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Abstract

The objective of this thesis is to develop high efficiency bifacial Cu(In,Ga)Se, (CIGS)
thin film solar cells. Bifacial photovoltaics have a great potential to obtain higher annual
energy yield by capturing the extra light reflected or diffused to the rear side. In addition,
bifacial devices are attractive for a wide range of applications such as building-integrated
photovoltaics (BIPV), vertically mounted bifacial PV (VBPV), and agrivoltaics. However,
despite their potential, efficient bifacial CIGS devices have not yet been demonstrated,
leaving their many applications in a state of stagnation, particularly in comparison to c-Si
solar cells. Therefore, the development of efficient bifacial CIGS solar cells is critical for

the advancement of these applications.

For CIGS solar cells in the monofacial configuration, opaque Mo back electrical contacts
are commonly used. In a bifacial configuration, a transparent conducting oxide (TCO)
is required to replace the Mo contact in order to collect the sunlight from the rear side.
As a consequence, two major issues result in low efficiency in bifacial CIGS devices: first,
the formation of the detrimental GaO, interlayer at the CIGS/TCO interface during the
high-temperature growth process of CIGS leads to a deterioration especially of the fill
factor (FF). Second, the combination of the short diffusion length of carriers in CIGS
absorbers and high recombination rate at the CIGS/TCO interface results in poor carrier
collection under rear illumination, and therefore, low short circuit current density (Jsc).
In this thesis, we develop a silver-promoted low-temperature growth process to tackle those

long-standing challenges in bifacial CIGS devices.

Chapter 3 focuses on understanding the influence of [Ga]/([Ga] + [In]) (GGI) back
grading height (AGGI) on open circuit voltage (Voc) deficit and device performance of
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the CIGS solar cells. We intentionally modified the Ga and In evaporation rates during
the first stage of the multi-stage CIGS deposition process to tailor back grading profiles.
Time-resolved photoluminescence (TRPL) carrier lifetime and Vo deficit present a high
dependency on AGGI. A AGGI value of around 0.5 is required to effectively suppress
the back interface recombination, highlighting the importance of the grading control in

high-performance CIGS solar cells.

Chapter 4 aims to reveal the influence of alloying Ag into CIGS on the absorber quality
and device performance. The Ag precursor layer method was chosen for its simplicity
and potential for easy implementation into existing CIGS co-evaporation equipment in
research labs or in the industry. The thickness of Ag precursor layer is optimized based
on the device performance. Different material characterization techniques were performed
to correlate the device performance and the material properties of absorbers, including
scanning electron microscopy (SEM), TRPL, secondary ion mass spectrometry (SIMS)
and x-ray diffraction (XRD). By adding a small amount of Ag (less than 5% in [Ag]/([Ag]
+ [Cu])), larger grain size and enhanced inter-diffusion of group-III elements in CIGS

absorbers were observed.

Chapter 5 focuses on reducing the absorber deposition temperature while maintaining
high material quality of the CIGS absorbers. By adding a small amount of Ag (about 4% -
5% in AAC) with the precursor layer method, the process temperature window of high-
quality absorber depositions is widened by around 50°C. Power conversion efficiencies
(PCEs) of 19.6% and 18.5% were achieved with nominal substrate temperatures (Tg,p,) of
353°C and 303°C, respectively (baseline Ty, in 450-600 °C range delivering efficiencies
of about 20%). High PCEs for such low-temperature grown CIGS devices are mainly
driven by less V o¢ degradation. The role of Ag in widening deposition process window is
investigated by characterization techniques such as TRPL, capacitance-voltage (CV), and

SIMS.

Chapter 6 aims at the development of high performance bifacial CIGS solar cells. With
the help of Ag alloying, an optimal Ty, of around 350 °C strikes a good balance between
ITO/CIGS interface properties, absorber quality, suitable GGI gradient, and better optical
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properties in ITO back contact. A record cell was obtained with efficiencies of 19.77% and
10.89% under front and rear one sun illumination, as independently certified by Fraun-
hofer ISE. Moreover, direct fabrication of bifacial CIGS solar cells on flexible substrates
is demonstrated for the first time. The long-term impact of this work is illustrated by
the demonstration of the first bifacial perovskite/CIGS tandem solar cell in a 4-terminal
configuration, achieving a power generation density of 28.0 mW /cm? BiFiz with a gain

of 8.9 mW /cm? as compared to the performance of the stand-alone CIGS cell.

In summary, this thesis presents an innovative approach to enhance power generation
densities of bifacial CIGS solar cells, achieved through the use of a silver-promoted low-
temperature process and a modified multi-stage co-evaporation process. The study delves
extensively into the effects of Ga back gradings and Ag alloying on the material properties
and device performance of CIGS solar cells. Additionally, it explores various bifacial ar-
chitectures, including flexible bifacial and bifacial perovskite/CIGS tandem devices, which
hold promise for the development of the next generation of bifacial thin-film devices. These

findings pave the way for future advancements in the field of solar technology.






Zusammeﬂfassung (Abstract in German)

Ziel dieser Arbeit ist die Entwicklung hocheffizienter bifazialer Cu(In,Ga)Ses (CIGS) Diinn-
schichtsolarzellen. Bifaciale Photovoltaik hat ein grofies Potenzial, um eine hohere jahrliche
Energieausbeute zu erzielen, indem sie das zusatzliche Licht einfingt, das auf der Riickseite
reflektiert oder gestreut wird. Dariiber hinaus sind bifaciale Solarzellen fiir eine Vielzahl
von Anwendungen attraktiv, wie z. B. gebaudeintegrierte Photovoltaik (BIPV), vertikal
montierte bifaciale Photovoltaik (VBPV) und Agri-Photovoltaik. Trotz ihres Potenzials
konnten effiziente bifaciale CIGS-Solarzellen jedoch noch nicht nachgewiesen werden, so
dass ihre zahlreichen Anwendungen, insbesondere im Vergleich zu c-Si-Solarzellen, stag-
nieren. Daher ist die Entwicklung effizienter bifazialer CIGS-Solarzellen von entscheiden-

der Bedeutung fiir die Weiterentwicklung dieser Anwendungen.

Fir CIGS-Solarzellen in monofacialer Konfiguration werden in der Regel undurchsichtige
elektrische Riickseitenkontakte aus Mo verwendet. In einer bifacialen Konfiguration ist
ein transparentes leitendes Oxid (TCO) erforderlich, um den Mo-Kontakt zu ersetzen
und das Sonnenlicht von der Riickseite zu sammeln. Infolgedessen fithren zwei Haupt-
probleme zu einem niedrigen Wirkungsgrad in bifacialen CIGS-Bauelementen: FErstens
fithrt die Bildung der schédlichen GaOy-Zwischenschicht an der CIGS/TCO-Grenzflache
wahrend des Hochtemperatur-Wachstums von CIGS zu einer Verschlechterung insbeson-
dere des Fillfaktors (FF). Zweitens fihrt die Kombination aus der kurzen Diffusion-
slinge von Ladungstragern in CIGS-Absorbern und der hohen Rekombinationsrate an
der CIGS/TCO-Grenzflache zu einer schlechten Ladungstragersammlung bei riickwéartiger
Beleuchtung und damit zu einer niedrigen Kurzschlussstromdichte (Jgc). In dieser Arbeit

entwickeln wir ein mittels Silber gefordertes Niedertemperatur-Wachstumsverfahren, um

xiii



xiv Zusammenfassung (Abstract in German)

diese seit langem bestehenden Probleme in bifacialen CIGS-Bauelementen zu losen.

Kapitel 3 konzentriert sich auf Einflusses des [Gal]/([Ga] + [In]) (GGI) Gradienten am
Rickkontakt (AGGI) auf das Leerlaufspannungsdefizit (V o¢) und die Bauelementleistung
der CIGS-Solarzellen. Wir haben die Ga- und In-Verdampfungsraten wéhrend der ersten
Stufe des mehrstufigen CIGS-Abscheidungsprozesses absichtlich verdndert, um den Gra-
dienten am Riickkontakt anzupassen. Die zeitaufgeloste Photolumineszenz (TRPL), die
Lebensdauer der Ladungstrager und das Vo Defizit zeigen eine starke Abhéngigkeit von
AGGI. Ein AGGI-Wert von etwa 0,5 ist erforderlich, um die Rekombination an der hin-
teren Grenzflaiche wirksam zu unterdriicken, was die Bedeutung der Gradierungssteuerung

in Hochleistungs-CIGS-Solarzellen unterstreicht.

Kapitel 4 zielt darauf ab, den Einfluss der Ag-Legierung in CIGS auf die Absorberqual-
itat und die Solarzellenleistung zu untersuchen. Die Ag-Precursor-Schicht-Methode wurde
aufgrund ihrer Einfachheit und ihres Potenzials fiir eine einfache Implementierung in beste-
hende CIGS-Co-Verdampfungsanlagen in Forschungslaboratorien oder in der Industrie ver-
wendet. Die Dicke der Ag-Precursor-Schicht wird auf der Grundlage der Bauelementleis-
tung optimiert. Es wurden verschiedene Materialcharakterisierungstechniken durchge-
fithrt, um die Gerételeistung und die Materialeigenschaften der Absorber zu korrelieren,
einschliefllich Rasterelektronenmikroskopie (SEM), TRPL, Sekundérionenmassenspektrome-
trie (SIMS) und Rontgenbeugung (XRD). Durch Zugabe einer geringen Menge Ag (weniger
als 5% in [Ag]/([Ag]+[Cu])) wurden eine groBere KorngréBe und eine verbesserte Inter-
diffusion von Elementen der Gruppe III in CIGS-Absorbern beobachtet.

Kapitel 5 konzentriert sich auf die Senkung der Absorberabscheidungstemperatur unter
Beibehaltung der hohen Materialqualitdat der CIGS-Absorber. Durch die Zugabe einer
geringen Menge Ag (ca. 4%-5% in AAC) mit der Precursor-Schicht-Methode wird das
Prozesstemperaturfenster fiir hochwertige Absorberabscheidungen um ca. 50 °C vergrofiert.
Bei nominalen Substrattemperaturen (T, ) von 353 °C bzw. 303 °C wurden Energieumwan-
dlungswirkungsgrade (PCEs) von 19,6% bzw. 18,5% erreicht (Basis-Tg,, im Bereich von
450-600°C liefert Wirkungsgrade von etwa 20%). Hohe PCEs fur solche bei niedrigen

Temperaturen gewachsenen CIGS-Bauelemente sind hauptséchlich auf eine geringere V-
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Degradation zuriickzufithren. Die Rolle von Ag bei der Erweiterung des Abscheidungs-
fensters wird durch Charakterisierungstechniken wie TRPL, Kapazitiats-Spannungs (CV)
und SIMS untersucht.

Kapitel 6 zielt auf die Entwicklung leistungsstarker bifazialer CIGS-Solarzellen ab. Mit
Hilfe einer Ag-Legierung wird mit einem optimalen Tg,, von etwa 350°C ein gutes Gle-
ichgewicht zwischen ITO/CIGS-Grenzflacheneigenschaften, Absorberqualitét, geeignetem
GGI-Gradienten und besseren optischen Eigenschaften im I'TO-Riickkontakt erreicht. Es
wurde eine Rekordzelle mit Wirkungsgraden von 19,77% und 10,89% bei Beleuchtung mit
einer Sonne von vorne und hinten erzielt, was vom Fraunhofer ISE unabhéngig bestétigt
wurde. Dartiber hinaus wurde erstmals die direkte Herstellung von bifacialen CIGS-
Solarzellen auf flexiblen Substraten zum ersten Mal gezeigt. Die langfristige Auswirkung
dieser Arbeit wird veranschaulicht durch die Demonstration der ersten bifacialen Per-
owskit/CIGS -Tandemsolarzelle in einer 4-Terminal Tandemsolarzelle in einer 4-Terminal-
Konfiguration, die eine Stromerzeugungsdichte von 28,0 mW /cm? BiFizg mit einer Ver-

starkung von 8,9 mW /cm? im Vergleich zur Leistung der eigenstindigen CIGS-Zelle.

Zusammenfassend wird in dieser Arbeit ein innovativer Ansatz zur Erhohung der Strome-
rzeugungsdichte von bifazialen CIGS-Solarzellen vorgestellt, der durch den Einsatz eines
silbergeforderten Niedertemperaturprozesses und eines modifizierten mehrstufigen Co-Ver-
dampfungsprozesses erreicht wird. Die Studie befasst sich eingehend mit den Auswirkun-
gen von unterschiedlichen Ga Riickgradienten und Ag-Legierungen auf die Materialeigen-
schaften und die Leistung von CIGS-Solarzellen. Dartiber hinaus werden verschiedene bi-
faziale Architekturen untersucht, darunter flexible bifaziale und bifaziale Perowskit/CIGS-
Tandem-Bauelemente, die vielversprechend fiir die Entwicklung der nachsten Generation
von bifazialen Diinnschicht-Bauelementen sind. Diese Erkenntnisse ebnen den Weg fiir

kiinftige Fortschritte im Bereich der Solartechnik.
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1 Introduction

1.1 The need for renewable energy

The goal of limiting global warming to 1.5°C above pre-industrial levels and reducing
greenhouse gases to net zero by 2050 is well-recognized [1]. The transition to energy
production by renewable sources is seen as a necessary phase of human development.
Photovoltaics (PV) is an important source of renewable energy because it allows generating
electricity from a clean, abundant, and renewable source: the sun. Figure 1.1 shows the
expected energy supply from International Energy Agency (IEA) for net-zero emission
scenario by 2050 [2]. PV is expected to play an important role in facilitating the transition

to a low-carbon economy, mitigating climate change, and meeting energy demands [3].

PV market has grown rapidly, and between 2008 and 2020 the global solar PV power
generation increased from 11.9 TWh to 821 TWh [4]. Currently Si based PV technology
is clearly dominating the PV market, however thin film technologies based on absorbers
such as CdTe, Kesterite, and Cu(In, Ga)Sey (CIGS) have distinct advantages over silicon-
based technologies. They are potentially low cost because of lower amount of materials
needed, and compatible with scalable high-throughput deposition methods like sputtering

and evaporation.

As a leading thin film technology, CIGS offers excellent durability and manufacturability.
Of particular relevance is the possibility to deposit CIGS on flexible substrates, which
enables the production of lightweight and flexible modules by roll-to-roll manufacturing
[5]. The current world record for laboratory-scale small area CIGS solar cells is 23.35% on

glass substrates by using two-step high temperature sulfurization after selenization (SAS)
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process from the Japanese company Solar Frontier [6]. An efficiency of 22.6% was obtained
by using a high temperature multi-stage co-evaporation process from ZSW [6]. The highest
large-area module efficiency is 19.8% with aperture area of 665 cm? by Avancis [7]. The

record efficiency for low-temperature co-evaporated CIGS on a flexible substrate is 22.2%

[8] by Empa.
o 600 Other
m Other renewables
500 Wind
m Solar
M Hydro
400 Traditional use of biomass
Modern gaseous bioenergy
300 | Modern liquid bioenergy
H Modern solid bioenergy
200 Nuclear
Natural gas
m Oil
100 m Coal

2000 2010 2020 2030 2040 2050

Figure 1.1: Global historical and projected data of energy supply for the Net-Zero Emis-
sions by 2050 scenario. Reproduced from IEA [2].

1.2 CIGS solar cells

1.2.1 Architecture of CIGS solar cells

Solar cells with a CIGS absorber layer typically have a substrate configuration. The basic
architecture of a CIGS solar cell is shown in Figure 1.2. The structure is composed of a
rigid or flexible substrate, a Mo or I'TO back electrical contact, the CIGS absorber layer,
a thin n-type wide-bandgap semiconductor layer, transparent front contacts and metal
grids, and optionally a MgF, anti-reflective coating. The total thickness excluding the

substrates is about 3 —5 um
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MgF / Grid
AZO /i-ZnO
cds

Cu(In,Ga)Se2

Mo or ITO

Substrate

Figure 1.2: Device structure of CIGS solar cells in a monofacial (with Mo back electrical
contact) and a bifacial (with ITO back electrical contact) configuration in this thesis.

1.2.2 Crystal structure, phase and defect chemistry

CIGS semiconductor belongs to a ternary system since In and Ga share the same site in
the lattice. As a result, phase diagrams of Cu-In-Se and Cu-Ga-Se show similar existence
ranges of phases with the same crystal structures and comparable temperature depen-
dencies [9], despite some differences. For the purposes of the simplification, the Cu-In-Se

system is discussed in this section.

Figure 1.3 shows the ternary Cu-In-Se phase diagram (adatpted from various sources
and [10]). The isopleth along the CusSe-InySes line corresponds to the situation in which
Cu has an oxidation state of I and In has an oxidation state of III. The phase mainly used
for PV applications is a-CulnSe; with a chalcopyrite crystal structure, which also belongs

to the CuySe-InySes isopleth.

The CugSe-InySes isopleth is a pseudobinary system [11], i.e. along this line three-
phase equilibria are reduced at all temperatures to two-phase equilibria, whereby each
composition along the system can be represented as linear combination of two boundary
compositions, which is known as the level rule. A simplified phase diagram constructed

by the temperature dependence along this line is shown in Figure 1.4.

The a-CulnSe; phase lying at the center of the phase diagram belongs to a tetragonal
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Se

oDc
phases
o

-’" o]
~=" CulnSe,
= 2

CuSe,
In,Seq

CuSe

Cu In

Figure 1.3: Ternary phase diagram of the Cu-In-Se system with a cut along the CusSe -
InySes isopleth. Reproduced from Zhong et al. [10]
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Figure 1.4: Phase diagram constructed on the CusSe-In,Ses pseudobinary line. Repro-
duced from Stanbery et al. [12]

crystal system (Figure 1.5) where each Se atom is bound tethraedrically to two Cu and two
In atoms, and each metal atom is bound to four Se atoms [12, 13]. Since Se has a larger
electronegativity than both Cu and In, the negative charge are partially shifted away from

the metal [14]. As a result, Se is referred to as the chalcogen anion and Cu and In as the
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Figure 1.5: Unit cell of CuySe. Reproduced from Amin et al. [13]

metal cations. The a-CulnSe; and a-CuGaSe; phases exhibit complete miscibility in a

wide range of Ga to In ratios [15, 16].

