduced by the Schottky diode.

If the phototransistor effects are not negligible (even observed in CIGSe cells without
PDT), saturation (clamping) of the open-circuit voltage can develop to a larger extend
as another negative effect of PDT either observable only at low temperatures (V.
extrapolates to F, if only taking the points at high temperature and extrapolates to
the reduced activation energy E, — Opc when taking points at lower temperature) or
even at higher temperatures (V,. no longer extrapolates to E, even when only taking
higher temperature points). The latter effect may be difficult to separate from interface
recombination where V,. also extrapolates to an activation energy Fy < E,. Both,
current blocking and V. clamping contribute to the discrepancy between dark J — V'
and Js.(Vie) (see below).

The corresponding topics of the recombination mechanisms as well as the non-idealities
from the transport mechanisms of the measured samples in this thesis will be treated
again in more detail in Section 6.2 and Section 6.3, respectively.
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6.2. Recombination mechanisms in CIGSe solar

cells

Based on temperature-dependent J — V' measurements performed and described in
Chapter 4, there is no indication of a fundamental change in recombination mechanism
in most of the CIGSe solar cells regardless if they have been treated with RbF-PDT.
The dominant recombination mechanism in the bulk appears to typically be the same
without/with PDT [128], in contrast to some earlier works that postulate a transition
from interface to bulk recombination [90, 129, 130] mainly due to the modifications
made on the absorber surface for which the PDT is responsible (see also Section 2.4).
However, a dominant bulk recombination in CIGSe solar cells (without/with PDT) is
in agreement with more recent and detailed literature [53]: (1) the determination of the
activation energies from the V,. extrapolation to T' = 0 K and the band gap energies
extracted from EQE measurements of a large set of samples without/with RbF-PDT
characterized in Chapter 4 typically resulted in £y ~ E, (unless V,, is saturated at
low temperatures), e.g., for reference PVD samples without/with RbF-PDT (see Table
4.3) and some RTP cells (see Table 4.14), and (2) the diode quality factors are typically
mildly temperature-dependent and mostly A < 2 as seen in Figures 4.2, 4.5 and 4.32b.
The corresponding increase with PDT and with the deposition of the RIS layer at
the absorber surface in the open-circuit voltage is mainly due to two parameters [48]
of bulk recombination: increase in the carrier lifetime 7 that leads to a reduction of
the SRH recombination rate (also a reduction of the Urbach energy values has been
reported, i.e., suppression of tail states due to alkali treatments [53]) and increase of
doping concentration.

In some of the reference samples without PDT, the activation energy was higher than
the band gap energy E5 > E, about +(60-70) meV (see Table 4.3). Scheer et al. [17]
mentioned that some temperature terms might be involved besides the thermally
activated carrier density [131]. Therefore, in his evaluation the extrapolation of V,. to
T = 0 K equals F; 4+ 75 meV, which is in accordance to the excess of the activation
energy estimated (Ey ~ E, + (60-70) meV). Also, in a graded absorber the situation
where £, > E, may occur when the dominant recombination is shifted away from the
location whose band gap determines the EQE cut-off [132].

On the other hand, some measured CIGSe cells showed Ey < E,. In the cell without
CdS buffer layer in Section 4.6.1 a lower activation energy than the band gap might
truly indicate a recombination at the interface between the CIGSe absorber and ZnO
layer as demonstrated with numerical simulations performed by Klenk et al. [112] due
to a reduced barrier for recombination. In the same category, samples using Zn(0O,S) as
a buffer without PDT (see Section 4.6.4) also showed this relation. One characteristic

121



6. Influence of ROF on the electrical characteristics of CIGSe thin-film devices

that the previous samples share in common is that the V,. decreases linearly with
increasing temperature in the full temperature range and therefore showing no (or
insignificant) saturation of the open-circuit voltage as observed in Figures 4.22 and
4.28. Thus, a variation at the absorber/buffer interface in these samples results in the
dominance of the interface recombination and thereby also in the decrease of the F'F
with RbF. Additionally, a CIGSe cell with PDT and CGI = 0.70 in Section 4.5 can
also be included in this group of cells.

In some other cases, however, it may not be the recombination mechanism that
determines the V,. as stated above. CIGSe samples with a Na-barrier at the back
contact without PDT characterized in Section 4.4 might be one case with V. clamping
even at higher temperatures as a consequence of the phototransistor effect due to the
low Na content especially at the back contact and doping concentration as seen in the
doping profiles in Figure 4.15, and thus V. extrapolating to lower activation energies
than they should. Other authors [133] have also found a connection between the
activation energy and the Na content in the absorber. RTP cells with NaF+RbF PDT
also showed F, < E, with only a mild V,, clamping at high temperatures but stronger
at lower temperatures (see Figure 4.32a). From the GD-OES depth profile of this
cell [134] it was observed that not only Rb but also Na are strongly segregated at the
back side of the absorber. Besides, CIGSe cells with too low Cu content (CGI = 0.30)
in the absorber characterized in Section 4.5 also showed Ey < F, and a saturation of
the open-circuit voltage at low temperatures even when the doping concentration N A
in the cell without PDT is high (close to 10'® cm™). By introducing a Zn(O,S) layer
as a part of the window bilayer of the cell with RbF-PDT in Section 4.6.3, the sample
followed the same trend of the samples stated above and being less significant before
PDT. However, in some cases, Rb was helpful to increase the activation energies and to
approach the band gap energies, thus reducing the V. clamping at higher temperatures
but exhibiting the saturation of the V. at low temperatures and therefore following
the same trend as well-behaved CIGSe solar cells. The latter trend was presented in

samples previously described with Na-barrier at the back contact and in samples with
Zn(0,S) as a buffer.