As shown in Figure 1.4, the a phase is maintained in a certain narrow range of Cu poor
compositions. The a phases can tolerate large amounts of Cu deficiency due to the relative
weakness of the Cu-Se bond as respect to the In-Se bond [17]. The 8 phases corresponds
to Cu-poor compositions and maintains the tetragonal crystal of the o phase, but includes
a large number of point defects accommodating the lack of Cu atoms. Such defects are Cu
vacancies Vg, Ing, antisites and defect complexes formed by two negatively charged V¢,
and one positively charged Inc,?T[17]. A periodic arrangement of this defect complex leads
to phases typically reported in literature as “ordered defect compound”(ODC) [18]. ODCs
have, by definition, a well defined set of Cu-poor composition with stoichiometries defined
by the concentration of the 2(Vcy )-Inc,*" defect complex. It was however noted that, at
least when CulnSe, is alloyed with CuGaSe,, Cu-poor CIGS phases do not always have
such well defined compositions, but rather a smooth transition from stoichiometric to Cu-
poor [16]. Below a certain Cu threshold concentration, corresponding to approximately 9
at.% (i.e. the composition of the ODC CulnsSe;), the structure turns to hexagonal layered

(phase), similar to the one of pure InySez [19].



6 Chapter 1. Introduction

The existence of the o phase is limited to an upper bound of Cu concentration about
24.5 at.%. A higher Cu concentration results in the segregation of Cuy.Se phases [20].
The segregation of Cug.Se is possible even below the stoichiometric Cu concentration of
25 at.%, which can be explained by the spontaneous creation of 2(Vcy )-Ing, >t defect

complexes (with very low or even negative formation energies [18]).

Since copper vacancy V¢, in CIGS has a very low formation energy and is a shallow ac-
ceptor (20-30 meV above the valence band) [17], it is thus considered the main responsible
defect for p-type doping of CIGS. On the other hand, Ing, antisite is the main compen-
sating donor [21] in CIGS. A large concentration of 2(Vg, )-Ing,?t complexes, as well
as other charged defects, results in a high degree of compensation. However, the p-type

doping is typically dominant due to the lower formation energy of the V.

1.2.3 Optoelectronic properties

CIGS is a direct bandgap semiconductor with both the valence band maximum (VBM)
and the conduction band minimum (CBM) located at the I'-point. The VBM is composed
of Cu 3d and Se 4p anti-bonding orbitals. Group-III states are located deeper into the
VB. Therefore, the VBM is thus only marginally affected by the [Ga]/([Ga]+[In]) ratio
(GGI). On the other hand, the CBM is mainly composed of group-III 5s and Se 4p bonding
orbitals. As a consequence, GGI has a strong impact on the CBM position, which in turn
affects the bandgap energy E, [22, 23, 24]. Carron et al. [25] have proposed a relation

between E, and the composition, expressed by the following equation:

E, = 1.004 x (1 — GGI) + 1.663 x GGI — 0.033 x GGI x (1 — GGI) (1.1)

In addition, the dispersion relation of the VB (and to a lower extent also the CB)
deviates from a parabolic behavior [26]. Therefore, the dependency of the absorption
coefficient o on the photon energy hv can be approximated with a square-root relation
(a x v/hv — Eg) only in a very narrow energy range of approximately 0.15eV above Ej.

Absorption coefficients have values of 10% cm™ to 10* cm™ in a range of £0.1eV around
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E,, and beyond 10* cm™ at photon energies 0.4 €V above F, [25]. Moreover, CIGS absorbs
in wide exponential (Urbach) tails below the bandgap energy (the exact value may also

depend on the choice of the experimental method used for quantification [25]).

1.2.4 CIGS by co-evaporation methods: a brief history

The first deposition of CulnSe, thin films by evaporation aiming to develop solar cells was
reported in 1976 by Kazmerski et al. [27]. The method involves the single-source evapo-
ration of a CulnSe, powder precursor and further annealing in HySe. Later a refinement
of the co-evaporation process was introduced by BOEING in 1980 [28]. The process con-
sisted in the evaporation of slightly copper-rich material followed by copper-poor material
(bi-layer process) as long as needed in order to obtain an overall Cu-poor composition.
Further results revealed that the advantages of the bi-layer process were related to film
growth in the presence of segregated Cu-Se phases, which promote the formation of poly-
crystalline films with large grains with a low density of structural defects [29]. In 1982, Ga
was added to the BOEING recipe (see [30] and references herein). The bi-layer process was
used for more than one decade for the growth of highly efficient thin films. In 1994, for the
first time Gabor et al. [31] introduced the three-stage deposition process. It consisted of a
first co-evaporation of (In, Ga)sSes precursors (first stage), an addition of copper selenide
until the film turned Cu-rich (second stage), and a final addition of (In, Ga);Ses to make
the overall composition again Cu-poor (third stage). The three-stage deposition process

resulted in a decreased film roughness and an improved GGI grading.

A method for in-situ control of the film stoichiometry was introduced by Kohara et
al. [32], who found that the temperature of the film decreased at the first Cu-poor to
Cu-rich transition. This was later explained by the change in thermal emissivity of the
film due to the surface segregation of Cu-Se phases [33]. In-situ stoichiometry control is
thus possible by monitoring the change in substrate temperature at the first Cu-poor to
Cu-rich transition, which is known as “end-point detection”. The discovery of the end-
point-detection method paved the way for the development of more complex deposition

sequences [34, 35]. For instance, the multi-stage co-evaporation processes employed at
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Empa involves an additional Ga evaporation in the second stage, in order to improve the

indium to gallium grading profiles for processes at low deposition temperatures [36].

1.2.5 Evolution of crystalline phase during three-stage processes

The evolution of phases and microstructure during three-stage co-evaporation has been
widely studied by the group of Mainz et al. [37] using in-situ analysis by various X-ray
based methods during growth. The schematic representation of a three-stage deposition
process is shown in Figure 1.6. During the first deposition stage, In and Ga are evaporated
in a Se overpressure environment with substrate temperatures between 300 °C and 400 °C.
The phase formed is (In, Ga)sSes and its crystal structure depends on the relative amount
of Ga. In case of Ga-free films, 7-InySes (hexagonal layered) is formed. Pure GasSes
crystallizes in the o phase, which has a cubic Se sublattice [37]. (In, Ga),Sez may grow as

a mixture of the two phases [38].

During the second deposition stage, the substrate temperature is increased, the In and
Ga evaporation is strongly reduced or even interrupted, and Cu is evaporated on the film
surface. Cu diffuses into the (In, Ga)ySes and a phase transformation gradually occurs.
The phase evolution follows the (In, Ga);Ses-CusSe pseudobinary line, until the formation
of tetragonal a-Cu(In, Ga)Ses. The structure of GasSes is not substantially modified,
having already a cubic Se sublattice, and only the lattice spacing increases as a consequence
of the addition of Cu. The structure of InySes is strongly modified following the evolution
v-InySe; (hexagonal layered) - 4-CulnsSeg (hexagonal layered, Cu conc. 10 at.%) - f-
CulngSe; (defect tetragonal, Cu conc. 18 at.%) - a-CulnSe, (tetragonal, Cu conc. 25
at.%) [37]. These structural transformations result in the accumulation of a high density

of planar defects (stacking faults) and of compressive stress in the final a-CulnSe, [37, 39].

Further Cu addition beyond a concentration of approximately 25 at.% results in the
segregation of cubic CuySe. The segregation of Cu-Se phases on the surface is controlled
by the end-point detection. The Cu-poor to Cu-rich transition is also accompanied by a
re-crystallization of the CIGS film, i.e. the formation of larger, differently oriented grains

with a lower defect density [34]. The specific mechanism for the growth of larger grains
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does not appear to be fully understood.

Another major feature of the re-crystallization process is the decrease of the density
of planar defects accumulated in the film during the second stage [37, 40]. The features
indicating a high density of stacking faults, as measured by in-situ X-ray diffraction, dis-
appear upon the re-crystallization at the Cu-poor to Cu-rich transition. This has also
been proven by complementary ex-situ TEM measurements [39]. The reduction of the
density of planar defects is achievable only in Cu-rich material independently of the sub-
strate temperature. During the third stage, the Cu flux is interrupted and In and Ga

are evaporated again on the film until the Cu-Se phases are consumed and the targeted

integrated under-stoichiometric Cu concentration is reached.
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Figure 1.6: Schematic representation of a multi-stage deposition process with Cu, In, Ga
and Se evaporation rates. Different stages of the three-stage process are marked by the

dashed vertical lines.

1.2.6 Ga grading

State-of-the-art CIGS absorbers grown by co-evaporation normally have a varying In to
Ga ratio throughout the thickness, implying a varying bandgap across the absorber. The
concept of Ga back grading was first introduced by Contreras et al. [41]. Since this break-

through, Ga back grading was widely investigated by both simulations and experiments.
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Figure 1.7: Typical double-graded GGI and bandgap profiles of a highly efficient CIGS
solar cell, with larger GGIs towards the front and the back surfaces and a low-GGI region
in the center-front. The region around the GGI minimum is referred to as grading notch.

A typical double-graded CIGS absorbers, the Ga concentration first decreases from the
CdS/CIGS interface to a minimum inside the absorber, which is known as 'notch’, and
then increases towards the CIGS/Mo back interface. Figure 1.7 shows the GGI value
change and the corresponding bandgap in a double-graded absorber from the standard
three-stage co-evaporation process. How the grading and the notch are built will be
detailed in Sec 2.1.3. The main advantage of a Ga grading towards the back surface is to
assist the drift of free electrons towards the front junction. It suppresses back interface
recombination and results in a significant enhancement in the open circuit voltage (Voc)
[42]. In addition, it was also shown that longer free carrier lifetimes as well as improved
carrier collection and the open-circuit voltage can be achieved by introducing a single Ga
back grading in the completed CIS devices [43]. One the other hand, the presence of a
low bandgap notch region close to the front surface is important for the absorption of low-
energy photons. And the the front gradings is crucial for better junction quality. A small
conduction band offset (<0.03 eV) at the CdS/CIGS junction is reportedly beneficial for
the interface quality, although a larger offset could result in a potential barrier for electrons

and lead to increased interface recombination [44, 45, 46].

Following studies also showed the instrumental influence of notch position, the ratio of
back and front grading heights [47, 48], and explored different defect models and doping

concentrations [49].
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1.2.7 Ag-alloyed CIGS

Recently, it has been extensively reported that Ag alloying in CIGS to form ACIGS can
offer many interesting properties. First, it cahanges the opto-electronic properties of the
chalcopyrite material by lowering both the valence band edge and the conduction band
edge [50, 51], as shown in Figure 1.8(a). Second, silver chalcopyrites exhibit bandgaps
about 0.2eV wider than their Cu counterparts, as shown in Figure 1.8(b) [52]. It offers
the potential of improving the device performance by the enhanced Vo¢. Third, the
melting points of silver chalcopyrites are about 200 °C lower than their Cu counterparts,
suggesting that substitution of Cu by Ag in CIGS can lower the synthetic temperature. As
a result, it improves crystallization [53], surface morphology, and thus resulting in better
film quality of the absorber layer. In addition, less structural defect, and less sub-bandgap
disorder [54] in ACIGS are also reported, which are linked to a lower melting point and
enhanced elemental interdiffusion [55] with the presence of Ag. The resulting high Ve
and reduced V¢ deficit have drawn a lot of attention because of the potential for high

efficiency ACIGS solar cells [56, 57, 58].
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Figure 1.8: (a) Computed CBM and VBM levels of the ACIGS alloys with respect to
CBM level of CulnSe;. Reproduced from Ref. [51] (b) Bandgaps and melting points of
ternary Ag- and Cu-chalcopyrites. Reproduced from Ref. [52]
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1.2.8 Low-temperature CIGS deposition process

High efficiency CIGS solar cells typically require a substrate temperature >550 °C or higher
for absorber depositions. High substrate temperature hinders the use of many types of
flexible substrates because of their thermal stability, such that PI is the substrate of choice

owing to its lightweight and compatibility to the process temperature up to about 450 °C.

Low temperature CIGS deposition process is compatible with the roll-to-roll processing,
which is attractive for high-throughput manufacturing. By further reducing the process
temperature, it shows the potentials of reducing the manufacturing costs and reducing
the thermal-induced stress. Nevertheless, the best performance of CIGS solar cells grown
at very low temperatures (<400°C) with the common three-stage process are so far not
competitive (18.0 % at 390 °C [59], 12.4 % at 350 °C [60]). It is mainly because the thermal
energy is needed for Cu diffusion, as well as to promote grain growth and annihilate
defects [39, 60, 61]. Although single-stage low-temperature pulsed electron deposition
(LTPED) can yield efficiencies up to 17.0% at 250°C [62, 63], this technique presents
scale-up challenges and technical issues like the presence of micrometer-sized particle [64].
A simpler method with low temperature procress offering high performance and a potential

for transferring from laboratory to manufacturing is therefore needed.

1.3 Basic model for pn-junction based PV devices.

Measurements of the current density as a function of the applied voltage (J-V') give access
to the most relevant characteristic of a solar cell, the conversion efficiency. The efficiency is
a measure for the share of irradiated power that is converted into electric power. The most
conventional approach to estimate the device efficiency consists of a J-V measurement
under simulated standard test conditions i.e. under a spectrum similar to the solar AM
1.5G spectrum with 1000 W/m? at a fixed temperature of 25°C. Efficiencies measured
under standardized conditions allow to compare measurements and to extrapolate the
performance that can be expected under real world conditions. Figure 1.9 displays a

typical J-V curve as measured on a CIGS thin film solar cell.
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Figure 1.9: Left: Typical current density-voltage (J/-V) measurement of a thin film
Cu(In, Ga)Sey solar cell. The most relevant curve parameters i.e. short circuit current
Jsc, open circuit voltage V¢, maximum power point (mpp) voltage Vpp and current
Jmpp are indicated. Right: Single diode model describing the illuminated solar cell. Fig-
ures adapted from Ref. [65]

The J-V curve can be directly parametrized by a number of key parameters. Most
importantly, it can be seen that at a voltage V., and current density Jyp, the power
provided by the device Pypp = Vipp X Jmpp Teaches a maximum value. The efficiency
is consequently defined as the P, divided by the irradiated power (for AM 1.5G 100
mWem™). Also the current density at closed circuit conditions Jsc (no potential drop be-
tween contacts) and the voltage at open circuit conditions V¢ (no net current measured)
can be directly extracted from the measurement. A more rectangular JV curve allows a
higher output power for which the fill factor FF = Py,,/(VocXxJsc) provides a simple

measure.

More refined analysis of the J-V curves can be required not only to compare more subtle
properties of the device, but also to compare to theoretically derived models for the diode
behavior. In a basic approach the device is modeled by the so called single diode model as
schematically shown in Figure 1.9. The J-V relation as measured on the electrodes can

be approximately described by the expression:

J=J <exp (W) — 1) + V_RZRS — I (V) (1.2)
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The parameters introduced so far, could be directly read from the J-V measurement.
By further fitting of Eq. 1.2, additional parameters that characterize the device can be
estimated. The parallel resistance R, accounts for residual ohmic conduction and can be
estimated from a non-illuminated measurement near zero bias. The series resistance R,
accounts for non-exponential increase of the device current in forward bias e.g. an ohmic
resistance in the front contact can become the dominant contributor to the differential
resistance at sufficient forward bias. There are other important parameters including the

diode ideality factor A, the dark saturation current J, and the photo current J,y.

1.4 Bifacial PV

1.4.1 Monofacial vs. bifacial

Increasing the power output per unit area of solar panels at low additional manufacturing
costs is crucial for further lowering the PV-generated electricity price. One of the simplest
strategies for increasing the power output density of a solar panel is to harvest the reflected
and diffuse sunlight from the ground and the surroundings by employing bifacial designs,
as shown in Figure 1.10. Compared with conventional monofacial-based PV systems,
bifacial PVs have a strong potential to obtain higher annual energy yield. The benefits
are especially attractive in applications such as building-integrated photovoltaics (BIPV)
[66], vertically mounted bifacial PV (VBPV) [67], and agrivoltaics [68], which offer both

low-carbon emission and low levelized cost of electricity (LCOE) [69, 70].

The concept of bifacial solar cells can date back to the 1960s, but the momentum to
bring bifacial solar panels to the market has been gradually realized in the last decade
as one of the latest technological advances in PV manufacturing [71]. The mainstream
crystalline silicon (c-Si) PV module manufacturers are now producing bifacial silicon solar
modules based on different cell technologies. The trend shows that bifacial solar cells
and modules are increasingly important in today’s PV market and may soon become the
cost-effective PV standard. According to the International Technology Roadmap of PV
(ITRPV), bifacial PV could capture 40% of the PV market by 2028 [70, 72].
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Figure 1.10: A schematic of a bifacial CIGS solar cell and the direct and albedo lights.

1.4.2 Challenges of bifaical CIGS solar cells

Si wafer based bifacial PV has reached industrial maturity and is widely used, while some
preliminary research efforts have been made for bifacial thin-film solar cells. Unfortunately,
the efficiency of bifacial CIGS thin-film solar cells has remained rather low whereas mono-
facial CIGS cells with record efficiency of 23.35% [6] have been achieved on rigid glass
substrates. The highest efficiency under one sun rear illumination doesn’t exceed 7.1%
and its efficiency under front illumination is just 9.0%.[73] As a consequence, bifacial
CIGS solar cells and their various applications are still unattractive despite their great

potential.

To collect the sunlight from the rear side, a transparent conductive oxide (TCO) is

required to replace the conventionally used opaque Mo back contact in the mono-facial
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configurations. However, the detrimental GaOy is commonly formed at the CIGS/TCO
interface during high-temperature growth process for absorber deposition. GaOy is highly
resistive and may form a reverse, second p-n junction at the back contact, which deteri-
orates especially the FF [74, 75]. Many efforts have been dedicated to suppressing GaO,
formation, but none of them were successful when it comes to device performance [75, 76,
77]. The highest reported efficiency with TCO back contact under front illumination is
limited to merely 16.1% [77]. Therefore, the development of TCO-based devices includ-
ing bifacial, semi-transparent, and ultra-thin rear-back-contact (RBC) devices remained

stagnant.

On the other hand, very low efficiencies under rear illumination in bifacial CIGS devices
are attributed to short diffusion length of carriers and high rear interface recombination.
Commonly introduced Ga back gradients in CIGS absorbers can suppress the back in-
terface recombination [78], but the required high Ga content results in poor absorber
quality, and aggravates the formation of GaOy interlayer. Moreover, the high-temperature
CIGS deposition process also prevents strong Ga gradients due to increased elemental
inter-diffusion. As a result, the bifaciality in CIGS devices is usually low. The use of
ultra-thin absorbers can slightly mitigate the problem by bring the front interface closer
to the space-charge region under rear illumination, but the efficiencies under front illumi-
nation are strongly compromised because of incomplete absorption of photons and higher

impact of back interface recombination.

1.5 Aim of the thesis

The aim of this thesis is to develop high performance CIGS solar cells with low-temperature
deposition process. It ensures the compatibility to the flexible substrates and opens the

possibilities of different device architectures. In particular, four topics are covered:

e Suppression of the back interface recombination: the goal is to suppress the
back interface recombination by introducing steeper and higher Ga back gradings

in CIGS absorbers without sacrificing the absorber bulk quality. The influence of
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Ga back grading height on V¢ and device performance would be investigated.
The knowledge gained here is crucial for suppressing carrier recombination at rear

interface in bifacial structures.

e Improving material quality of CIGS absorbers: the goal is so as to improve the
material properties and the device performance of CIGS solar cells by alloying CIGS
absorbers with Ag. The influence of Ag-alloying is further investigated with different
material analysis techniques, including scanning electron microscopy, time-resolved
photoluminescence, secondary ion mass spectrometry, X-ray diffraction, and Raman

spectroscopy.

e Reduction of the deposition process temperature: the focus is to develop
silver promoted low-temperature process to reduce the absorber deposition temper-
ature while maintaining high quality CIGS absorbers. The role of Ag in reducing
depostion process temperature will be investigated. The knowledge gained here is
crucial for suppressing the formation of the GaO, interlayer at CIGS/TCO interface

in bifacial structures.

e Development of high performance bifacial CIGS solar cells: the goal is
to reach high power generation density of the bifacial CIGS solar cells. We aim
to take advantage of the modified co-evaporation process and silver-promoted low-
temperature process to strike a good balance between CIGS/TCO interface proper-
ties, absorber quality, suitable Ga gradient and better optical properties of ITO back
contact in bifacial devices. On top of that, the proof-of-concept of other promising
device architectures would also be demonstrated, e.g. four-terminal bifacial per-

ovskite/CIGS tandem solar cell and flexible bifacial CIGS devices.






2 Methodology

2.1 Multi-stage co-evaporation of CIGS

2.1.1 Deposition chamber setup

The CIGS absorbers have been deposited by multi-stage co-evaporation in an experimental
setup originally designed for molecular beam epitaxy. The deposition chamber is shown
in Figure 2.1. In the upper part of the chamber, a 5 x 5 cm? substrate is loaded on
a rotating sample holder. The substrate temperature is controlled by a non-contacting
thermocouple and a resistance heater placed beneath the substrate. The heater is powered
by a proportional-integral-derivative controller (PID-controlled) power source. In the lower
part of the chamber, Knudsen evaporation sources are disposed concentrically pointing
towards the sample holder. The upper and lower parts of the chamber are separated by a

main shutter. The base pressure in the chamber is approximately 4 x 10" mbar.

There are six evaporation sources containing six elements or compounds: Cu, In, Ga,
Se, NaF and RbF, which are contained in crucibles made of pyrolytic boron nitride (except
for Se-steel, and RbF-graphite). The Cu, In and Ga sources have a dual filament design
with separate lip and bottom heatings. The evaporation rate is mainly controlled by the
bottom temperature. The lip temperature is kept 100°C to 200°C above the bottom

temperature to avoid material re-deposition near the lip. The Cu, In, Ga bottoms and the

19
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Thermocouple

— Rotating substrate

Figure 2.1: Schematic design of the deposition setup used for CIGS absorbers.

NaF source are heated by PID-controlled power sources while the Se, the RbF sources,

and the lips are controlled by manually adjusting the current output of the power sources.

2.1.2 Source temperature vs. deposition rates

The temperature and the vapor pressures for each source can be related by the semi-

empirical Antoine equation:

B
| =A- —— 2.1
0g 10P OLT ( )

where p is the vapor pressure, T is the temperature, and A, B, C are three empirical
parameters. Those empirical parameters were determined by fitting the pressure and tem-
perature values available on the website of the producer of the sources. This allows to
calculate the evolution of the vapor pressures throughout the process. The sought infor-
mation is, however, the condensation rate at the surface of the growing film. This depends
on the distance between each source and the rotating substrate, the lip temperatures, the

sticking coefficient of each of the evaporated species, the source aperture geometry as well
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as on possible systematic errors in the determination of the temperature of each source.
The combined effect of these parameters is unknown. Therefore, the evaporation profiles
were re-calibrated by imposing that the integral CGI and GGI ratios are equal to those
measured by X-ray fluorescence (XRF) on the completed CIGS film. In this way, it is pos-
sible to estimate the Cu, In and Ga deposition rates at each point during the deposition.
As shown in Figure 2.2(b), the deposition rates are given in arbitrary units and have
the aim of displaying the relative changes in the metals’ evaporation profiles throughout

a deposition.
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Figure 2.2: Evaporation source temperature profiles and vapor flux profiles of a standard
multi-stage co-evaporation process.

2.1.3 Deposition sequence for baseline process

The evaporation source temperature profiles throughout the deposition and the resulting
deposition rates are shown in Figure 2.2. The film is exposed to constant Se flux during

different stages of the deposition.

During the first stage, In and Ga are evaporated in Se overpressure. The duration of the
first stage is 20 min. The temperature of the Ga source is gradually decreased in order to
obtain a GGI grading towards the Mo/CIGS interface. The substrate temperature during
this stage is set to approximately 350 °C.
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During the second stage, the Cu source temperature is strongly increased. And the
In evaporation is strongly reduced whereas Ga is added in several sub-stages to avoid an
excessively pronounced GGI grading. When the Cu source reaches its maximum tem-
perature, the substrate temperature is increased to approximately 450°C. As the Cu
concentration in the growing film nears stoichiometry, the In source is increased again in
order to obtain a slower Cu-poor to Cu-rich transition. The In rate at this stage is not
sufficient to compensate for the Cu rate, and the film thus reaches a Cu-rich composition.
The transition from Cu-poor to Cu-rich is identified by end-point detection, as described
in Chapter 1. Afterwards, Cu is added in excess in order to reach an excess concentra-
tion of approximately 5% to 10% relative as compared to stoichiometric ratios. The Cu

evaporation is then completely shut down.

During the third stage, only Ga and In are evaporated. The temperature of the Ga
source is gradually increased to obtain a grading of the GGI towards the CIGS/CdS
interface. Finally, the Ga evaporation is interrupted approximately 30 s before interrupting

the In evaporation, to obtain a slightly indium-rich surface.

2.1.4 Post-deposition treatments

Post-deposition treatments (PDTs) have been performed at a substrate temperature of
approximately 350 °C. Standard post-deposition treatments consist of the evaporation of

! under a

NaF for 20 min followed by RbF for another 20 min, at a rate of 1-2 nm min-
constant Se flux. The temperature of the NaF source is maintained stable, and so is the
expected evaporation rate during NaF PDT. The RbF source is controlled by the current
and its temperature gradually decreases during PDT at a rate of approximately 0.7°C
min?. The evaporation rate decreases by approximately a factor 2 with a temperature
reduction of 20 °C. The process temperatures of the NaF and RbF sources are periodically

adjusted in order to obtain the best P-V parameters for the completed solar cells.

After PDT, the sample is extracted from the deposition chamber and rinsed in diluted
ammonia right before chemical bath deposition (CBD).
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2.1.5 Actual substrate temperature vs. nominal temperature

From Chapter 3 to Chapter 6 in this thesis, unless explicitly stated otherwise, the term
“temperature” for the substrates shall primarily refer to the nominal temperature during
depositions. It is imperative to maintain awareness that the actual substrate temperature

is about 30 - 50 °C higher than nominal temperature.

2.2 Additional layers and processing

2.2.1 SiO4 diffusion barrier and Mo back contact

A silicon oxide barrier layer of about 180nm was deposited by pulsed DC magnetron
sputtering onto the soda-lime glass to prevent uncontrolled diffusion of alkali elements
from the galss. A triple layer of molybdenum is DC sputtered onto the silicon oxide
coated soda-lime glass as the back contact. The approximate thickness of the Mo back

contact is 0.5 pm.

2.2.2 1ITO back electrical contact layer

For bifacial devices on glass substrates, commercial ITO glass substrates with a sheet
resistance of about 10 Q/sq. are used. It consist of a 200 nm ITO layer and a 200 nm SiOy
barrier layer. For bifacial devices on flexible substrates, ITO-coated PI foils are used,
which consist of a 200nm ITO layer deposited with DC sputtering at a flow rate of 59.4
sccm Ar and 0.6 sccm Oq (0.4 Pa during deposition).

2.2.3 Ag precursor layer

The precursor layer method was chosen to alloy Ag into the CIGS absorbers. A 15nm
Ag layer (monitored by a quartz crystal) was deposited by thermal evaporation on the
ITO/glass and Mo/glass substrates before absorber deposition. The deposition rate was
controlled between 0.6 A and 0.8 A. After deposition of Ag, the substrates were exposed
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to the air shortly before loading into the CIGS deposition chamber.

2.2.4 CdS buffer layer

Buffer layers with thicknesses of about 30 nm were deposited by chemical bath deposition
(CBD). CdS CBD is performed in a cadmium acetate (Cd(CH3CO3)s, 1.56mM) and
thiourea (SC(NHy)s, 22.4mM) acqueous solution with diluted ammonia (NHj, 2.5M).
The ammonia and Cd acetate solution is initially pre-heated in an immersion heater at
70°C for 2min. Then, thiourea is added together with the CIGS samples. Typical CBD
durations are 23 min for CIGS films treated with only NaF PDT and 14 min for samples
treated with additional RbF PDTs. The samples are subsequently rinsed in water, dried

and annealed for 2min at 180°C.

2.2.5 TCOs, metal grids and anti-reflective coating

Intrinsic zinc oxide (i-ZnO) and aluminum doped zinc oxide (AZO) were deposited by RF-
magnetron sputtering (13.56 MHz). i-ZnO was deposited from a ZnO target using a power
density of 1.85 Wem™, in Ar atmosphere (with additional Oy 1 mol.%). The final i-ZnO
thicknesses are approximately 50 nm. AZO was deposited from a Al:ZnO target (AlyO3
2 wt.%) using a power density of 2.46 Wem™, in an Ar atmosphere (with additional Oy
0.05 mol.%). The final AZO thicknesses are approximately 200 nm resulting in a sheet
resistance of 100 €/sq. to 150 €/sq., which is considered sufficient for the cell size and

metal grid geometry.

Ni/Al grids were deposited by electron-beam evaporation with thicknesses of 50 nm and
4000 nm respectively, monitored by a quartz crystal. The grid shape is defined by a mask
pressed on the sample surface. The geometry of the metal grid has been designed to
minimize the distance between the grid fingers and each point in the area of cells with an

approximate size of 0.57 cm?.

MgFy anti-reflective coatings (ARC) were deposited to reduce reflection losses. The

MgF's layers were deposited by electron-beam evaporation monitored by a quartz crystal
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with a final thickness of 105 nm.

2.2.6 Cell definition

Cells on opaque Mo back contact were defined by mechanical scribing with approximately

0.57 cm? area.

Cells with ITO back contacts on flexible PI substrates were defined by laser scribing.
First, a 135 mW picosecond-pulsed NIR laser (20 kHz, 3 repetitions) was used to define
the cell area (0.40 cm?) by top TCO isolation. Then, adjacent to the cell area, laser scribes
with a pulse of 1.9 W was applied to create a trench to contact the bottom ITO electrode

with silver paste.

2.2.7 AlO, passivation layer

A 30nm Al,O3 passivation layer was deposited on the back side of the CIGS absorbers
by the atomic layer deposition (ALD) to modify the back interface recombination by the
atomic layer deposition after Mo delamination in Chapter 3. The process was performed
at a substrate temperature of 200°C with Ar as carrier gas at a pressure of 25 Pa in a Fiji
G2 system (Veeco Instruments Inc.). The precursors were trimethylaluminium (TMA) and
H,0O. The growth rate was determined by ellipsometry on Si (100) reference substrates

and linear growth was observed with a rate of 0.99 A cycle'!.

2.3 Perovskite top cell for tandem devices

Perovskite top cells were fabricated by another member of the group (Huagui Lai).

2.3.1 Perovskite material preparation

Prepatterned ITO coated polyethylene naphthalate (PEN) (12 ohm/sq) were purchased
from Advanced Election Technology Co., Ltd. Lead(II) iodide (Pbly, 99.99%), cesium io-
dide (Csl2, 99%), formamidinium iodide (FAI, >99.99%), formamidinium bromide (FABTr,
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>99%), methylammonium bromide (MABr, >98%), [2-(9H-Carbazol-9-yl)ethyl]phosphonic
Acid (2PACz, >98%) were purchased from Tokyo Chemical Industry Co., Ltd. Dimethyl-
formamide (DMF, anhydrous, 99.8%), dimethyl sulfoxide (DMSO, anhydrous, >99.9%),
diethyl ether (anhydrous, >99.9%), chloroform (CF, anhydrous, 99.8%), isopropanol (IPA,
anhydrous, >99.9%), lead(II) bromide (PbBry, 99.999%) were purchased from Sig-ma-
Aldrich Pty Ltd. Ethanol (anhydrous, >99.9%) was purchased from VWR International,
LLC. [6,6]-Phenyl-C61-butyric acid methyl ester (PCBM) was purchased from Xi’an Poly-
mer Light Technology Corp. Zinc oxide nanoparticles (ZnO, 2.5 wt% in IPA) were pur-
chased from Avantama AG. All the materials were used as received. 2-thiopheneethylamm-

onium chloride (TEACI) was synthesized according to ref[79].

2.3.2 Perovskite top cell fabrication

The pre-patterned PEN/ITO substrates were first cleaned with ethanol and dried with Ny
flow. Then the substrates were further cleaned by UV /Ozone treatment (Jelight Company
Inc.) for 20 min. 2PACz precursor (0.3 mg mL™" in ethanol) was spin-coated onto the
cleaned I'TO sub-strates at 3000 rpm for 30 s after 1 min resting on the substrate, followed

by an annealing at 100°C for 5 min to remove the solvent.

After cooling, perovskite solution was spin-coated on-to the substrate by a two-step
spin-coating. The first step is 2000 rpm for 10 s with a ramp-up of 200 rpm s and the
second step is 6000 rpm for 40 s with a ramp-up of 2000 rpm s™'. Diethyl ether (300 uL)
was dropped onto the spinning substrate at the 20 s of the second step. The substrate
was then annealed at 60°C for 2 min and 100°C for 7 min. The perovskite precursors were
prepared by dissolving MABr (21.50 mg), Csl (74.83 mg), FABr (95.98 mg), FAI (198.11
mg), PbBry (352.33 mg) and Pbl, (663.85 mg) into a mixed solvent of DMF (1600 uL) and
DMSO (400 pL). TEACI postdeposition treatment was carried out by dissolving TEACI
in IPA with a concentration of 0.5 mg mL™? and spin-coating onto the perovskite film at
3000 rpm for 30 s, followed by an annealing at 100°C for 3 min. After cooling, PCBM
(20 mg mL™" in chloroform) was spin-coated at 3000 rpm for 50 s, followed by annealing

at 100°C for 10 min. Thereafter, ZnO nanoparticles was spin-coated at 5000 rpm for 50
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s, followed by annealing at 100°C for 1 min. All the spin-coating procedures were carried

out in Ny-filled glove box.

The substrates were then transferred to sputter chamber for the deposition of 1Z0O
electrode at a pulsed DC power of 200 W. The active areas of the devices were defined

using a patterned mask.

2.4 Optical and electronic characterization

2.4.1 J-V characterization

2.4.1.1 Monofacial solar cells

The solar cell photovoltaic parameters were characterized by means of current-voltage (IV)
measurements in 4-terminal configuration under simulated AM 1.5G conditions at 25°C
using a Keithley 2400 source-meter and a LOT solar simulator with ABA specifications.
The intensity was adjusted to meet a power density of 1000 W/m? using a certified Si
reference cell. The calibration shows a slight mismatch to the current measured with EQE
measurements. Further parameters from the JV measurement are extracted by fitting the

one diode model in Eq. 1.2.

2.4.1.2 Bifacial solar cells

In bifacial configuration, the total irradiation the device is subjected to is more than 1-sun
per unit area in the presence of the albedo. The albedo is defined as the ratio between

the diffuse reflections from the ground with respect to the direct front irradiation:

the reflected light (W/m?)
the incident light (W/m?)

albedo = (2.2)

Therefore, PCE, which is defined as the ratio of the power output over the incident
power per area, is no longer a proper way to report the device performance in bifacial

configuration. The correct way to report the bifacial performance is by using the BiFi
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factor. For instance, a power generation density of 25 mW /cm? BiFiy means that the
25mW are generated per cm? of device area, when the device is simultaneously subjected

to 1-sun irradiance at the front and 0.2-sun irradiance at the rear.