In general, it is sometimes challenging to judge/determine the recombination mechanism,
e.g., in dark J — V characteristics it may be that the current is determined by blocking
and under illumination the V,. may be determined by the phototransistor effect rather
than recombination.

As stated above, another indication to determine the recombination path is the behavior
of the diode quality factor and in most of the CIGSe solar cells it was found to be slightly
temperature-dependent with values A < 2 along almost all measured temperatures,
and therefore indicating a dominant recombination in the bulk with a most likely
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exponential defect distribution as seen in the summary of the fundamental theory of
the different recombination regions given in Table 2.1. The effect of RbF, particularly
at higher temperatures, in CIGSe devices (except when Ny is too low, e.g., when a
back Na-barrier is introduced) is to decrease the diode factors in samples with 0.80 <
CGI < 0.95 as seen in Figure 4.6 which also showed the beneficial effects of RbF-PDT
in terms of V,. and FF in absorbers with high Cu content. This A decrease is also
visible in samples with a RIS layer on top of the absorber (see Figure 4.30c). The
lowering of the diode factors at higher temperatures may be an indication of a transition
towards recombination in the QNR. Additionally, the dominance of the recombination
in the QNR with a blocking of the forward diode current as a consequence of the PDT
has been observed from the recombination profiles obtained by SCAPS simulations
in Figure A.18 in comparison to the reference model without any blocking in Figure
5.2, which also supports this assumption. On the other hand, an inconsistent trend
is observed at lower temperatures with a higher temperature dependence and higher
values of the diode factors. Measurements performed in Section 4.3 showed a clear
dependence of the diode factors at low temperatures with the Rb amount deposited on
the PVD-absorbers and the doping density. This finding suggests that higher amounts
of RbF (longer deposition times) might be needed in RTP-absorbers in Section 4.8 in
order to increase the doping concentration and therefore to decrease the diode factors
over the entire temperature range. Further measurements need to be carried out.

When recombination occurs in the SCR both, the exponential defect distribution and
tunneling assistance, will the A to increase with decreasing temperature. As studied
in the fundamental theory of Section 2.3.1, if the recombination is dominant in the
SCR, the diode quality factor is A = 2. With recombination over an exponential
defect distribution, the diode factor is reduced from the standard value (A = 2) and
that reduction is more expressed at higher temperatures, whereas with recombination
with a tunneling assistance the diode factor is increased from the standard value and
that increase is more expressed at lower temperatures [18]. The higher temperature
dependence of the diode quality factors observed either only at low temperatures (in
most of the CIGSe cells) or over the full temperature range (as in the case of samples
with Zn(O,S) buffer layer in Section 4.6.4) might be an indication of a transition
towards tunneling assisted recombination with A reaching values above 3 (see Table

2.1) as the temperature decreases especially when 7" < 150 K.

As seen in Figure 4.3, with a constant band gap in the absorber, the diode factors
are temperature-independent over a wide range at high temperatures. Without the
band gap grading, it is more likely that the dominant recombination occurs in the
QNR (as shown in the SCAPS calculations given in Chapter 5) which could affect the
temperature behavior of the diode factors in this sample, in contrast to samples with
graded absorbers (see Figure 4.5) where the recombination in the QNR is suppressed
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or reduced and where therefore the recombination in the SCR becomes dominant with
slightly temperature-dependent diode factors.

6.3. Non-idealities of CIGSe solar cells with
RbF-PDT

6.3.1. Discrepancy between dark J —V and Jg.(V,.)

One of the most consistent observations in CIGSe cell with Rbf-PDT is the discrepancy
between the dark J—V curves and the J.(V,.) data points (see Figure 4.4), a non-ideal
effect hardly mentioned in literature. Three effects could lead to a similar picture and
are discussed below.

1. A previous model described by Hengel et al. [135,136] postulated a change in
recombination mechanism under illumination, from tunneling into interface states
in the dark to a thermally activated process under illumination. However, this
model implies a change of the diode quality factor and its temperature dependence
with illumination that was not usually seen here in the results or at least there is
no considerable change with illumination in contrast to Hengel’s results when
comparing (if possible) the deduced diode factors under both conditions.