For bifacial device measurements in this thesis, in addition to one sun illumination from
the front side, an additional illumination was provided to the rear side with a light-emitting
diode (LED) lamp. The illumination intensity from LED lamp was calibrated with the
Jsc of the device by controlling the distance between the LED lamp and the device. For
example, when targeting 0.2-sun, we turned around the device and illuminated the front
side of the device with the LED lamp. If the device has an Jgc of 37mA /cm? in standard
configuration, we adjusted the distance between the LED lamp and the device until we

get an Jgo of 7.4mA /cm?.

2.4.1.3 Perovskite/CIGS tandem solar cells

The tandem devices in the four-terminal configuration were characterized using a per-

ovskite filter (PEN/ITO/HTL/Perovskite/ETL/Zn0O/1Z0).

2.4.2 External quantum efficiency

The external quantum efficiency (EQE) response of a solar cell determines the probability
that an incident photon with a specific wavelength results in the extraction of a electron-
hole pair out of the device. The EQE can be defined at each wavelength as the ratio
between the photon flux ® and the photocurrent. By integrating the product of EQE
and the solar photon flux density over all relevant wavelengths, the solar cell current at

measurement voltage can be calculated (typically short circuit conditions):

Jsc=1q- /_O:O EQE(N) - ®anmis6)(A) - dA (2.3)

In the experiments, the EQE response was measured at zero bias with an inhouse-built
system equipped with a halogen lamp and a monochromator (triple grating), chopped with

a frequency of 260 Hz. The measurements were carried out under bias illumination with
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an intensity of approximately 100 Wm™2. The solar cell temperature was kept constant at
25°C using PID-controlled Peltier heat pumps. The spectra calibration was performed
by comparing the spectral response of the cell with that of a silicon cell with a certified

spectral response from Fraunhofer ISE.

2.4.3 Temperature and illumination dependent I-V

A temperature controlled stage placed in a cryostat implementing liquid nitrogen cool-
ing and resistive heating allows the measurement of IV curves at different temperatures.
Measurements are done in 4-terminal sensing, using a Keithley 2400 source meter. The
illumination for those measurements is provided by a halogen light source equipped with
a neutral density filter wheel. These measurements allow to collect information about
potential barriers within the solar cells, as well as a determination of the diode saturation
current density Jg, the temperature dependence of the diode ideality factor A and the

activation energy of the primary recombination pathway E, [80].

2.4.4 Admittance spectroscopy

Admittance measurements in capacitance vs. frequency (Cf) and capacitance vs. volt-
age (CV) mode are carried out on the same temperature controlled stage as the T-IV
measurements, using an Agilent E4980A LCR meter with 4-terminal sensing. Test signal
oscillation level is 30 mV. Before measurement all cells are relaxed at 50°C in the dark
for 1 hour. For some capacitance steps in the Cf measurements an activation energy is
extracted by the method described by Walter [81]. For CV measurements, the frequency
is chosen in a region of flat capacity-frequency behavior over all temperatures investigated,
unless otherwise notified at 1kHz. The voltage sweep typically covers the range from -
1.5V to 0.5 V. From this data the apparent doping is extracted using the Mott-Schottky

representation [82].
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2.4.5 Transmittance-reflectance spectroscopy

The transmittance-reflectance spectra measurements were performed with a UV-3600 Shi-
madzu UV-VIS-NIR spectrophotometer equipped with an integrating sphere. Absorbance

was evaluated using the function:

Aabs =1- Tabs - Rabs (24)

where T.ns, Rabs, and A, are spectral-dependent transmittance, reflectance, and ab-

sorbance.

2.4.6 Internal quantum efficiency

The internal quantum efficiency (IQE) response is defined here as the EQE corrected for
reflections, shading and and parasitic absorption in the layers above the CIGS absorber.

It gives indications on the combined transmission and collection losses.

The IQE under front and rear illumination are calculated here as:

EQEfront
IQFE tron: = 2.5
@B front (1 = Arco,cas)(1 — Cg)(1 — Ryront) (2:5)
]QErear - EQET@GT (26)

(1 - A]TO)(l - R’/‘ear)

where Arco cas is the combined absorptance from the buffer and window layers, Ao
is absorptance from ITO back contacts in bifacial configuration, Rgont and Rie.r are the
reflectance of the full device measured from the front the rear side, and Cg is a constant
accounting for the grid coverage, estimated to be 1.5% of the total area. IQEs were
calculated by measuring EQEs, reflectance spectra of completed solar cells and absorptance

spectra of window and buffer layers.
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2.5 Material characterization

2.5.1 Compositional profiling: SIMS and XRF measurements

The integral absorber metal ratios GGI, [Cu]/([Ga]+[In]) (CGI), and thickness were esti-
mated by means of XRF from the intensities of the Ka Ga, In an Cu emission lines. The

yields were scaled based on measurements of a calibrated sample.

Compositional depth profiles were measured by time-of-flight secondary ion mass spec-
trometry (SIMS, ION-TOF GmbH TOF SIMS5). Thereby a O™ secondary sputter gun
was used for depth profiling and a primary Bi* ion gun for analysis. As the GGI ratio
determines the local band gap, a GGI depth profile allows to estimate local carrier gen-
eration and can be used as input for device simulation including the effects of the graded
band gap on charge carrier transport. In order to obtain a GGI depth profile from a SIMS
measurement, the leading and trailing edges of the absorber layer were defined to be at
the sputter times where the SIMS count rate for Ga reaches half plateau values. Within
that range, the Ga/In SIMS yield ratio v was scaled until the GGI ratio of integrated Ga
and In in SIMS counts reached the GGI value obtained from XRF.

> Ga
GGy = 2.7
LSIMS = S ~3 In (2.7)
Then with the determined ~ value the local GGI is calculated according to
Ga
I ocal = N, _ 1 2.
GG hocal Ga +vIn (28)

For scaling of the depth axis, the layer thickness was measured by SEM cross-sectional
measurements on a regularly recalibrated instrument. Notably, very similar gradings are
obtained if layer boundaries are derived from Cu or Se half maximum positions instead of

Ga, in analogous manner.
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2.5.2 Transmission electron microscopy

TEM and STEM characterizations were performed by Tzu-Ying Lin from National Tsing
Hua University in Taiwan. Transmission electron microscopy (TEM) cross-sectional sam-
ples were prepared by the FEI Helios Nanolab 600i system. High-resolution high-angle an-
nular dark field scanning transmission electron microscope (HAADF-STEM) imaging and
selected-area electron diffraction have been carried out using a spherical-aberration cor-
rected field emission TEM, JEM-ARM200FTH. Chemical composition analysis by STEM-
EDS has been carried out using a F200 HRTEM and Talos F200X.

2.5.3 Scanning electron microscopy

SEM top-view and cross-sectional micrographs were obtained using a Hitachi S-4800 unit
with electron acceleration voltage of 5keV and a working distance of 4mm. The sam-
ple cross section was prepared by cleaving the sample and substrate stack just before
the measurement. For the top-view measurements, an approximately 1nm Pt coating
was deposited by DC magnetron sputtering prior to the measurements to avoid sample

charging.

2.5.4 X-ray diffraction (XRD)

X-ray diffraction was used to compare structural properties related to the crystalline qual-
ity of the CIGS films at different growth stages. XRD was measured in a Bragg-Brentano
configuration from 10 to 60° (26) and 0.0167° step intervals with a X'Pert PRO 6-26 scan

using Cu-K,, radiation.

2.5.5 X-ray residual stress analysis (RSA)

X-ray residual stress analysis (RSA) is performed to obtain the residual stress in CIGS
absorbers. By measuring the d-spacing variations of crystals at different tilt angles between

their crystallographic plane and sample surface (1), the residual stress (o) of the sample
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in the goniometer plane can be derived, given the Young’s Modulus (E};) and Poisson
ratio vp. For instance, in-plane tensile stress would result in a larger d-spacing when
tilting angle increases, as shown in Figure 2.3.

In this thesis, X-ray RSA was carried out in the side inclination mode (x scan) with

a symmetric coupled scan, where the 1 angles are equal to tilting angle y, as shown in

Figure 2.4. The residual stress is calculated by Eq. 2.9 to Eq. 2.11.

1
entl = 553’% sin 1) + 2505 (2.9)
Ghkl _ _ VnkL 2.10
1 o (2.10)
1 1+ vpm
— Shkl — 2.11
52 o (2.11)
(a) (b) (c)
n > N
?
y=yx=0° W=y=20° W=y =40°

Figure 2.3: Illustration (side view) of how in-plane tensile stress (o) changes the d-spacing
(112) with different tilting angle in side inclination mode. v is the angle between vector
n and vector m.

2.5.6 Time resolved photoluminescence (TRPL)

TRPL measurements were performed using a 639 nm diode laser with 100 ps pulse duration

as excitation source, and an InGaAs photomultiplier in combination with a PicoQuant
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¢

Kout

Figure 2.4: (a) Definition of the three sample rotation axes (b) Residual stress analysis
with x scan (side inclination mode). Vector n normal to the sample surface and vector m
normal to the lattice plane lie in the diffraction plane Reproduced from [83]

time correlated single photon counting electronics for signal acquisition. Pulse repetition
rates were chosen depends on the lifetime and in a range of 0.1 MHz to 0.4 MHz. The
illumination spot size was around 130 pm diameter. The corresponding photon density was
around 7 x 10 em™2 per pulse. The collection spot size is 2.5 um diameter, considerably
smaller than the the escitation spot size to compensate for the diffusion of photogenerated
carriers in and out of the collection spot. Before TRPL measurements, the window layers

were etched away in acetic acid, leaving a thin CdS layer on the absorbers.

2.5.7 Raman spectroscopy

Raman Spectroscopy is a non-destructive chemical analysis technique which provides in-
formation about chemical structure, phase and polymorphy, crystallinity and molecular
interactions. It is based on the Raman effect, which is the inelastic scattering of light
by molecules when they are excited by a laser beam. By analyzing the frequency of the
scattered light, it is possible to determine the vibrational, rotational, and other structural
characteristics of the molecules to further identify the chemical bonds and the chemical

composition of the sample.



3 Influence of Ga back gradings on

device performance

This chapter is adapted from the publication:
Yang, S. C., Ochoa, M., Hertwig, R., Aribia, A., Tiwari, A. N., and Carron, R. (2021). In-

fluence of Ga back grading on voltage loss in low-temperature co-evaporated Cu(In,Ga)Ses
thin film solar cells, Progress in Photovoltaics: Research and Applications, 29(6), 630-637.
[34]

My own contribution to this publication consisted in: design of the experiments, depo-
sition of CIGS thin films, completion of working solar cells, measurement and analysis
of: SIMS, XRF, J-V, EQE, TRPL, and data interpretation. ALD deposition was done
by Ramis Hertwig and Abdessalem Aribia. Numerical simulation was performed by Mario

Ochoa.

3.1 Introduction

While the Ga back grading plays a vital role in minimizing the recombination at the
CIGS/Mo interface in monofacial structure, Ga grading is even more important when it

comes to the performance under rear illumination in bifacial structure. Normally, very low

35
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Jsc under rear illumination were obtained in bifacial CIGS devices due to short diffusion

length of carriers and high rear interface recombination.

Despite diverse research results about the back gradings [6, 85, 86, 87], there is no con-
clusive agreement about minimum required back grading heights. Moreover, the quality
of state-of-the-art absorbers considerably improved following breakthroughs and develop-
ments of the past ten years, leading to longer diffusion length [88]. It makes the control of
back interface recombination become even more critical. A quantitative assessment of the
impact of AGGI on the electrical losses is therefore required. However, experimental in-
vestigations are not straightforward, because tuning the AGGI value generally also affects
the elemental distributions in the notch and front regions, introducing other dependencies

in the electrical loss difficult to disentangle.

In this chapter, we take advantage of a low-temperature CIGS deposition process (/450
°C) to modify the back grading. Less pronounced In-Ga inter-diffusion at low temperature
allows an improved control and steeper slopes of the GGI grading [89]. Tt also allows for al-
most unchanged grading in the notch and front region. We compare the experimental V o¢
deficit (Fy/q - Voc) and changes in Ve calculated from TRPL transients in absorbers
with different back grading heights. We modify the back surfaces of CIGS absorbers to
assess the influence of back surface recombination as a limiting factor for higher Voc.
Furthermore, numerical simulations of voltage loss for absorbers with different AGGI and
diffusion lengths are also performed, and further compared with experimental data. Our
work provides direct guidelines to design graded absorbers with reducing voltage loss for

high efficiency CIGS solar cells.

3.2 Ga back grading modification

Ga back gradings were tuned by changing the evaporation rates of In and Ga during the
first coevaporation stage, as shown in Figure 3.1. Solid lines show the evaporation rates of
our reference process, estimated from the sources temperature setpoints. Three different
approaches are investigated to modify the back gradings. The corresponding samples are

identified with R, G, I and O letters, representing reference, Ga series, In series and early



3.2. Ga back grading modification 37

stage In-free series (O series). More detailed process sequences and heating/cooling rates

in the first stage for each sample can be found in Table 3.1.

140 A In

~ .
SO E- series
~

Deposition rate (arb.un.)

0 I
0 10 20 30 40 50 60
Time (min)

Figure 3.1: Schematic representation of a multi-stage deposition with indicative Cu, In,
Ga evaporation rates. The solid lines represent the baseline process (R). The dashed lines
and orange block show three different approaches to modify the back grading (I, G, O).

Table 3.1: Evaporation ramping rates for Gallium and Indium in the first stage of CIGS
absorber deposition.

Sample AGGI Ga cooling rate In heating rate In shutter close
at first stage (°C/min) at first stage (°C/min)  period (min)
R1 0.20 1.5 0.0 0
R2 0.20 1.5 0.0 0
Gl 0.21 2.0 0.0 0
G2 0.23 3.0 0.0 0
Il 0.26 1.5 2.5 0
12 0.25 1.5 3.0 0
13 0.32 1.5 6.0 0
14 0.29 1.5 6.0 0
01 0.41 1.5 6.0 3
02 0.43 10 6.0 4
03 0.50 10 6.0 5

Figure 3.2 - Figure 3.4 show the GGI depth profiles of sample sereis G,I and O, deter-
mined by scaling the elemental traces in SIMS measurements with integral GGI values
obtained from XRF. For comparison, the depth profile of reference R1 is shown in all the

figures as a reference. The height of the back grading is defined by the quantity AGGI,
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which is the difference between the minimum GGI value in the notch and its maximum

near the back interface. The equivalent F, energy is calculated by Eq. 6.1 [90].

E, = 1.004(1 — GGI) + 1.663GGI — 0.033GGI(1 — GGI) (3.1)

In the first (G) and second (I) approach we implemented steeper gallium source cool-
ing rates (dashed blue line G in Figure 3.1), and steeper indium source heating rates
(dashed green line I in Figure 3.1) in the first stage. However, the attempts only resulted

in moderate changes in the corresponding composition profiles shown in Figure 3.2 and

Figure 3.3.
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Figure 3.2: GGI and £, depth profiles for different Ga source cooling rates.

A third approach (O) was developed to further increase AGGI: the indium shutter is
kept closed during the initial minutes of the deposition process, as illustrated by an orange
block (O) in Figure 3.1. Therefore, the absorber is In-free during the initial minutes of the
deposition process. The corresponding depth profiles are shown in Figure 3.4. With this
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Figure 3.3: GGI and E, depth profiles for different In source heating rates.

approach, the highest AGGI value of 0.5 was obtained, equivalent to about 0.33 V. In the
different deposition runs, Ga and In source temperatures were adjusted by small constant
offsets over the whole process, in order to compensate for drifts in the source evaporation

yields and achieve similar integrated GGI and optical bandgaps.
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Figure 3.4: GGI and E, depth profiles for different In-free periods in early stage In-free
series.

Table 3.2 compares the J-V parameters of solar cells with different AGGI investigated
in this study. GGI values for those samples range from 0.28 to 0.35 and CGI values
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are almost within the confidence interval of the composition measurements. Short-circuit
current density (Jsc¢) is in good agreement with calculated EQE currents and the fill factor
(FF) is similar for all samples. The most sensitive parameter is the V ¢, which is analyzed
and discussed in the following.

Table 3.2: Composition of CIGS absorbers with different AGGI and the corresponding
J-V parameters.

Photovoltaic parameters

Sample GGI CGI FE.(eV) AGGI Voo (V) Jso (mA em-?) FF (%) PCE (%)

Voc deficit (V)

R1 0.31 0.86 1.144 0.20 0.686 35.3 77.6 18.8 0.458
R2 0.32 0.87 1.142 0.20 0.679 36.3 7.5 19.1 0.463
Gl 0.33 0.88 1.138 0.21 0.687 35.2 77.1 18.7 0.451
G2 0.34 0.90 1.140 0.23 0.695 35.6 76.9 19.0 0.445
In 0.34 0.88 1.147 0.26 0.703 35.0 76.8 19.0 0.444
12 032 0.91 1.137 0.25 0.693 35.6 7.1 19.0 0.444
13 0.31 0.88 1.123 0.32 0.697 35.8 76.4 19.1 0.429
14 0.28 0.88 1.121 0.29 0.685 36.7 774 19.5 0.436
01 0.34 0.89 1.132 0.41 0.707 36.0 77.0 19.6 0.425
02 0.35 0.90 1.150 0.43 0.723 35.2 77.5 19.7 0.427
03 0.34 0.87 1.135 0.50 0.716 35.4 76.2 19.3 0.419

3.3 Effect of AGGI on microstructure

In addition to the composition profiles, the microstructure in the front and notch was
investigated by cross-section SEM to identify possible deterioration of the microstructure.
As shown in Figure 3.5, the grain size is similar for all the absorbers in the front and
notch regions. A decrease in grain size is only observed towards the back, especially for
absorbers with high AGGI. This observation is consistent with existing reports describing

a decrease in grain size with increased Ga content [91].