2. A shifting of the Ju.(V,.) characteristic to the left in the case where the V. is
not determined by recombination but the dark current is. The V. is lower than
it should be as an outcome of a saturation of the V,. (phototransistor effect).
This may be valid for some of the measured samples at high temperatures, e.g.,
samples with Na-barrier at the back contact, and also for some other samples

which present a V. saturation at lower temperatures.

3. A shifting of the dark J — V curve to the right where the J.(V,.) points are
determined by recombination (and stay where they should be) but the dark
current is not, but in rather it is reduced due to blocking. This condition is
typical for well-behaved CIGSe solar cells with RbF-PDT.

Effects 2 and 3 are more likely to happen in the measured cells because they are

supported by additionally observed effects as a consequence of the barrier such as a
kink and roll-over that a change in recombination mechanism would not cause.
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6.3.2. Cross-over between dark and light J — V' curves

A very typical non-ideal effect observed in characterized CIGSe thin-film solar cells in
Chapter 4 is the cross-over between the dark and light J —V curves mildly visible at low
temperatures. After RbF-PDT, the cross-over occurs already at higher temperature.
Two of the models studied in Chapter 5 can be responsible for such effect: acceptor
defects at the CdS/ZnO interface (Section 5.1.5) and back contact barrier (Section
5.2).

Among all the samples measured, two set of samples clearly showed a significant
cross-over. These samples correspond to CIGSe devices with a Na-barrier at the back
side of the absorber (see Figure 4.13) and devices with low Cu content in the absorber
(see Figures 4.16 and 4.17) and, as discussed in Section 6.2, these were referred to
samples affected by the phototransistor effect which also correlates with the numerical
simulations performed with a barrier at the back contact and the derivation of such a
cross-over effect.

For all the remaining samples with a slight cross-over at lower temperatures, the
model of acceptor states at the buffer/window interface correlates with the presence
of such a non-ideal effect. In the work of Lauermann et al. [137], Na was found to be
mobile before/during/after buffer layer deposition so we cannot exclude the possible
Na diffusion from the absorber/buffer interface to the buffer/window interface with an
enhanced density of acceptor states when Rb is deposited. The numerical simulations
in Section 5.1.5 showed that with increasing doping densities of the acceptor defects at
the buffer/window interface, among other non-idealities, the cross-over is developed
and arises at higher temperatures for deeper defect levels.

6.3.3. Limitation of the diode current and its connection to
alkali fluoride PDT

In Chapter 5, numerical calculations showed that lowering the ZnO doping, introducing
acceptor defects at the CdS/ZnO interface, and/or creating a higher band offset at
this interface, illustrated in Figure 5.23, lead to similar non-ideal J — V' characteristics
typically observed in CIGSe solar cells with RbF-PDT presented in Section 4.2 such as
a roll-over of the J — Vs and a discrepancy between dark and Jg.(V,.) characteristics, as
well as a lower F'F. This model suggests that the limitation of the diode current results
as a consequence of a low carrier density in the buffer layer where any mechanism that
moves the conduction band of the buffer away from the Fermi level will lead to similar
effects. From this, possible connections between the introduction of the heavy alkalis
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and these electronic parameters of layers deposited after the PDT treatment can be
suggested following the literature.

The diffusion of alkali elements has been seen in model experiments, e.g., the mobility
of Na from the absorber into the buffer [137]. Some authors [138,139] have reported
the in-diffusion of elements from group-I (Li, Na and K) into n-type ZnO substrates. It
has been demonstrated that substitutional group-I elements introduce shallow acceptor
states [138] either by diffusion or in situ during ZnO growth [139]. Based on these
observations, low ZnO doping could be a consequence of Rb in-diffusion during ZnO
deposition. In addition, Heinemann et al. [140] demonstrated that if Na is present
at the heterointerface between ZnO and CIGS in superstrate solar cells, the high
density of deep acceptor states at the heterointerface lowers the F'F', and therefore
the device performance. Notwithstanding the different preparation sequences in our
substrate cells, a similar situation may nevertheless arise [48]. Thus, introducing
acceptor states at the CdS/ZnO interface induced by Rb migration could explain
some of the non-idealities presented in RbF-treated samples within the scope of our
numerical simulations. Another consequence of alkalis and fluoride present at this
interface could be the formation of dipoles and corresponding modification of the band
line-up [141]. The possible diffusion of Na before/during/after the buffer deposition
within the fabrication process of some of the reference samples without any RbF-PDT
might lead in such cases to the blocking of the diode current and discrepancy between
light and dark curves visible at low temperatures (Reference 1, 3, 5 and 6 of Figure
4.1) as a consequence of the different mechanisms stated above and enhanced with
RbF-PDT (Figure 4.4).