Apart from changes in the microstructure, the presence of structural and electronic
defects is also investigated through the Urbach tails [92]. The Urbach energy (Evy) is
estimated from the quasi-exponential decay in the long wavelength edge in the EQE curves
[85]. As shown in Figure 3.6, there is no clear trend of Ey with AGGI. The precision on
the values is not better than 1 meV due to the presence of interference fringes in the
EQE spectra. The values derived from EQE measurements are typically slightly larger
than those derived from PL, due to the higher energy range for which the fit is performed.
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Figure 3.5: SEM cross-section images for solar cells (R1, I3, O1 and O3) with different
AGGI. Increased GGI towards the back of the absorber leads to reduced grain size at back
region, while the microstructure in the front and notch regions appear unchanged.

GGI depth profiles, SEM cross-sectional images and extracted Ey show no noticeable
impact on the front and notch regions from increased AGGI at least up to 0.5. Therefore,
different electrical loss between samples is mostly caused by different back recombination,

instead of changed properties either in the front or notch regions of the absorbers.
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Figure 3.6: Urbach energy (Fvy) versus different AGGI. No clear correlation is evidenced
between Ey and AGGI.
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3.4 Effect of AGGI on V¢ deficit

To see the effect of AGGI on the electrical loss, Ve e is also given in Table 3.2, which
is calculated as the difference between the E, energy and the Voc. The E, value was
determined by linear extrapolation of the plot ((photon energy x EQE)? vs photon energy)
for values between 25% and 75% of the EQE maximum.

Figure 3.7 shows the change of V¢ qer values with different AGGI. An evident improve-
ment in Voc gef With higher AGGI is observed. The V¢ gef values improved by about
35 mV when AGGI is increased from 0.20 to 0.32. For AGGI increase from 0.32 to 0.50,
an additional V¢ gain of 10 mV is observed. However, this 10 mV gain may also be
explained by sample to sample variation, measurement uncertainty or £, extraction. To
obtain more solid evidence on the increased Voc gef in the full range of AGGI, TRPL

measurements were conducted and are discussed in Section 3.5.

To illustrate this gain, J-V curves of two solar cells (G1 and O3) with similar E, but
different AGGI (0.21 and 0.50) are compared in Figure 3.8. The corresponding F, extrac-
tions are shown in the inset. Sample O3 exhibits a strongly increased V¢ due to higher
AGGI. The Jg¢ is comparable for both solar cells, consistent with their similar bandgaps.
Due to the improvement in V¢, photovoltaic conversion efficiency (PCE) is increased

from 18.7% to 19.3%. PCE of the champion cell in this study is about 19.7%.
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Figure 3.7: Voc qer 0f the investigated samples as a function of their AGGI values.
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Figure 3.8: J-V curves and E, extraction for two selected solar cells with similar E, but
different AGGI values.

3.5 Effect of AGGI on TRPL lifetime

Voc.det is @ device parameter related to overall electrical loss at the device level, whereas
TRPL decays provide direct information of carrier dynamics in the absorbers that can
be linked to its material quality. Therefore, the relationship between TRPL lifetime and
AGGI is investigated to see if high AGGI values up to at least 0.50 still contributes to

reduction in electrical losses, as discussed in Section 3.4.

TRPL measurements were performed on selected absorbers covering different AGGI
values as shown in Figure 3.9(a). The decays were fitted in the time window from 20 ns to
500 ns by a two-exponential formula (Eq. 3.2) with two time constants (73 and 73) and two
prefactors (A; and As). The effective lifetime 7.4 is calculated using Eq. 3.3. As visible in
Figure 3.9(a) absorbers with high AGGI show considerably longer lifetimes as compared

with low AGGI ones, suggesting a reduction in back interface recombination.

Y = Ajexp (—;) + A exp (—t> (3.2)

1 T2

. AlTl + AQTQ

Teff = Al T AQ (33)
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Figure 3.9: (a) TRPL transients of absorbers with different AGGI. The black lines are
best 2-exponential fits to the data in the time window from 20 ns to 500 ns. (b) AVe
calculated from different figures of merit using Eq. 3.5 as function of the experimental cell

Voo def-

We further calculated the theoretical change in V¢ based on TRPL decays. Eq. 3.4 de-
scribes the relationship between achievable V ¢ and external light emitting-diode quantum
efficiency (EQErgp) [93]. From this, the difference in achievable Voo (AVoc) of different
samples is evaluated according to Eq. 3.5. Here we estimated the ratio of EQEygp with

the ratio of different figure of merits (FOMs) from the TRPL data. The absorber with a
AGGI of 0.20 was chosen as the reference providing a AV ¢ of 0 mV.

kT
Vit = Ve — Voc = Yy In(EQELED) (3.4)
_ " kT EQELED sample kT FOMsam le
o non-rad non-rad o s p o p
AVoc = Vodaet 1o — VOO el sample — T In <EQELEDref = In “FOM.y
(375)

Three different FOMs are established to compare the EQEpgp of different samples rel-
atively: (1) 7o, (2) A1 X 71 + As X 73 and (3) Noy X Teg. For 7o, it was assumed that
the doping density is the same for all absorbers. For the second FOM, the prefactors (A;
and A,) were taken into account. The sum of prefactor terms are assumed to be propor-

tional to the doping density of the absorbers. For the third FOM, the doping density Nqv
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extracted directly from C-V measurements at V=0 (Figure 3.10) is used instead of prefac-
tors from TRPL decays. Figure 3.9(b) shows the relationship between calculated AV o¢
from those three FOMs and V o¢ g4ef measured from cells. Among them, 7.¢ gives a better
correlation with Ve gef from cells. This can be tentatively explained by the non-uniform
doping density distribution within a sample. While the bandgaps were always extracted
from EQE measurement of the best cell in the sample, TRPL and C-V measurements
were performed on the cells close to the best cell. To avoid the variations from the doping

density, different calculated AV o¢ will be further discussed in Section 3.7.
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Figure 3.10: Apparent doping density profile calculated from capacitance-voltage mea-
surements at 300K.

3.6 Back surface modification

In addition to back interface recombination, variations in TRPL decays may also arise from
different non-radiative recombination rates elsewhere, e.g. within the bulk of the absorber.
To extract the effect solely from the increasing AGGI, we further measured TRPL decays
on the same series of samples after different modifications of the back interface. It also
helps to understand how far high graded CIGS absorbers are from the ideal case (i.e. no

back interface recombination).
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After the initial measurement described in Section 3.5, the CIGS absorbers were me-
chanically delaminated from the molybdenum back contact with a transparent epoxy glue,
as depicted in Figure 3.11. The exposed CIGS/air interface results in a lower back surface
recombination velocity [94] than the CIGS/Mo contact. After TRPL characterization,
the back surface was further passivated by 30 nm Al,O3 deposited by ALD. The concept
of Al,O3 passivation was shown to effectively reduce recombination at CIGS/Mo [95] or
CIGS/air interfaces [96]. According to the literature [94, 95, 96, 97], those three different
back surfaces cover different values of surface recombination velocity, ranging from about

107 to 10% cm/s.

laser l

laser laser
SLG l

cds | Epoxy | SLG SLG

Mo —— Epoxy |

SLG ‘ |

delamination AlOx deposition

Figure 3.11: Schematics of back surface modification and the corresponding TRPL mea-
surements.

Figure 3.12 displays the TRPL results obtained with different sample configurations.
We observe an increase in lifetime after delamination, and a further increase after Al,O5
deposition. Improvements are especially significant for absorbers with low AGGI values,
being three-fold for AGGI= 0.20 and only 1.25 times for AGGI = 0.50 after delamination.
This is explained by the reduced electron density at the back with higher AGGI, resulting
in a lesser sensitivity to the surface recombination velocity value. The three-fold increase
for AGGI = 0.20 can be attributed to the difference of interface recombination velocity at

CIGS/air (on the order of 10* cm/s) and CIGS/Mo (>10° cm/s). As example, Figure 3.13
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shows TRPL decays for samples with low and high AGGI. The decays are very similar
for high AGGI, while being very different for small AGGI. It suggests that back surface
recombination is a strong limiting factor for V ¢, and that its effect can be observed with
AGGI values up to 0.50. In addition, the 7.4 value is still slightly improved with increasing
AGGI after 30 nm Al,O3 deposition. This can be explained by a low but non-negligible
recombination at CIGS/air interface [94], further passivated by AlyOs.
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Figure 3.12: TRPL 7.4 for absorbers in three different sample configurations.
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Figure 3.13: TRPL decays for the absorbers with AGGI = 0.20 and AGGI = 0.50.
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3.7 Numerical simulation

To support the experimental findings of Section 3.6, we carried out finite element modelling
simulations. The simulations were carried out within the framework of Sentaurus drift-
diffusion simulator from Synopsis [98]. A double graded absorber with a thickness of 2 um
has been considered and divided into three different regions, namely the front grading,
notch and back grading. The front grading and notch are kept constant whereas the
back grading was modified to obtain several GGI profiles with AGGI ranging from 0 to
approximately 0.8, as shown in Figure 3.14. More details and material parameters used

can be found elsewhere [88].

Here we are interested in the effect of back recombination solely from varying AGGI
and its implications on V. Different bandgap profiles are implemented into 2 pm-thick
absorbers, in which only the back grading has been modified to achieve AGGI values
ranging from 0 to a maximum of 0.8. For simplicity, back recombination velocity is
fixed to S, » 107 cm s!. Other recombination velocities found at CIGS/Mo interface
(e.g. 105 cms™ in [94]) were tested and also delivered similar results in our simulation.
Since back recombination is highly sensitive to the diffusion length of carriers, i.e. Ly =
\/%, we consider a wide range of carrier mobility p (12.5 cm?V~s™! to 200 cm?*V—1s™1)
and 7 (approximately 100 ns to 800 ns) covering the range of values typically found
experimentally. The AV ¢ of a simulated device is calculated as the V¢ difference from

that with highest AGGI of 0.80.

To compare with the experimnetal results, it is difficult to exclude effects on experimen-
tal Ve arising from deviations in absorber doping concentration or bandgap that could
occur between different growth runs. Thus, instead of Eq. 3.5, we compute the relative
AV ¢ before and after delamination (Eq. 3.6), for absorbers with different AGGI. By
doing this, possible deviations in the aforementioned material properties (doping or E,)

are discriminated for the same absorber and the effect of AGGI can be analyzed.
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Figure 3.14: GGI profiles for simulations, with fixed front grading and notch while changing
back gradings.
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Figure 3.15 shows simulation results for several L, values as a function of AGGI, together
with the experimental AV ¢ calculated by Eq. 3.6 (orange circles) of the samples listed
in Table 3.2. The V¢ loss is strongly dependent on the L, value but almost insensitive
to the actual combination of © and 7 used to obtain the L, value. Two dashed lines in
Figure 3.15 establish the upper and lower bound for Ly values that could reproduce the
experimental results (Lg between 3.6 pm and 14.4 pm), which are in good agreement with
other reports [86, 88, 94]. The solid lines are shown as extreme instances to exemplify the
degree of V¢ loss sensitivity with respect to Ly. From Sec 3.6 and Figure 3.12, we expect
a 7 around 400 ns in our absorbers. By assuming a 7 of 400 ns, mobilities in the range of
12.5 cm?V~1s71 to 200 cm?V~1s™! are suggested, with the best fit corresponding to p=>50
ecm?V~1s™! and L, approximately 7 pm, which are in good agreement with [94]. Within
this range of Ly values, simulations confirm that AGGI of 0.3 leads to a significant voltage
loss about 7 mV to 20 mV. The voltage loss becomes insignificant (< 5 mV) for AGGI
around 0.5, independently of the Ly value. Hence, a AGGI > 0.5 is needed to ensure a

voltage loss below 5 mV, especially with high quality absorbers with long diffusion length.
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Finally, we use the simulations to quantify the beneficial impact of the backgrading. We
quantify a substantial voltage gain around 91428 mV between AGGI of 0 and AGGI of
0.3, with deviations defined by the two dashed lines of Figure 3.15. This value is consistent
with what is reported in [43] (114 mV) for low bandgap CulnSe, absorbers.
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Figure 3.15: Experimental and simulation results for the estimation of V¢ loss. Orange
circles are the V¢ loss calculated from experimental TRPL decays (Eq. 3.6) before and
after delamination. For simulated absorbers, two solid curves depict the upper and lower
limit of Ly (1.8 pum to 20.3um). Two dashed curves correspond to the range of L; (3.6 pm
to 14.4pm) fitting best our experimental results (orange data points).

3.8 Conclusion

We have successfully modified the height of the compositional back gradings in CIGS
absorbers. The combination of low substrate temperature and early stage In-free coevapo-
ration allows to widely tune the AGGI value without significant changes in microstructure
and structural disorder in the low bandgap notch and front regions of the absorber, as
indicated by SEM cross-sectional images and Urbach energy values. This allows a more
rigorous comparison between cells with different AGGI in this study.

The Ve der improves up to a AGGI value of about 0.50, and TRPL 7. shows a similar

trend with increased AGGI. We observe a strong correlation between V¢ qer calculated

from cells and voltage losses AV ¢ estimated from TRPL 7.4. In addition, absorbers
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with high AGGI show less sensitivity of the TRPL decays to modifications of the back
surface properties, i.e. different recombination velocity. We conclude that back surface
recombination affects device performance in a measurable manner up to a AGGI of 0.50.
Furthermore, we also quantify the impact of diffusion length on the voltage loss from
the back interface with numerical simulations. Reasonable parameter sets yield V¢ loss
trends in good agreement with our experimental results. The impact of back recombina-
tion is more severe in high quality absorbers with long diffusion lengths resulting from
improved mobility or lifetime values. We believe our results will provide useful guidelines
for designing GGI profiles for high-performance CIGS solar cells fabricated at low temper-
ature. The proposed In-free process step makes it easier to optimize AGGI for existing
baseline processes while maintaining almost unchanged composition and properties in the

front and notch.

3.9 Sample references

Internal sample names for the samples in Table 3.2:

R1 R2 Gl G2 I1 12 13 14 01 02 03

TL3106 | TL3111 | TL3107 | TL3108 | TL3109 | TL3110 | TL3113 | TL3112 | TL3114 | TL3115 | TL3116

Table 3.3: Sample naming for CIGS solar cells in Chapter 3






4 Silver-alloyed CIGS with precur-

sor layer method

4.1 Introduction

As discussed in Section 1.2.7, alloying silver into CIGS absorbers can improve their material
quality and shows the potential to achieve higher PCE in the solar cells. Therefore, in
this chapter we aim to explore the effect of different amount of Ag alloyed on the material
properties and the device performance of ACIGS solar cells. Among different techniques
for alloying Ag into the CIGS absorbers, e.g. co-evaporation, precursor layer method [55,
99], post-deposition treatment [100, 101], we chose the Ag precursor layer method for
its simplicity and potential for easy implementation into existing CIGS co-evaporation

equipment in research labs or in the industry.

The microstructure, elemental distribution, and crystal structure of the absorbers were
investigated by SEM, SIMS, and XRD. The back interface properties were analyzed with
Raman spectroscopy. The completed cells were further characterized by J-V, EQE, and
C-V. Other techniques like residual stress analysis were also performed to give insight of
the in-plane stress in the absorbers, which is crutial when it comes to flexible applications.
The developed process and the knowledge gained here will be the starting point of the

following chapters.

23
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4.2 Precursor layer method

4.2.1 The amount of silver

To alloy different amount of Ag into the aborbers, we deposited Ag precursor layers with
different thickness by thermal evaporation, ranging from 1nm to 30nm, on standard
Mo/SiO4/SLG substrates. This amount of Ag in our 2pm-thick absorbers is equiva-
lent to about 0% to 10% ([Ag]/[Ag]+[Cu]) ratio. After that, the Ag-coated substrates
underwent standard three-stage co-evaporation of CIGS, which is detailed in Chapter 2.

The substrate temperatures during the deposition process are provided in Section 2.1.3.

4.2.2 End-point detection

Since three stage co-evaporation process was used for absorber deposition with precursor
layer method, the end-point-detection (as described in Chapter 1) is used to control the
stoichiometry of the absorbers. However, the first challenge that we encountered with the
presence of Ag is that both temperature drop and the PID controller value change during
Cu-poor to Cu-rich transition become less detectable, especially for high amount of Ag,
as shown in Fig. 4.1. Normally when the PID controller value changed by 0.03 or when
the temperature droped by 0.4°C, we started to ramp down the Cu source temperature
followed by closing the shutter of Cu source. However, the delay time increases with high
Ag content (shadows in Fig. 4.1), which results in higher [I]/[III] ratio. Too high [I}/[I1]]
ratio can lead to degraded device performance. With more than 30 nm of Ag precursor
layer, it becomes very difficult to detect the end-point during the process. This observation
is in line with what has been reported [102], resulting from slower emissivity change in
ACIGS during the transition from stoichiometry to group-I rich composition. Due to this
limitation, we mainly focus on the absorbers with up to 15nm Ag precursor layer (< 5%

([Ag]/[Ag]+][Cu])) for devices in this study.
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Figure 4.1: PID controller value change during the transition from Cu-poor to Cu-rich
when having different thickness of Ag precursor layer (a) Onm (b) 5nm (c¢) 20nm. The
intersection of the horizontal dash lines and the output curves define the end of the shadow
regions, which corresponds to the moment when the Cu source temperature is reduced.

4.3 Material characterization

4.3.1 Microstructure

Fig. 4.2 shows SEM cross-sectional images for CIGS solar cell fabricated by three-stage
process employing Ag precursor layer of 0 to 15 nm thickness. With increased Ag amount,
the grain size of the absorbers increases significantly, which can be correlated to enhanced
elemental diffusion by Ag during the CIGS grain growth. In addition, smaller grain size
commonly caused by high GGI ratio near the back interface (as discussed in Chapter 3)
also disappeared when introducing enough Ag into the absorber. Less defect and reduced
recombination can be expected in this region, which is beneficial when high Ga back
grading is required. Fig. 4.3 shows a lower magnification SEM cross-sectional image of
the absorber with 15nm Ag precursor layer, which confirms the larger grain size in long

range.

4.3.2 Elemental distribution

Since Ag was introduced with precursor layer method instead of co-evaporation, the non-
uniform distribution of Ag throughout the absorber depth might be a potential issue
especially when the Ag amount increases. Fig. 4.4 shows the distribution of Ag from the

SIMS depth profiling. Ag is rather uniform throughout all the absorbers despite precursor
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Figure 4.2: Cross-sectional images captured by SEM for the (A)CIGS devices with ab-
sorbers processed with different thickness (0 nm, 3nm, 10 nm and 15nm) of Ag precursor
layer.

Figure 4.3: Cross-sectional images captured by scanning electron microscopy in low mag-
nification of an ACIGS device with absorbers processed with 15 nm of Ag precursor layer.

layers being initially present as metal layers.

GGI gradings have a strong impact on the CIGS device performance as discussed in
Chapter 3. Therefore, it is important to understand how the GGI gradings are modified
when adding Ag. Fig. 4.5 shows the GGI depth profiles for absorbers grown by the three-

stage process employing Ag precursor layer of 0 to 30 nm. With increased Ag amount,
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Figure 4.4: SIMS depth profiling of Ag for absorbers processed with different thickness
(Onm, 1nm, 3nm, 5nm, 10nm and 15nm) of Ag precursor layers. The thickness of the
absorbers are normalized (left: CdS, right: Mo).

both front and back gradings were slightly reduced because of increased inter-diffusiton.
This observation is in line with what has been reported [55]. The V-shape notch evolves
into wider flat-bottom notch when increasing Ag. With the SEM cross-sectional images
shown before, it can be understood by the fact that the Ag precursor layer facilitated
elemental diffusion during the CIGS deposition.
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Figure 4.5: GGI depth profiles for (A)CIGS absorbers processed with different Ag pre-
cursor layer thickness (0 nm, 10 nm, 20 nm and 30 nm).The thickness of the absorbers are
normalized (left: CdS, right: Mo).
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Apart from GGI depth profiles, both Na and Rb distribution also play a vital role on
device performance. Fig. 4.6 shows Na and Rb distribution in the absorbers from SIMS
profilings. With more Ag, the Na amount at front interface and in the bulk reduced, while
remaining similar at back interface. This observation can be explained by larger grain size,
i.e. less grain boundary, as observed in SEM images. On the other hand, the Rb amount

at front interface and back interface increased while no clear trend was found in the bulk.
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Figure 4.6: Na depth profilings for absorbers processed with different thickness (0nm,
Inm, 3nm, 5nm, 10nm and 15nm) of Ag precursor layer. The thickness of the absorbers
are normalized (left: CdS, right: Mo).

4.3.3 Crystal structure and preferred orientation

Despite an uniform distribution of Ag throughout the absorber depth, it is not clear if Ag
is actually alloyed into CIGS or just accumulated somewhere, for example, in the grain
boundaries. Therefore, we performed XRD under #-20 mode on the absorbers to under-
stand the influence of Ag on the changes in crystal structure and preferred orientation.
As displayed in Fig. 4.7, all the absorbers exhibit a chalcopyrite structure, evidencing by
presence of diffraction peaks of (112), (220)/(204), and (312)/(116) planes. No noticeable

appearance of new peaks were spotted.

There are three main findings when adding more Ag: First, the preferred orientation of

the grains was changed, as shown in Fig. 4.8. There must be a different growth mechanism
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with the presence of Ag. Second, the (112) peak shifts to lower 26 value, which corresponds
to a larger (112) plane spacing and lattice constant and can be well explained by a larger
radius of Ag than Cu. It proves that Ag alloys into CIGS crystal and occupies Cu lattice
position instead of just accumulating somewhere else, e.g. grain boundaries. Third, the
full width at half maximum (FWHM) of the (112) peak becomes narrower, as also shown
in Fig. 4.8, which is consistent with larger grain size observed in the absorbers by SEM

cross-sectional images.
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Figure 4.7: XRD measurements in #-26 mode for (a) broad scans and (b) fine scan of (112)
peak for absorbers processed with different thickness (0 nm, 1nm, 3nm, 5nm, 10 nm and
15nm) of Ag precursor layer.
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Figure 4.8: The peak intensity ratio (112):(220)/(204) and FWHM of (112) peak versus
dufferent Ag precursor layer thickness in precursor layer method.
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4.4 Device characterization

4.4.1 J-V parameters

The P-V parameters for devices fabricated with different thickness of Ag precursor layer
are summarized in box plots, as shown in Fig. 4.9. The bar plot of the calculated V¢
deficit is also overlayed with Voo box plot. Compared with the CIGS baseline devices
(Onm), the PCEs of the ACIGS devices were improved significantly, especially when 10 nm
and 15nm of the Ag precursor layer are used. The main driving force of higher PCE is
reduced V¢ deficit and improved FF. Reduced V¢ deficit can be explained by larger
grain size and better morphology observed in SEM cross-sectional images, which results
in reduced defects and less recombination. The improvement in FF can be explained by
the modified GGI profiles. If the notch is too deep, it can become a source of electron
extraction barrier under light illumination, increasing the chance of carrier recombination.
With less pronounced notch, the photoelectrons could be extracted effectively toward the
TCO layer, giving rise to an increasing of FF. However, the change in Jg¢ is not clear and
can be attributed to the drift of the bandgap between different absorbers. The J-V curves
for the best cells with and without Ag are shown in Fig. 4.10. The PCE was improved
by 1.5% by introducing 10 nm of Ag precursor layer.

4.4.2 Urbach energy

To understand the influence of Ag on the structural and electronic defects, the Urbach
energy from the devices fabricated with different Ag thickness is also provided, as shown
in Fig. 4.11. By increasing the thickness of Ag to 15nm, Urbach energy is reduced from
around 19 meV to 16 meV.
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Figure 4.9: Box plots for J-V parameters of solar cells with absorbers fabricated with
different thickness (0 nm, 1 nm, 3 nm, 5 nm, 10 nm and 15 nm) of precursor layer. The
corresponding V o¢ deficits are also displayed with a bar plot with the V¢ box plot
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Figure 4.10: J-V curves for CIGS devices with and without Ag alloying.
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Figure 4.11: Urbach energy of solar cells with absorbers fabricated with different thickness
(0 nm, 1 nm, 3 nm, 5 nm, 10 nm and 15 nm) of precursor layer.

4.5 Additional material and device characterization

4.5.1 In-plane stress analysis

The residual stress in the absorbers is an important parameter because of possible failure
issues like cracking, buckling and delamination, especially for flexible applications. Herein,
we performed residual stress analysis in XRD to evaluate how alloying with Ag changes the
in-plane residual stress in the films. The analysis was carried out on the (112) reflection
measured with different ¢ angles, which is defined as the angle between the scattering
vector and the sample’s normal direction. The residual stress in the films is calculated from

the magnitude and direction of the peak shifts. The details can be found in Section 2.5.5.

Fig. 4.12 illustrate how the (112) peak of ACIGS and CIGS absorbers shift as a func-
tion of the 1 angles. Peaks of both samples shift to high 26 values with increasing
(compressive stress), but the shift is smaller for ACIGS than for CIGS absorbers. This
indicates smaller compressive stress in ACIGS films. Our hypothesis for this behaviour
is that Ag helps to release the residual stress by enhanced elemental diffusion and grain
growth. This makes ACIGS absorbers even more promising for a variety of flexible PV

applications, for which adhesion issues are critical.
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Figure 4.12: Residual stress measurement for absorbers with different thickness (0 nm and
10 nm) of Ag precursor layer.

4.5.2 Carrier concentration with C-V measurement

It has been reported that Ag-alloyed CIGS has a reduced carrier concentration [54, 103].
However, AAC ratios of more than 10% were used in most of those works. Here, we perform
C-V measurement to see if reduced carrier concentration is also observed when AAC ratio
is around 4-5%. As shown in Fig. 4.13, a 50% reduction in carrier concentration can
be seen in ACIGS absorbers with an AAC of around 5%, as compared to regular CIGS.
The width of the space charge region is also extended as expected from lower carrier

concentration.
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Figure 4.13: Apparent doping profiles from the C-V measurements.
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4.5.3 Raman spectra for the formation of MoSe,

For CIGS solar cells, a Schottky barrier for the holes is expected to form at the CIGS/Mo
interface. However, such barrier is typically not observed in high performance Mo-based
CIGS devices due to the formation of the MoSe, interlayer during the deposition. The
presence of the thin MoSe, layer reshapes the barrier and allows the tunneling of the holes
across the interface, turning Schottky barrier into a quasi-Ohmic contact [104]. However,
using Ag precursor layer method raises the doubt if the presence of metallic Ag in the

early stage of the co-evaporation would hinder the formation of MoSe;.

MoSe; is a layered-material and can be detected by Raman spectroscopy. Fig. 4.14
shows all the possible vibration modes in MoSe, films. Those vibrations can serve as
the “fingerprint” for identifying MoSe;. Therefore, we delaminated CIGS and ACIGS
devices from Mo substrates and performed Raman measurements on each side to unveil

the presence of MoSe; on either delaminated side.
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Figure 4.14: Raman active and inactive vibrations in (Mo,W) and (Se,S) two-dimentional
layers. Reproduced from Tonndorf et al.[105]

After delamination, we performed Raman measurements on both Mo and ACIGS side,
as shown in Fig. 4.15. We found all Raman active peaks on Mo substrate side for both
CIGS and ACIGS while only Al peak of CIGS was observed on delaminated absorbers.
It shows that Ag precursor layer method at least with less than 15nm doesn’t hinder the

formation of MoSe,, explaining why we don’t evidence transport issues from J-V curves.
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Figure 4.15: (a) Raman shifts on Mo substrates after delaminating CIGS and ACIGS
devices. (b) Raman shifts on absorber side after delaminating CIGS and ACIGS devices.

4.6 Thermodynamic and kinetic stability

It has been reported that Ag-alloyed CIGS might suffer from the thermodynamic insta-
bility at room temperature, especially when GGI is high [106], as depicted in Fig. 4.16.
However, phase separation not only depends on thermodynami instability but also kinetic
instability. The decomposition can not occur in practice because of slow transforma-
tion kinetics at room temperatures. This is actually the case for CIGS absorbers. Even
though Ag-free CIGS absorbers with a GGI of 0.3 at 50°C locates within spinodal lines in
Fig. 4.16 (thermaldynamic unstable), in reality the decomposition doesn’t happen due

to limited kinetics.

In previous sections, it has been shown that the presence of Ag promotes the elemen-
tal diffusion and grain growth during deposition, which raises the concern of changing
the decomposition kinetics in ACIGS absorbers. Herein, we monitored the J-V perfor-
mance of ACIGS solar cells for one year to understand the short-term stability uopn room
temperature storage. As shown in Fig. 4.17, there is no obvious degradation in device
performance, possibly because an AAC of 5% barely change the decomposition kinetics.

However, it is still worthy to investigate its long-term stability in the future.
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Figure 4.16: Thermodynamic stability of ACIGS alloy at different temperatures. Repro-
duced from Sopiha et al.[106]
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Figure 4.17: The J-V curves of ACIGS devices processed with 15nm Ag precursor layer:
as fabricated, after 4 months and after 1 year.

4.7 The role of Ag during grain growth

By utilizing the Ag precursor layer method, the film initiates from a group-I rich state,

which is immediately followed by a group-I poor state during the first stage. This transition
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is different from standard three-stage process, which starts directly from group-I poor state.
Despite it is likely to have an impact on the nucleation of grains and possibly also on the
texture of the films, more refined experiments such as real-time X-ray diffraction [37] are

required in order to reveal the evolution of the crystal structure during film growth.

However, based on an internal study conducted by Dr. Shiro Nishiwaki within the
same research group, it appears unlikely that the initial group-I rich state with precursor
layer method is solely responsible for the enhanced device performance. In Table 4.1, a
comparison of the J-V parameters for three samples with similar [I]/[III] ratios of 0.88 -
0.89, fabricated using different approaches - standard CIGS co-evaporation, Cu precursor
layer method, and Ag precursor layer method - is provided. All the samples were provided
by Dr. Shiro Nishiwaki, and the results indicate that there is no significant difference in
device performance between the standard CIGS co-evaporation and Cu precursor layer
method. However, the Ag precursor layer method outperforms the others, suggesting that
the improvement is not due to the initial group-I rich state, but rather from Ag itself.
Moreover, a comparison between Ag-precursor layer (starting from group-I rich) and co-
evaporation methods (starting from group-I poor) in [8] shows no detectable differences,

further supporting this conclusion.

Instead, it is more likely that the effect of Ag is particularly significant during the
transition from the second to the third stage. When the process exceeds the stoichiometric
point, i.e., (Ag + Cu)/(Ga + In)> 1, the grain size of the film is substantially increased.
At this stage, either Ag or Cu should segregate out to the grain boundary. Unlike Cu-Se
binary system that starts to form through the liquid phase of CuySe at 523°C [107] as
shown in Figure 4.18, the Ag-Se system can form a Agy ,Se liquid phase at much lower

temperature of 221°C [108] under the oversupply of Se, as shown in Figure 4.19. The

Table 4.1: A comparison of the best P-V parameters among samples fabricated using
different deposition approaches, all of which were fabricated by Dr. Shiro Nishiwaki. The
data presented here has been authorized for sharing by Dr. Shiro Nishiwaki.

PDT Deposition method Voc(V) | Jsc(mA/cm?) | FF (%) | PCE (%)
standard co-evaporation 0.684 34.36 75.79 17.76
Na PDT Cu 10.3 nm 0.684 34.18 74.16 17.33
Ag 15 nm 0.699 34.33 76.11 18.27
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liquid Agsy.Se phase at grain boundaries might provide mobile channels for atom diffusion,

and Ga can easily diffuse toward the film surface along the grain boundaries, facilitating

the CIGS recrystallization process throughout the film. [55]
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Figure 4.18: Cu-Se phase diagram, reproduced from [107].
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4.8 From rigid to flexible substrates

Adding Ag into the absorbers can result in a different adhesion strength of the absorbers
to the substrates. Also, precursor layer method can change the early stage of the absorber
deposition onto the substrates. In particular, the adhsion issue becomes more pronounced
on flexible substrates. Therefore, we try to fabricate ACIGS solar cells with Ag precursor

layer method on polyimide (PI) substrates as well.

Fig. 4.20(a) shows the SEM cross-sectional images for ACIGS devices on both glass
and PI substrates. There is no noticeable difference in view of the morphology and the
microstructure betweem glass and PI substrates. In Fig. 4.20(b), the J-V curves of the
best cell on glass and PI are also provided. Similar device performance is obtained and

the PCE for both types of substrates are higher than 20%.
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Figure 4.20: (a) SEM cross-sectional images of the ACIGS devices on glass and PI sub-
strates. (b) The J-V curves of the best cell of ACIGS devices on glass and PI substrates.
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4.9 Conclusion

Alloying small amount of Ag (ACC: 4-5%) into CIGS absorbers improves the overall
device performance significantly, which is mainly due to the reduction of the V¢ deficit
and the increase of FF. Compared with the reference CIGS devices, the PCE of the
champion cell for ACIGS devices was improved from 18.9% to 20.4%. From the material
properties point of view, Ag not only increases the grain size but also changes the preferred
orientation of the grains. In addition, enhanced elemental inter-diffusion is also observed
from SIMS depth profilings, which can be linked to the better morphology observed in
ACIGS absorbers. In-plane compressive stress was reduced in ACIGS absorbers, which
can be beneficial for the applications on flexible substrates. Despite the presence of the
metallic Ag layer in the early stage of the CIGS deposition, the formation of the MoSe,
layer at ACIGS/Mo interface is still evidenced, which ensures the quasi-Ohmic contact

between ACIGS and Mo back contact in finished devices.

The short-term device stability of ACIGS devices were monitored, as it has been re-
ported by simulation that Ag might worsen the thermodynamic stability of the devices.
After one year, no evident degradation in device performance was observed, hinting that
ACIGS absorbers with low AAC are kinetically stable upon storage at room temperature.

However, long-term stability of the ACIGS devices is still worthy of further investigating.

We have successfully shown that Ag precursor layer method can be easily implemented
into our current CIGS co-evaporation system without hardware modification and major
process change. Finally, we implemented Ag precursor layer method on PI substrates and

similar device performance was obtained, with a PCE of 20.1% from the champion cell.

4.10 Sample references

Ag amount | no Ag Ag Inm Ag 3nm Ag 5nm Ag 10nm | 15nm
Sample TL3120 TL3121 TL3122 TL3123 TL3124 TL3125

Table 4.2: Internal sample naming for ACIGS solar cells in Chapter 4
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process

This chapter is adapted from the publication:

Yang, S. C., Sastre, J., Krause, M., Sun, X., Hertwig, R., Ochoa, M., Tiwari, A. N.,
and Carron, R. (2021). Silver-Promoted High-Performance (Ag,Cu)(In,Ga)Seys Thin-Film
Solar Cells Grown at Very Low Temperature, Solar RRL, 5(5), 2100108. [109]

My own contribution to this publication consisted in: design of the experiments, deposi-
tion of CIGS thin films, completion of working solar cells, measurement and analysis of:
SIMS, XRF, J-V, EQE, TRPL (in collaboration with Xiaoxiao Sun and Mario Ochoa),
and data interpretation. Residual stress measurmeent was performed by Jordi Sastre. SEM

was performed by Maximilian Krause.