The numerical simulations in Figure 5.8c, by slightly varying the conduction band spike
at the absorber/buffer interface in combination with a large conduction band cliff at
the buffer/window interface, also demonstrated the enhancement of the diode current
blocking at forward bias. Thus, the accumulation of heavy alkali metals, in this case
Rb, and fluoride at the absorber surface reported by numerous authors and reviewed
in Section 2.4 in this work could also change this band line-up via the formation of
dipoles. However, this high Rb concentration and/or a formation of a RbInSe, layer
at the surface of the absorber after PDT is not considered by itself responsible for
the blocking of the diode current in accordance to the numerical calculations given
in Section 5.1.2 and 5.1.3 for a p* layer and an n-doped region at the CIGSe surface
(considering that the RIS layer is an n-type compound), respectively. Despite not
having performed dedicated numerical calculations including an n-type layer on the
absorber surface with Fyris > g cigse Which are the parameters known so far for
this phase, the aforementioned simple device models together with the evaluation of
the band gap widening at the surface of the absorber briefly discussed in Section 5.3,
with variations of the layer thickness and doping density, are in accordance with the
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simulations of a sample based on a CIGSe/RbInSe, stack performed by Kodalle et
al. [97,142,143] which lead to a photocurrent barrier at the heterointerface under
forward bias, decreasing the F'F' which is influenced by the band line-up, conductivity
and thickness of the RIS layer. Kodalle proposed that the RIS layer acts as a barrier for
the photocurrent, thus lowering the F'F'. These numerical calculations are supported
by the JVT characteristics measured in Section 4.7 for a set of samples with varied
RIS deposition times deposited on the CIGSe surface.

For the negative effect of the lowering of the F'F', Kodalle et al. [68] also suggested
the dependence of the F'F' on the CGI ratio where the PDT only acts beneficially
on both V,. and FF at high Cu content (see Table 4.7). An increase in the carrier
concentration due to the Rb-Na exchange mechanism is only feasible if the availability
of Cu vacancies is limited and only beneficial on samples with CGI > 0.8, thus leading
to an improved V,.. For a better F'F', a high CGI ratio leads to a lower amount of the
ODC and then a thinner secondary phase at the absorber surface when CGI ~ 0.95.

The severity of the blocking of the diode current with higher concentrations of RbF-
PDT observed in Section 4.3 is correlated with the concentration of donors in the
ZnO window layer, the concentration of acceptor states at the buffer/window interface,
and the conduction band offset at such interface, presented in Section 5.1, where the
roll-over of the J — V's and the discrepancy between dark and Jg.(V,.) characteristics

are enhanced with decreasing temperatures.

Following the case of the ZnO doping density, it was expected to reduce the blocking
having a higher ZnO doping than the reference cell. This was attempted to be achieved
by going directly into the highly doped ZnO:Al layer after the CdS buffer layer, omitting
the i-ZnO layer in the device structure. However, JV'I" measurements performed in
Section 4.6.2 in a cell without i-ZnO did not show any diode current improvement at
forward bias.

On the other hand, a reduced conduction band offset at the buffer/window interface by
replacing the i-ZnO film with a semiconductor with a higher band gap and/or electron
affinity was suggested to reduce the current limitation developed by this barrier. Using
Zn(0,S) and (Zn,Mg)O as a part of the window bilayer, which can offer a greater range
of E, than the undoped ZnO from 3.2-3.26 up to 3.6-3.73 eV, respectively [144,145].
Some HZB solar cells were prepared with such layer structures and characterized as
seen in Section 4.6.3 and 4.6.4. However, an expected improvement of the the JVT
characteristics was not shown. Since the value of the band gap energy and electron
affinity are controlled by the oxygen-to-sulfur ratio ([O]/[S]4[O]) in Zn(O,S) and by
the Mg content in (Zn,Mg)O, a more extensive survey might be needed in order to
find an adequate ratio/content of the ZnO to effectively move the conduction band up
to reduce the cliff. Nevertheless, the highly-efficient ZSW solar cell produced with a
window bilayer of (Zn,Mg)O/ZnO:Al (Figure 4.10d) only showed a weak roll-over of
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the J — V curves at lower temperatures. As briefly discussed at the end of Section 4.2,
the high performance of a CIGSe device seems to be independent of the non-idealities
such as the roll-over of the J — V' curves and thus putting into consideration the
reduced limitation of the current due to the window layer stack including the (Zn,Mg)O
semiconductor.

Kodalle et al. [48] mentioned that a pronounced roll-over of the J — V' curve could
indicate the presence of a barrier at the back contact. From the GD-OES profiles of Na
(see Appendix A.2, Figure A.1), Rb appears to drive out Na, also at the back contact,
which leads to a low local doping and a non-ohmic back contact. Thus, a blocking of
the current at the back interface might be observed due to the low Na content and
therefore worsening the back barrier with higher Rb concentrations [142,143,146]. As
observed in the SCAPS simulations in Section 5.2, the introduction of a back barrier at
the back side of the absorber layer leads to a roll-over of the J — V' curves and loss in
FF and worsen the effects with higher barrier heights. Such numerical simulations are
supported with the JVT measurements performed in CIGSe cell with a Na barrier at
the back contact in Section 4.4 where the Na content within the absorber was studied
to see the effects of a low Na doping.