5.1 Introduction

In Chapter 4, ACIGS has shown improved material properties and better device perfor-
mance as compared to CIGS devices. Furthermore, low temperature grown ACIGS solar
cells show comparable device performance with high temperature grown CIGS solar cells
[53], showcasing the possibility of further reduction of ACIGS absorber deposition tem-

perature. However, most studies so far have focused on high deposition temperatures

71
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(>550°C) and the lower bounds for processing temperatures have not been investigated
yet. In this chapter, we take advantage of the aforementioned properties of ACIGS ab-
sorbers to explore the processing temperature limits for high performance ACIGS solar
cells. The changes in the solar cell performances are discussed in relation to changes
in morphology and the opto-electronic properties of the absorbers investigated by SEM,
EQE, Urbach tails and TRPL. The influence of Ag on the elemental kinetics during growth
would also be discussed via SIMS depth profilings.

5.2 Device performance with low-temperature process

We use the Ag precursor layer method developed in Chapter 4 to alloy Ag and modify
the nominal substrate temperature (T,,) of (A)CIGS absorbers in a wide range (from
413°C to 253°C), which is measured by thermocouple, in order to assess the beneficial
effects from Ag. The nominal Ty, of 413 °C corresponds to about 450 °C actual substrate
temperature (about 37°C difference). For T, below 413 °C, we expect a slightly smaller

difference between T'g,, and the actually substrate temperature.

Figure 5.1 summarizes the J-V parameters of ACIGS and CIGS solar cells with ab-
sorbers grown at different T'g,,. The J-V curves for devices fabricated at 413 °C and 303 °C
are shown in Figure 5.3. The missing result from CIGS devices fabricated at 253 °C was
due to the failure of end-point-detection, which will be discussed in Section 5.5. As
shown in Figure 5.1, the efficiency of CIGS solar cells decreases progressively and drops
significantly for T, <353 °C, mainly because of the reduced V¢ and to a lesser extent
due to reduced FF. On the contrary, the efficiency of ACIGS solar cells remains above
18.5% for T, above 303 °C, which is mainly driven by a lesser V¢ degradation as com-
pared to CIGS solar cells. Furthermore, we see no clear downward trend in FF and Jg¢ for
Tsup, down to at least 303°C in ACIGS. A distinct drop in both V¢ and FF is observed
for ACIGS grown at 253 °C, resulting in a evident decrease in efficiency.

To exclude the influence of F, variations between different samples, we further measured
EQE (Figure 5.4) to determine the E, value by linear extrapolation of the plot ((photon
energy x EQE)? vs photon energy and calculated the Vo deficit (Fy/q - Voc), as shown
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Figure 5.1: The J-V parameters of the (A)CIGS solar cells with absorbers grown at varying
nominal Ty, from 413 °C to 253 °C. The CIGS absorber could not be synthesized at 253 °C

20 T T T —T T
—— ACIGS 413 Pl
10 — CIGS 413 PR |
- -- ACIGS 303 R
OF—==-TIG5303 —

Current density [mA cm 2]

—-40 L !

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Bias voltage [V]

Figure 5.2: The J-V curves of the ACIGS (orange) and CIGS (blue) solar cells with
absorbers grown at 413 °C and 303 °C.
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Figure 5.3: The J-V curves of the ACIGS (orange) and CIGS (blue) solar cells with
absorbers grown at 413°C and 303 °C.
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Figure 5.4: External quantum efficiency curves of the (a) ACIGS and (b) CIGS solar cells
with absorbers grown at varying nominal Ty, from 413°C to 253°C.

in Figure 5.5(a). For each T, investigated, ACIGS exhibits a lower V¢ gef as compared
with that of CIGS.

Figure 5.5(b) shows the Urbach energy estimated from the quasi-exponential decay in
the long wavelength edge of the EQE curves. For the CIGS solar cells, the Fy increases
with lower T'g,,. On the contrary, Ey of the ACIGS devices are almost independent from
T And the Ey values of the ACIGS devices are always below or similar to these of

CIGS devices, suggesting a lesser density of structural and electronic defects.
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Figure 5.5: (a) Voc.aer and (b) Urbach energy (Evy) of (A)CIGS solar cells with absorbers

grown at different nominal T'y,.

5.3 Influence of Ty, on elemental distribution

The GGI depth profiles in Figure 5.6(a) show a moderate influence of Ag on the Ga

gradings. Ag also slightly flattens the notch region and modifies the front grading. The

comparatively weaker influence of Ag on the GGI depth profiles may be related to the lower
AAC of 4-5% (as compared to commonly used 20% [56]) and the low Ty, (< 450°C) in

our study. The SIMS measurements reveal that Ag distribution is uniform throughout the

absorbers for all the investigated T, (see Figure 5.6(b), including at the lowest Tgp.
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Figure 5.6: (a) GGI depth profiles for (A)CIGS absorbers grown at 413°C and 303 °C.
(b) Depth profiles of Ag in ACIGS absorbers grown at different nominal Tgy,.
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5.4 Influence of Ty, on microstructure

To understand the reason for the low V¢ qer in ACIGS, the microstructure of the absorbers
was imaged by cross-sectional SEM (Figure 5.7). We observe three main features of the
absorber morphologies. First, ACIGS layers present larger grain sizes than CIGS layers
for the same Ty, as expected. Second, the typical small grain sizes found in the high

GGI back region of

ACIGS 413°C . CIGS 413°C

ACIGS 303°C

Figure 5.7: SEM cross-sectional images for ACIGS and CIGS absorbers grown at nominal
Tsup of 413°C, 303°C and 253°C
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CIGS is not observed in the ACIGS layers grown at 413°C. Ag improves the crystallinity
even in the high Ga region. Last, the ACIGS layer grown at 253 °C exhibits a larger grain
size and a better morphology than the CIGS grown at higher T, of 303°C. Similar

observations were previously reported between 580°C grown ACIGS and 650°C grown
CIGS [53].

5.5 Failure of end-point-detection

The CIGS solar cells and layers deposited at 253 °C are missing throughout this chapter
because of the failure of the 3-stage process. More specifically, the increase in the substrate
heating regulation signal corresponding to the stoichiometric point could not be detected
for CIGS grown at 253°C, as shown in Figure 5.8(b). In contrast, end-point-detection
could still be detected for ACIGS grown at 253°C, as seen in Figure 5.8(a).
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Figure 5.8: Output of the PID controller for the substrate heater during ACIGS and CIGS
growth at different nominal T,,. The temperature is increased at the beginning of the
2nd stage (at about 27 min). The first stoichiometric point occurs at around 45 to 50 min.

We further designed an experiment to understand the failure of end-point-detection for
CIGS deposition at 253°C. Two sets of (A)CIGS absorbers were prepared: The deposi-
tions were interrupted before the expected stoichiometric points and after the stoichiomet-
ric points. The (A)CIGS depositions were interrupted few minutes before and after the

expected stoichiometric points arrived, i.e. the main shutter was closed and the substrates
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were cooled down immediately followed by unloading. Later we performed SIMS depth
profilng analysis on those absorbers in order to understand the kinetics of the elements
during low-temperature growth. Figure 5.9 shows the SIMS profiles for absorbers un-
loaded few minutes before (Figure 5.9b) and after (Figure 5.9c) expected stoichiometric
point. Despite the supply of Cu in second stage at very low temperature, Cu was still
able to diffuse deep inside the absorbers (both before and after stoichiometric point). In
addition, it is worth noting that Ag was accumulated on the surface before stoichiomet-
ric point while distributing evenly after stoichiometric. This interesting observation still
needs to be further investigated and correlated to the growth of ACIGS with precursor
layer method.
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Figure 5.9: (a) Output of the power supply for the substrate heater during ACIGS growth
at 253°C. (b) Elemental distribution of the ACIGS absorbers grown at 253°C with
deposition interruption before detecting stoichiometric point. (c¢) Elemental distribution
of the finished ACIGS absorbers grown at 253 °C.

However, the elemental kinetics of CIGS at low temperature seems very different from
that of ACIGS. Similar experiment was performed with Ag-free CIGS, as shown in Fig-

ure 5.10. We clearly see that Cu strongly accumulated near surface in the second stage
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before stoichiometric point. The inefficient Cu diffusion can result in the incomplete
recrystallisation of the chalcopyrite phase and be responsible for the failure of end-point-
detection. A similar behavior was already reported before [60]. This is because the Cu
diffusion rate decreases: at low temperatures, Cu accumulates on the surface as a Cu-Se
phase early in the deposition and is not available for the formation and recrystallisation of
the chalcopyrite phase. The accumulation of Cu-Se phase on the surface can also explain
the small increase in power output at around 32 minutes for the CIGS layer grown at
253°C. On the contrary, the increase in power output is observed at around 47 minute in

the case of ACIGS grown at 253 °C and the layer underwent recrystallization.
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Figure 5.10: (a) Output of the power supply for the substrate heater during CIGS growth
at 253°C. (b) Elemental distribution of the ACIGS absorbers grown at 253 °C terminated
before detecting (expected) stoichiometric point. (c¢) Elemental distribution of the ACIGS
absorbers grown at 253 °C terminated after (expected) stoichiometric point.

By adding small amount of Ag, the Cu diffusion rate is increased, extending the lower
bound for process temperature of absorber deposition. This lower bound of process tem-
perature relates to the kinetics of Cu diffusion [39]. By increasing Cu diffusion kinetics in

the layers during growth, the presence of Ag has the potential to help fast industrial pro-
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cesses to achieve complete layer recrystallization with minimized Cu excess requirement.

5.6 Voc loss analysis with TRPL measurements

We performed TRPL measurements to get insights on the electronic properties and carrier
dynamics in the (A)CIGS absorbers. Figure 5.11 displays selected TRPL decays from
different absorbers. The decays were fitted with a two-exponential formula (Y = A

exp(—%) + Ay exp(—;t?)). Figure 5.12(a) and (b) show the the sum of the prefactors

AT+ Ao

(A= A, + Ay) for the absorbers and the effective lifetime 7.4 calculated as 7. = y e

As shown in Figure 5.11, no fast initial decay is observed at early times, such that the
sum of prefactors displayed in Figure 5.12(b) can be assumed proportional to the doping
concentration in the absorbers. Above 353 °C, A for ACIGS absorbers is slightly lower than
for CIGS, which is consistent with the reduced carrier concentration in ACIGS reported by
other groups [55, 103]. However, CIGS experiences a significant drop in A below 353°C,
even lower than the values of ACIGS. In contrast, A drops for ACIGS only with Ty,
values below 303°C. We also performed C-V measurements (Figure 5.13) to estimate
the apparent doping concentration, as shown in Figure 5.14. Similar drops in doping

density around 300 °C - 350 °C were observed for both CIGS and ACIGS.

. |
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Figure 5.11: TRPL decays for (A)CIGS layers grown at 413°C and 303°C.
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Figure 5.13: Apparent doping density as a function of depth in (a) ACIGS and (b) CIGS
absorbers

In Figure 5.12(b), it is shown that 7.5 values of ACIGS layers are slightly higher than
those of CIGS for all T, which we attribute to the improved morphology, reduced grain

boundaries, and to the lesser density of structural and electronic defects discussed above.

Following detailed balance principle, the V o¢ of (A)CIGS solar cells can be related to the
external light emitting diode quantum efficiency (EQELgp), as describe by Equation 3.4,
where VOT‘éd is the Ve in the radiative limit and —gln(EQELED) is associated to the
non-radiative voltage losses. Ideally, the TRPL paragleters Ter and A can be connected
to EQEpgp. Hence, it is possible to calculate the relative difference in V¢ losses (AV oc)

for different samples by their ratio of EQEpgp, approached by their ratio of A; 7 + As
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Figure 5.14: Apparent doping estimated from C-V measurements as a function of T'gy,.

72 (Equation 3.5). The ACIGS absorber grown at 253 °C was chosen as the reference
providing a AV ¢ of 0mV. Figure 5.15 compares the calculated AV o with the device
Vocdet- The data closely follow the dashed line with slope of unity representing the

expected behavior.

We conclude that TRPL data is a good predictor of the device Vo gef. At higher T'yup,
the high Ve of ACIGS layers stems from longer 7.4 values. In contrast, low doping
reduces the Ve of (A)CIGS solar cells grown at low T',,. Ag extends the threshold Ty
at which doping starts to drop significantly, widening the Ty, process window for ACIGS
by about 50°C.
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Figure 5.15: Relationship between calculated AV ¢ and the device Ve qer-
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5.7 Residual Stress analysis

The XRD residual stress analysis was performed on the ACIGS and CIGS absorbers
grown at different T,,. The analysis was carried out on the (112) reflection measured
with different ¢ angles, defined as the angle between the scattering vector and the sample’s
normal direction. The residual stress in the films is calculated from the magnitude and
direction of the peak shifts. Figure 5.16 summarizes the residual stress in absorbers
grown at different T'g,,. Both ACIGS and CIGS absorbers have compressive stress rather
than tensile stress with three-stage process, in agreement with what was reported before
for CIGS absorbers [39, 110]. Ag alloying significantly reduces the compressive stress (by
about 50% for most of Ty, sample pairs). Figure 5.17 illustrate how the (112) peak of
ACIGS and CIGS absorbers grown at 413°C, 323 °C and 303 °C shift as a function of the
1 angles. Peaks of both ACIGS and CIGS samples shift to the right with increasing 1
(compressive stress), but the shift is smaller for ACIGS than for CIGS. This makes ACIGS
even more promising for a variety of flexible PV applications, for which adhesion issues
are critical. It is worth mentioning that the residual stress shown in Figure 5.16 could
be slightly underestimated because of the GGI gradings. The X-ray penetration depth is
shallower at larger ¢ angles. Thus, the diffraction angle of the (112) reflection may slightly
shift towards lower values as a result of the increased sensitivity to the front region with
larger lattice constant and smaller GGI. Nevertheless, a qualitative comparison of the
residual stress between CIGS and ACIGS grown at the same Ty, is still valid because
CIGS and ACIGS have quite similar GGI gradings, as shown in Figure 5.6(a), and are

therefore similarly affected.

There are two possible explanations for reduced compressive stress in ACIGS absorbers:
the compressive stress is thought to be introduced due to the lattice expansion (from Cu-
poor to Cu-rich) during increasing Cu concentration in the three-stage process [39]. In the
case of adding Ag with precursor layer method, the presence of Ag before adding Cu can
be responsible for the reduced compressive stress, i.e. less lattice expansion from Cu-poor
to Cu-rich. The other hypothesis is that Ag helps to release the compressive stress due to

enhanced elemental diffusion and grain growth, especially during recrystallization.
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5.8 Conclusion

We successfully fabricated solar cells with (A)CIGS absorbers grown at very low T, from
413°C down to 253°C. ACIGS displayed a number of advantageous characteristics over
CIGS summarized below: ACIGS devices outperformed CIGS ones, and high efficiencies
were maintained over a wider temperature range: efficiencies of 19.6 % and 18.5 % for Ty,
of 353°C and 303 °C. Jsc remains essentially constant, while FF plays a role. The loss of
efficiency at low T, is mostly driven by Ve degradation. ACIGS maintains high V¢
with substantially lower T, than that of CIGS due to improved absorber morphology
and less deterioration seen in low-temperature grown CIGS. The presence of Ag also
reduces the density of structural and electronic defects as evidenced by Urbach energy.
Furthermore, TRPL results detailed the causes for changes in V¢ qer and discriminated
two T'gyp, regimes: for CIGS, with Ty, above 350°C the moderate Voc gef degradation
is driven by non-radiative recombination reflected by 7.g. For Ty, below 350°C, the
strong performance degradation is mainly driven by the decrease in doping density. The
threshold between two regimes is lower by 50 °C in presence of Ag. Last, ACIGS absorbers
present less residual stress than CIGS ones, which is advantageous in view of flexible
applications. Our results suggest several benefits of Ag alloying in industrial production
environment. The widened parameter window for Ty, relaxes manufacturing constraints,

and may contribute to reducing the manufacturing costs.

5.9 Sample references

CIGS

413°C

383°C

353°C

323°C

303°C

Sample

TL3154

TL3162

TL3163

TL3168

TL3171

Table 5.1: Internal sample naming for CIGS solar cells Chapter 5

ACIGS

413°C

383°C

353°C

323°C

303°C

253°C

Sample

TL3155

TL3161

TL3160

TL3169

TL3172

TL3173

Table 5.2: Internal sample naming for ACIGS solar cells Chapter 5







6 Bifacial CIGS solar cells

This chapter is adapted from the publication:

Yang, S. C., Lin, T. Y., Ochoa, M., Lai, H., Kothandaraman, R., Fu, F., Tiwari, A.
N., and Carron, R. (2022). Efficiency boost of bifacial Cu(In,Ga)Ses thin-film solar cells
for flexible and tandem applications with silver-assisted low-temperature process, Nature

Energy, 1-12 [111].

My own contribution to this publication consisted in: design of the experiments, deposi-
tion of CIGS thin films, completion of working solar cells, measurement and analysis of:
SIMS, XRF, J-V, EQFE, TRPL, and data interpretation. Tzu-Ying Lin carried out the
STEM and TEM measurements. Mario Ochoa and Romain Carron performed the optical
and numerical simulations. Huagui Lai fabricated perovskite top cells and assisted with the
bifacial and tandem solar cell measurements. Radha Kothandaraman performed the laser

scribing on PI samples. Fan Fu supervised the work on perovskite solar cells.