In practice, both blocking mechanisms may be present at the same time [97]. If the
blocking goes along with a stronger V,. saturation it is likely that the back barrier is
involved. From the V,.(7T") measurements (see Figure 4.14b) and simulations (see Figure
5.18), it has been seen how the V. with respect to the temperature is highly influenced
by the back barrier (low Na content) with higher saturation at lower temperatures when
increasing the barrier height. Concerning the V,,. saturation with a front barrier, such
effect was not very clear from the SCAPS simulations due to convergence complications
to gather information about the V,. at low temperatures but, if existing, presumably it
is much less expressed than the phototransistor model at the back contact and only
comes into play at low temperatures. The contribution rate of each blocking mechanism
in a CIGSe solar cells with alkali fluoride PDT might be difficult to determine but it
is more likely to suggest that the back contact barrier model is more appropriate to
describe the blocking of the diode current when a strong saturation of the V,. at low
temperatures simultaneously exists.

128



7. Summary and conclusions

Post deposition treatments of chalcopyrite absorbers with RbF have contributed to
improving the efficiency of CIGSe thin-film solar cell devices, mainly due to the increase
in the open-circuit voltage. Various studies and some of the interpretations on the
incorporation of heavy alkalis can already be found in literature but refer to a limited
number of samples, whereas in this work a large set of CIGSe solar cells under different
deposition conditions have been analyzed. In order to study the effects of RbF on the
performance of a CIGSe solar cell, temperature-dependent J — V' measurements have
been performed to give a set of measurements data to explain the multitude of those
effects of RbF-PDT reported in literature.

Notwithstanding the typically improved efficiency, CIGSe thin-film solar cells prepared
with RbF-PDT tend to exhibit non-ideal J — V' characteristics especially at low tem-
peratures: blocking of the forward diode current (roll-over effect), saturation of the
open-circuit voltage with respect to temperature, a cross-over between dark and light
J —V curves and a discrepancy between dark and Jg.(V,.) characteristics. The latter
effect is very seldom reported but very consistent in RbF-PDT cells and assessed here
for the first time. These non-idealities are typical observations in CIGSe cells prepared
at HBZ by PDV or RTP, and also if the samples are prepared in other laboratories.
A discrepancy between the dark J — V' curves and the Ji.(V,.) characteristics exists
if the V. is affected by the phototransistor effect, where the low V,. obtained for the
different light intensities at each measured temperature does not follow the dark J —V
curves. However, the dark curves can also be responsible for the discrepancy when the
diode current is reduced due to the blocking present at the interface or back contact
barrier.

The beneficial effects of RbF-PDT and the non-idealities observed in J — V' char-
acteristics are not necessarily connected since without V,. clamping, recombination
mechanisms are typically responsible for the gain in V. after PDT while the forward
current transport mechanisms are responsible for the non-ideal effects observed in JVT
measurements.

The determination of E 5 by the extrapolation of the V. to T' = 0 showed no evidence
for a fundamental change in recombination mechanism with or without RbF-PDT.
E\ ~ FE, for typical CIGSe solar cells measured in this work. However, some cells
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showed E'y < F, due to variations in the buffer layer clearly attributed to interface
recombination, while in some other cells £y < £, was attributed to phototransistor
effects in the back barrier model. If the phototransistor effects cannot be neglected,
the saturation of the V. develops either only at low temperatures or even at high
temperature (especially when there is a low Na content within the bulk).

According to numerical simulations and the behavior of the diode quality factors,
recombination in the SCR is dominant in samples without any PDT. After PDT, a
lowering of Ajigny was observed from A(7') plots in typical samples especially when 0.80
< CGI <€ 0.95 and, in accordance to SCAPS, recombination in the SCR is reduced
and a transition towards recombination in the QNR occurs.

An extensive modeling using SCAPS-1D of several proposed diode current limiting
electronic effects of RbF-PDT has been performed. Although not completely conclusive,
some hypotheses for the physical effects of RbF-PDT can be ruled out by comparing
the modeled effect to JVT data whereas for other effects, model and experimental
data are in accordance. Based on numerical simulations, the unification of several front
barrier mechanisms into a single model was shown [93]: a low-doped ZnO window layer,
acceptor defects at the CdS/ZnO interface, or a high band offset at that interface lead
to similar non-ideal J — V' characteristics, where the current flowing through the solar
cell is limited by the transport across the buffer layer and its interfaces. The density of
carriers that is available for transport in the buffer depends on the distance between
the CBM of the buffer and the Fermi level. This distance can be varied by changing
the ZnO doping density, the band offset at the CdS/ZnO interface or by including
acceptor defects at that interface. Connections between PDT and current transport
limitations have been suggested due to the migration of alkali metals. Previous studies
concerning alkali PDT in CIGS solar cells have reported the in-diffusion of Rb into
the ZnO window layer and at the heterointerfaces. Thus, a low-doped ZnO layer and
acceptor defects at the CdS/ZnO layer might be a consequence of the alkali diffusion.
A formation of interface dipoles due to alkali metals and fluoride may result in a change
in the band alignment. The formation of a secondary phase such as a RbInSe, layer at
the absorber surface after the PDT blocks the photocurrent and only contributes to
the lowering of the F'F.

The models presented in this thesis allow to clarify the fundamental mechanisms and
the parameters that have an influence on the recombination and transport mechanisms
that affect the performance of chalcopyrite thin-film solar cells, especially when alkalis
are deposited. These findings should give some insights to be applicable to multi-source
evaporated as well as sequentially prepared CIGSSe thin-films where such non-ideal
effects can be reduced by taking into consideration the electronic model of the device.
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A.1. Preparation of CIGSe solar cells

For solar cell fabrication, clean glass substrates with a thickness of 2 mm were coated
with 800nm-thick molybdenum by DC-sputtering followed by the deposition of the
CIGS absorbers. For the samples without a Na-barrier deposited on the glass, it was
allowed the Na diffusion from the glass substrate into the CIGSe absorber. CIGS
layers were prepared with and without RbF-PDT. PDT was done in situ without
breaking the vacuum, which means that the samples without RbF have to be prepared
in a separate evaporation run (using the same process parameters). Subsequently, a
60nm-thick CdS buffer layer was deposited by CBD and 40nm-thick i-ZnO and 140 nm
ZnO:Al window layers were deposited by radio frequency (RF) sputtering. However,
the samples presented in Section 4.6.3 and 4.6.4 used alternative buffer/window layers
using Zn(0O,S) as a buffer and window and (Zn,Mg)O as a window layer. The deposition
of the alternative buffer/window layers were done by RF magnetron sputtering in the
inline sputtering tool Von Ardenne Anlagentechnik VISS300. Finally, Ni-Al-Ni finger
grids were deposited by electron beam evaporation onto the ZnO without ARC.

Most of the absorbers were prepared by three-stage-based evaporation and the samples
discussed at the end of the Chapter 4, Section 4.8 were prepared by rapid thermal
processing (RTP). A brief description of the deposition processes are described below.
However, a more detailed description of the PVD and RIS samples can be found in
the thesis by Kodalle [97], whereas for the RTP cells, further details on the sequencial
preparation can be found in the work by Schmidt et al. [147].

Multi-source evaporation process (PVD)

The physical vapor deposition (PVD) is a vacuum deposition method that allows a
good control of the elemental composition of the deposited thin-films. In the first
stage of the process, In-Ga-Se precursors are deposited at a substrate temperature of
T'sup = 300 °C forming two layers of GasSes and InsSes. During the second stage, the
substrate temperature is increased up to T, = 530 °C and, then the Cu-Se precursors
are evaporated. As a result of this, the CGI steadily increases and at the end of the
second stage the CGI reaches a value of CGI = 1.03 for RbF-PDT samples and CGI =
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1.05 for RIS samples. Finally, in the third stage, In-Ga-Se precursors are evaporated
and the InySes and GasSes are then deposited and the CGI steadily decreases to reach
the final Cu-poor composition of the absorbers. Hence, the CGI ratio of the samples
is controlled by adjusting the duration of the third stage of the evaporation process.
After finishing the CIGSe growth for samples without RbF-PDT, the Se rate is reduced
and the substrate is cooled down.

Rapid thermal processing (RTP)

For the sequentially prepared Cu(In,Ga)(S,Se)2 (CIGSSe) thin-films using fast atmo-
spheric pressure chalcogenization of sputtered precursors, soda-lime glass substrates
were coated with a sputtered SiOxNy Na diffusion layer followed by a Mo/Mo:Na/Mo
layer stack. The In and Cu-Ga precursors were then deposited by dynamic DC sputter-
ing to obtain a GGI ratio of ~0.27 and a CGI ratio of ~0.87. The substrates were placed
in a SMIT Thermal Solutions in-line vacuum-free RTP tool for the sulfurization-after-
selenization (SAS) process with elemental Se and HsS sources. The chalcogenization of

the metallic precursos was done in approximately 16 min and at chamber temperatures

between 580 °C and 600 °C.
Post deposition treatment of RbF

After CIGSe growth, the Se rate is reduced to less than 0.1 A/s and the substrate
temperature is decreased to T, = 280 °C where the RbF is evaporated with a
deposition rate of 0.2 A/s. The optimal duration time was set to 10 min. After
finishing the PDT, the Se supply is cut off and the substrates are cooled down to room

temperature.

For the RIS samples discussed in Section 4.7 as a substitution of the RbF-PDT and
before cutting off the Se supply and cooling down to room temperature, the RbInSe,
layer was deposited after the absorber growth keeping the substrate temperature of the
third stage of T'sy, = 530 °C using a one-stage multi source evaporation of In, Se and
RbF. After the deposition process of the RIS layer, the samples were rinsed in diluted

ammonia to wash off the excess of Rb and residual fluorine.
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Figure A.1l.: Set of CIGSe samples with varied deposition times of RbF-PDT onto the
absorber: (a) GD-OES depth profiles of Na, (b) depth profiles of the Rb signal as measured
by GD-OES (unquantified intensities), and (¢) Ncy profiles derived from the C' — V' curves.
Plots taken from References [48,97].
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Figure A.2.: Evolution of the Noy with CGI as measured by C — V profiling of CIGSe
solar cells with/without RbF-PDT. Plot taken from References [68,97].

A.3. Additional results from JV'T" measurements of
CIGSe solar cells

In Section 4.1.2 where CIGSe samples were produced with no diffusion barrier, it was
seen that in samples with constant band gap a blocking of the forward diode current is
present already at much higher temperatures than in samples with Ga grading. Figure
A.3a shows the JV'T' characteristics of a CIGSe cell with constant band gap and a
Na-barrier at the back contact. Here, the roll-over intensely affects the diode current
even at room temperature. There is again a slight J. loss (see Table 4.5) in comparison
to samples with graded band gap studied in Section 4.1.2. The cross-over effect and
discrepancy between dark J — V' curves and Ji.(V,.) data are very prominent.
Figure A.3b shows the behavior of the diode factors under illumination of a CIGSe
solar cell with constant (no grading) band gap previously described in Section 4.1.2
in comparison to the solar cell with constant band gap and a Na-barrier at the
back contact. The main difference is the significant constant behavior over a wide
temperature range for 7' > 150 K in the cell where Na diffuses from the glass substrate
into the absorber, while the cell with a diffusion barrier shows a visible temperature
dependence of the diode factors at higher temperatures with a slight constant behavior
only at temperatures above 250 K. At the lowest temperatures, both samples with
constant band gap reach values close to 2.
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Figure A.3.: Evaluation of CIGSe solar cells with constant band gap: (a) JVT characteristics
of a CIGSe solar cell including a Na-barrier and without PDT, and (b) diode factors under
illumination of CIGSe solar cells with and without the deposition of a Na-barrier at the back
contact.

The cell structure consisting of Zn(0O,S)/(Zn,Mg)0O/i-Zn0O/Zn0O:Al in Figure A.4
presents a blocking behavior at lower temperatures with RbF-PDT and a slight
cross-over at low temperatures is exhibited with and without PDT. The post deposition
of the RbF reduces the activation energy, putting it off from the band gap energy, i.e.,
EA < E, (given in Table 4.10). For both cells, the V,. decreases linearly within the
full temperature range and the V,. gain after PDT at higher temperatures is higher in
comparison with the two structures discussed in Section 4.6.4. As a consequence of
the RbF-PDT, the diode factors under illumination present a stronger temperature
dependence than the diode factors without PDT and are lowered only at higher

temperatures.
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Figure A.4.: FEvaluation of a CIGSe solar cell with a three-layer window:
Zn(0,S)/(Zn,Mg)0/i-ZnO/AZO. (a) - (b) JVT characteristics of the cell without RbF
and with RbF-PDT, respectively, (c¢) V,. as a function of the temperature, and (d) diode
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Figure A.8.: External quantum efficiencies of the set of CIGSe solar cells with variations in
the CGI ratio.

139



A. Appendix

0.9

0.8

0.7

0.6

0.5

EQE

0.4

0.3

0.2

0.1

0.9

0.8

0.7

0.6

0.5

EQE

0.4

0.3

0.2

0.1

300

0.9

0.8

0.7

0.6

0.5

EQE

0.4

0.3

'[2/i-Zno/AZO |

36.7 mA/cm?
37.3 mA/cm?

i Jsc(EqQE)
| Jsc(EQE)

600 700 800 900
Wavelength (nm)

1000 1100 1200 13

CdS/zn0OS/AZO

Jsc(EQE) = 36.9 mA/cm2
Jsc(eqe) = 37.2 mA/cm?

400 500 600 700 800 900
Wavelength (nm)

1 ‘ ; ; : ‘
Zn0S/ZnMgO/AZ0O

Jsc(EQE) = 35.2 mA/cm2
Jsc(eQe) = 34.9 mA/cm?

Wavelength (nm)

00

1000 1100 1200 1300

EQE

EQE

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

0.1

0
3

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0
3

N

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

0.1

0
3

"[cds/-/azo

37.5 mA/cm?
38.3 mA/cm?

i Jsc(EQE)
Jsc(EQE)

Wavelength (nm)

h
00 400 500 600 700 800 900 1000 1100 1200 13

Zn0S/i-Zn0/AZO

00

no PDT

——RbF-PDT| |
I
EQ

L I J
Il
Il

L | ]
Il

L 1 ]
|

L | ]
|

L | ]

| Jsc(eqe) = 34.2 mA/cm? | |
1 2 Il

L Jsc(EQE) = 34.9 mA/cm Il |
Il

. . . . . . . |
00 400 500 600 700 800 900 1000 1100 1200 1300

Wavelength (nm)

Zn0S/ZnMgO0/i-Zn0/

Jsc(EQE) =37.1 mA/sz
Jsc(EQE) = 37.5 mA/cm2

no PDT

—— RbF-PDT| |

00 400 500 600 700 800 900 1000
Wavelength (nm)

1100 1200 1300

Figure A.9.: External quantum efficiencies of the set of CIGSe solar cells with variations in
the layer stack of the device.

140



A.4. Additional EQFE measurements

no RIS
——1minRIS 4

09r

06

051

EQE

04t
osl | Jeigory = 37.5 mA/cm?

0.2 Jeizqry = 36.9 mA/cm?

|
\

01 Jeeqny = 37.4 mA/cm? |
\

\

\
I I I I I I I

0 |
300 400 500 600 700 800 900 1000 1100 1200 1300
Wavelength (nm)

Figure A.10.: External quantum efficiencies of a set of CIGSe solar cells under different
deposition times of a secondary phase: RbInSes layer.

1 T T T T T T T T T
09 r b
E
08 94
0.7 1
06 New Ref, PVD window i
) RbF-PDT
'-éJ osl NaF + RbF-PDT ]
go
04 r b
osl JSC(EQE) = 39.5 mA/sz |
0.2 1
— 2
04 JSC(EQE) = 40.1 mA/cm |

o ‘ ‘ ‘
300 400 500 600 700 800 900 1000 1100 1200 1300
Wavelength (nm)

Figure A.11.: External quantum efliciencies of a set of CIGSe solar cells prepared by RTP.

141



A. Appendix

A.5. Additional N¢vy profiles
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Figure A.15.: Ny profiles of a set of CIGSe solar cells under different deposition times of
a secondary phase: RbInSes layer.
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Figure A.16.: Ny profiles of a set of CIGSe solar cells prepared by RTP.

A.6. Recombination rates
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Figure A.17.: Total recombination rate of the reference CIGSe model with absorber with
graded band gap (parabolic profile with Eg i, positioned in the SCR, close to 2 pm in the
absorber layer).
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Figure A.18.: Total recombination rate of the blocked models: high band offset at
the CdS/ZnO interface (with AEc(CdS/Zn0O) = 0.47 eV), low-doped ZnO window layer
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CdS/ZnO interface (N (CdS/ZnO)= 5.5 x 10'2 cm~2 with AEc(CdS/Zn0O) = 0.15 eV).

A.7. Additional STC parameters of the back

contact barrier

Back contact barrier model including an electron mirror at the back side

When no back barrier is introduced in the model (Figure A.19), i.e., ©Ogc = 0 €V, V.
decreases for shorter diffusion lengths (high neutral defect density) and is independent
of the absorber thickness while for longer diffusion lengths (low neutral defect density)
the V,,. tends to decrease for thicker absorbers. A reduced FF results for shorter
diffusion lengths with a constant value for any absorber thickness and defect density.
Bulk recombination is always dominant in all of the cases (from the SCAPS recombi-
nation profiles not shown here) since the electron mirror (back surface field) at the
back contact helps to avoid the flow of electrons to the back side specially for longer
carrier diffusion lengths and thinner absorbers.

When introducing a back barrier, e.g., Ogc = 0.3 eV, the large difference in V. for
shorter diffusion lengths without any back barrier is reduced but still with a slight V.
decrease for shorter diffusion lengths and thinner absorbers. However when Ogc > 0.3
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e-mirror at the back contact
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Figure A.19.: PV parameters as a function of the back barrier height ©pg, absorber
thickness dcigse, doping density IV ciase, and neutral mid-gap defect density Nger in the
absorber of the model including an electron mirror (back surface field) at the back contact.
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eV, a different behavior results for thicker absorbers (dcigse > 2 pm) with higher V.
for shorter diffusion lengths. Also for large back barrier heights, F'F' decreases for
shorter diffusion lengths and in this case a lower F'F' results for thicker absorbers.
No change in F'F' with respect to the thickness results for longer diffusion lengths.
With the introduction of a back barrier, the interface recombination begins to become
dominant only for longer diffusion lengths.

There is a more significant effect and drastic reduction in V. for longer diffusion lengths
when a back barrier is introduced in the model. Namely, for Ngef = 1 x 105 cm ™3 the
reduction in V,, starts to take place when ©gc ~ 0.1 eV whereas for N = 1 x 107
cm 3 V,,. keeps constant for a larger barrier height range (Opc < 0.25 eV). Conversely,
there is a higher change in F'F" for shorter diffusion lengths when larger barrier heights
are introduced (Opc > 0.25 eV).

In addition to all the above, the same trend is observed for higher doping densities but
leading to higher open-circuit voltages over all.

For long carrier diffusion lengths, the dark J — V curves are the only ones affected
by the decrease of the back surface recombination velocity and with a loss in the
open-circuit voltage (Figure A.20). The kink effect for both light and dark J — V
curves can only be seen for short diffusion lengths regardless of some other material
parameters or contact properties.
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Figure A.20.: Simulated J — V characteristics of the model (without an e-mirror, low
doping density, long diffusion length and thinner absorber) including a back contact barrier
of ©pc = 0.2 eV with variations in the surface recombination velocity S at the back contact.
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