6.1 Introduction

In Chapter 4 and Chapter 5, we have shown that silver-alloyed CIGS absorbers have
better material properties as compared to CIGS absorbers. By adding a small amount
of Ag, high-quality absorbers can be obtained with a low-temperature process down to

300°C. Such low-temperature deposition opens the possibility of suppressing the formation

87



88 Chapter 6. Bifacial CIGS solar cells

of GaOy while simultaneously building up strong Ga gradients. In this chapter, we take
advantage of the silver-promoted low-temperature process to completely remove GaOy
formation at the CIGS/ITO interface while keeping high absorber quality, steep Ga back
bandgap gradient and good optical and electrical properties of ITO. Furthermore, we
present different proof-of-concept bifacial devices including flexible bifacial devices and
bifacial perovskite/CIGS tandem devices in four-terminal configuration, paving the way

for future developments of the next generation of bifacial thin-film tandem devices.

6.2 Reduction of CIGS deposition temperature on I'TO

Our approach involves deposition of a 15 nm-thin Ag precursor layer on commercial soda-
lime glass substrates covered with a SiO, alkali diffusion barrier and 200 nm indium tin
oxide (ITO) layer. A modified multi-stage coevaporation process developed in Chapter 3
was used in order to maximize the GGI near the back interface of the 2 pm thick absorber.
The amount of Ag in the absorbers corresponds to about 4-5% AAC ratio. NaF and RbF
post-deposition treatment were applied in-situ. The device structure of bifacial CIGS solar
cells and its SEM cross-sectional image are shown in Fig. 6.1. To investigate the GaO,
interlayer formation at different substrate temperature, CIGS deposition were performed
at four different Ty, from 453°C to 303°C, with corresponding sample names T453, T413,
T353 and T303. The GGI depth profiles obtained from SIMS for those absorbers are shown
in Fig. 6.2. The back grading heights AGGI are defined as the difference between the
maximum GGI at the back and the minimum GGI at the notch (for example: indicated
with the red dashed line in T453). Higher T, enhances elemental inter-diffusion, and
significantly reduces Ga back gradient, especially for T453, with a AGGI of only 0.3. On
the contrary, both T303 and T353 have AGGIs of around 0.55 to 0.6.

The CIGS/ITO interface was carefully investigated by STEM (scanning transmission
electron microscopy) and EDS (energy-dispersive X-ray spectroscopy) to find the presence
of the GaOy interlayer in the different samples. Fig. 6.3 shows EDS mappings of Ga
and O signals for samples T453, T413, and T353. High Ga signal at the interface was



6.2. Reduction of CIGS deposition temperature on ITO 89

(a)

AZO0+ I-Zn0
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Figure 6.1: (a) Device structure of the bifacial CIGS solar cells on ITO coated glass
substrates. (b) SEM cross-sectional image of the device with the absorber fabricated at
353°C
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Figure 6.2: GGI and bandgap depth profiles of absorbers grown at different temperatures.

detected in T453 and T413, but not in T353. EDS line scans of Ga and O across the
interfaces are provided in Fig. 6.4. A 2-5 nm-thick GaO, interlayer is present at the
CIGS/ITO interface of T453, confirmed by the Ga accumulation and the early O signal
increase. For T413, a very thin GaOy interlayer (1-2 nm) is still present. In contrast, no

interlayer could be evidenced in T353, convincingly suggesting the low temperature CIGS
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(b)

Figure 6.3: STEM EDS mapping of Ga and O for (a) T453, (b) T413, and (c) T353.

deposition is effective to reduce/avoid the formation of GaO, interlayer.

Fig. 6.5a and Fig. 6.5b show bright-field (BF) and high-angle annular dark-field
(HAADF) STEM images for samples T453 and T353. High resolution BF images and
the fast Fourier transform (FFT) of the evidenced areas (red square region) near the in-
terface are also provided. In T453, an amorphous interlayer is evidenced with a thickness
of around 2 nm. Instead, high resolution STEM image of T353 reveals a sharp interface
between ITO and CIGS. Crystalline phases with specific orientations are present on the
two sides of the interface. The corresponding FFT around the interface also supports this

observation. Other STEM images for T303 are also provided in Fig. 6.6. Therefore, we
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Figure 6.4: STEM EDS linescans of Ga and O across CIGS/ITO interface for (a) T453,
(b) T413, and (c) T353.

conclude that low T, effectively suppresses the GaO, formation despite very high GGI
(about 0.8, as shown in Fig. 6.2) near the back interface. It enables building up a stronger
effective electric field with pronounced Ga gradients while avoiding formation of undesired
GaOy. In addition, the SiOy barrier layer used in those samples might also play a role in
reducing GaOy since the presence of Na during absorber growth can promote the GaOy

formation [112].
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(a) (b)

(00 (R

Figure 6.5: (a) Bright-field and dark-field STEM images near the CIGS/ITO interface
of T453, and (b) of T353, together with high resolution images of the interface region
including FFT of the evidenced interface area

HAADF-STEM

HAADF-STEM

Figure 6.6: Bright-field and high-angle annular dark-field STEM image near the
CIGS/ITO interface of sample T303.

Due to the absence of GaO, interlayer in T353, we observe not only local expitaxy of
CIGS on ITO back contacts but also "misfit dislocations" on CIGS side to accommodate
the lattice mismatch between ITO and CIGS, as shown in Fig. 6.7. The red marks
in Fig. 6.7c indicated where the misfit dislocations are. During the growth of CIGS
absorbers, dislocations form to reduce the total energy as the strain energy increases with
increased absorber thickness. By considering the mismatch of (211) interplanar spacing

(d-spacing) in ITO layer (about 0.41 nm) and (112) d-spacing in CIGS (about 0.33 nm),
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(a) (b)
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Figure 6.7: (a) Bright-field STEM image near the CIGS/ITO interface of sample T353.
The crystal orientation of both ITO and CIGS layers are labeled. (b) FFT of areas P1,
P2 and P3 showing additional diffraction points disappearing at some distance from the

interface. (¢) Misfit dislocations with alternating distances (5xdj12 and 4xd;;2) evidenced
in the CIGS, near the ITO/CIGS interface.

the observed alternating distances between misfit dislocations (5 and 4 atomic spacings)
near the interface are well explained by Eq. 6.1. One period (9xd;i2) on CIGS side is
equivalent to 7xds;; in ITO. These observation hints at the possibility of epitaxial CIGS
deposition on ITO substrates with GaO, free interface, for example to trigger formation

of CIGS layers with large grains.

dITO (211) X 7=28Mmm ~ 2.97Tnm = dCIGS (112) x 9 (61)

6.3 Device efficiency under front illumination

CIGS solar cells with Mo back contact usually yield higher PCE owing to better material
quality with increased Ty, [109, 113]. However, for our CIGS solar cells on ITO back
contact, we identified an optimal T, for highest PV performance. Fig. 6.8a shows
the the J-V curves under front illumination for samples T303, T353, T413 and T453.
Sample T353 yields the best PCE of 17.7% without noticeable current blocking, while a
mild blocking behavior starts to appear in T453. With higher T'g,,, FF limits the device
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efficiency due to higher apparent series resistance (Rg). We attribute the difference to
the formation of the highly resistive GaO, interlayer. Owing to their band alignment,
the p-CIGS/n"-ITO interface is supposed to form a Schottky, reverse diode contact. In
absence of GaO, interlayer like in T353, it was postulated that easy charge transport
can occur through the Schottky barrier by trap-assisted tunneling of holes mediated by
Na-induced defects near the interface, as illustrated in Fig. 6.9 [74, 76, 114]. In turn,
GaO, is assumed to be a highly resistive n* material with a large valence band edge
offset to CIGS. Therefore the existence of a GaO, interlayer should considerably increase
the height of the hole barrier and hinder the charge transport. This explains why the
presence of GaO, at interface can play a crucial role in FF and device performance under
front illumination. However, it is worth noting that good FF might still be achieved [77]
by changing the properties of GaO, or different supply of Na. Also, the coverage and
thickness uniformity of GaO, can also play a role. While the above mentioned factors
strongly depends on different group’s equipment, process and so on and are more difficult
to control and reproduce in different research groups, we believe our strategy of complete

removal of GaOy is more robust.
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Figure 6.8: (a) J-V curves for bifacial CIGS solar cells grown at different T, under one
sun front illumination. (b) Corresponding EQE curves.

On the other hand, reduced T, of T303 degrades the absorber quality and increases
Voc deficit, despite a slightly higher FF, as shown in Table 6.1. We further performed
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EQE measurements as shown in Fig. 6.8b. The samples show quite similar response,
except for slightly reduced EQE response at long wavelengths for sample T303. This
decrease is tentatively attributed to the degraded absorber quality and worse collection
of charge carriers. Due to the trade-off between absorber quality for high V¢ and the
formation of GaOy limiting FF, sample T353 yields the best PCE under front illumination.

Solar Cells \(I\c;;: (mAJIS((::mZ) (I:/OF) F(’:/i I)E Voc (c:;-:)ficit
T303 0.679 35.8 71.5 17.4 0.459
T353 0.678 37.0 70.0 17.7 0.442
T413 0.707 35.2 69.4 17.3 0.425
T453 0.698 35.2 65.4 16.1 0.431

Table 6.1: J-V parameters of the best cell in T303, T353, T413 and T453 under front
illumination.

Solar Cells T303 T363 T413 T453
Before CIGS deposition 10 Q/sq
After CIGS deposition 91Q/sq 87Q/sq 890Q/sq 9.00Q/sq

Table 6.2: Sheet resistance of ITO before and after CIGS depositions.

To bridge the PCE gap with Mo-based devices, we further optimized the amount of RbF
PDT and CGI composition ratio. It is well-known that such optimizations are important
for Voc and device performance [85] improvement. Fig. 6.10 shows samples with higher
CGI and optimized RbF with the lowest V¢ deficit achieved (about 410 mV). Finally,
we improved the cell electrical connection to compensate for the high sheet resistance of
the 200 nm-thick ITO (about 10 ohms per square) by applying a conductive paste directly
around the cell area. The best cell yields 19.7% under front illumination, very similar to
baseline process for cells using Mo contact. Hence, we demonstrate solar cells with ITO

back contact with almost no additional loss as compared to their Mo counterpart.
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Figure 6.9: The illustration of the possible band diagram for CIGS/ITO interface in (a)
T453 with GaOy interlayer formation and (b)T353 without GaOy interlayer formation.
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Figure 6.10: J-V curves of bifacial cells grown at 353°C under one sun front illumination,
after optimization of deposition and cell processing

To visualize the importance of Rs, we plot in Fig. 6.11 the PCE versus FF of individual
cells of different samples, with the size of bubbles representing Rs values. The Rs values
increases consistently with deposition temperature. It is clear that PCE is mainly driven
by FF, and that Rs is the key limiting factor to high FF. To exclude that higher Rs
might originate from degradation of ITO during CIGS deposition, we measured the sheet
resistance (Rgheer) of ITO before and after CIGS deposition, by mechanically removing of
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all layers above ITO in finished devices (see Fig. 6.2). Rgpeet of ITO is almost unchanged
upon absorber deposition for all investigated T, although its optical properties are

degraded as described below.
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Figure 6.11: R bubble chart with respect to PCE and FF. All the samples fabricated in
this study are included.

6.4 Device efficiency under rear illumination

Fig. 6.12a shows the J-V curves of bifacial CIGS solar cells under 1-sun rear illumination.
Same as front illumination, sample T353 yields the highest PCE, mainly due to higher
Jsc. The other PV parameters are in reasonable agreement with measurements from the
front side (see Table 6.3). EQE measurements under rear illumination are provided in
Fig. 6.12b. The low EQE response at short wavelengths is mainly due to back interface
recombination and short photon penetration depth [115]. Below we investigate the EQE
response at long wavelengths to distinguish different loss mechanisms. We measured the
cell back reflectance Ryae (Fig. 6.13, little differences), and the absorptance of ITO/SLG
Arro after mechanical removal of absorber and front window layers (Fig. 6.14a). Then,
we calculated the internal quantum efficiency (IQE) as EQE/[(1-Rpack)(1-Arro)] shown in
Fig. 6.14b. Despite similar and unchanged ITO Rgpeet values after CIGS deposition, the

ITO optical parasitic absorption increases with higher T's,,. The root-cause is not clear
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yet, however it can be speculated that the amount of oxygen vacancies in ITO may change

during the high temperature CIGS deposition [116, 117] in Se ambient.
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Figure 6.12: (a) J-V curves for bifacial CIGS solar cells grown at different T, under one
sun rear illumination. (b) Corresponding EQE curves.

Soarcats Voo ke FE PCE Vocdefil
T303 0.632 16.4 72.4 7.4 0.506
T353 0.653 19.9 71.8 9.3 0.467
T413 0.671 17.6 65 7.7 0.461
T453 0.666 16.4 70.6 7.7 0.463

Table 6.3: J-V parameters of the best cell in T303, T353, T413 and T453 under rear
illumination.

In long wavelength range (> 950 nm), IQEs are similar except for sample T303, as shown
in Fig. 6.14b. The lower IQE of T303 is explained by inferior absorber quality and is
in line with the degraded long-wavelength EQE under front illumination (Fig. 6.8b).
Below 950 nm, one observes a maximum in the IQE curves, followed by decreased values
at shorter wavelengths. The IQE peak wavelength depends on Tg,,. Through optical
transfer-matrix TMM simulations, we show that this behavior arises from recombination

at the CIGS/ITO interface and depends on the absorber GGI gradient.
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Figure 6.14: (a) Absorptance of the ITO/SLG layers before and after CIGS deposition at
different Ty, after removal of CIGS and top layers. (b) IQE curves under rear illumina-
tion, accounting for cell reflectance and absorptance of the ITO back contact.

Fig. 6.15a and Fig. 6.15b show the absorber gradients of samples T353 and T453,
discretized into 20 nm-thick sublayers and colorized (in blue) with the expected optical
absorption of a 850 nm illumination from the back, using composition-dependent refractive
indices [25]. The illumination direction and its photogenerated electrons/holes in the ab-
sorbers are also depicted with the wavy arrows and the yellow/red round symbols. At that
specific wavelength, the GGI profile has a strong impact on the initial distribution of pho-
togenerated carriers. For sample T353, photons with wavelength > 850nm are absorbed

relatively deep in the absorber due to the locally high GGI and bandgap, and subsequently
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Figure 6.15: Optical TMM simulations of the progressive absorption of an incident rear
illumination with a wavelength of 850 nm, as a function of absorber depth. The composi-
tional gradients correspond to samples T353 and T453

mostly avoid carriers recombination at/near the interface (depicted with vertical black ar-
rows). In contrast, high T, reduces the bandgap near the back interface, resulting in
significantly higher absorption near the back interface and more loss of photogenerated

carriers for 850nm excitation.

We further calculate the IQEs in Fig. 6.16 from the optical simulations, defined as the
numerically integrated optical absorption in all CIGS sublayers (i.e. assuming collection
probability is unity). We introduce a ’dead zone’ (illustrated as orange mesh regions in
Fig. 6.15a and Fig. 6.15b) within a certain depth from the back interface, in which pho-
togenerated carriers are considered lost due to fast recombination (collection probability
zero) [118]. This very simple model reproduces well the wavelength of the experimental
IQE maximum, which is limited on the one side by incomplete absorption, and on the
other side by carrier recombination at the back interface. The wavelength of the IQE

maximum is primarily determined by the absorber bandgap at the back interface.

Further, we considered two different depths of the dead zone (150 nm and 80 nm).
The simulations shown in Fig. 6.16 also reproduce qualitatively well the shape of the
experimental IQE below 800 nm photon wavelength (Fig. 6.14). The width of the dead
zone can be correlated to the steepness of GGI back gradients. Steeper GGI gradients
correspond to stronger effective electric field assisting electrons transport towards the front

interface, therefore a narrower dead zone. With a narrower dead zone (steeper gradient),
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Figure 6.16: Optical TMM simulations of IQE using the experimental gradients of the
four CIGS samples, with a dead zone of different width near the rear interface. Carriers
photogenerated in this dead zone are considered lost.

the IQE response at short wavelength range is improved thanks to better carrier collection.
The collection at shorter wavelength in sample T353 is the best owing to the most favorable
GGI gradients. For sample T303, we expect inferior bulk absorber quality that degrades
charge transport to the front interface despite a favorable GGI back gradient. Similarly
as concluded from front illumination measurements, the absorber of T353 strikes a good

balance between pronounced GGI back gradient and material quality.

Fig. 6.17 shows TRPL decays of T353 and T453 in low injection under front the rear
illumination with a 635 nm pulsed laser. Measurements were performed after removal of
the front TCO layer to prevent the extraction of the charge carriers from the absorbers.
In both configurations, T453 shows longer lifetime, in line with its smaller V¢ deficit
and better bulk quality due to high T,,. Under front excitation, T353 and T453 show
similar intensities immediately after laser pulse, evidencing similar Anxpy product in the
potential minimum (i.e. notch). Under rear excitation, T353 shows higher initial intensity
than T453. It can be explained by higher An by a factor about 2 in the notch due to less
absorption in ITO and suppressed recombination at the back interface in T353, in good

agreement with EQE at the 635 nm wavelength.
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Figure 6.17: TRPL decays for T353 and T453 under front and rear excitation

6.5 Strategies to improve the short-circuit current

The main bottleneck limiting the PCE under rear illumination is the low Jgc. Therefore,
we investigate and quantify the different current loss mechanisms and discuss strategies
to improve Jgo. As shown in Fig. 6.18a and Fig. 6.18b, the highest loss arises from
parasitic absorption in the ITO back contact. Less degradation in optical transparency of
ITO after CIGS growth in T353 accounts for a maximum current gain of 3.5 mA/cm? as
compared to T453 (assuming unity collection and no parasitic absorption). Further efforts
are needed to tune the I'TO deposition process to minimize degradation of optical trans-
parency during CIGS deposition. Replacing ITO with I0:H or IZO could help reducing
the optical absorption while maintaining similar Rgpeer [119]. The advantages of silver pro-
moted low-temperature process should be transferable to other TCOs. The second highest
loss of Jgc¢ stems from uncollected (recombined) carriers. Mitigating the recombination at
the back could be done by a steeper back gradient or by inserting a rear passivation layer
[78] which has to be developed. Compared with T453, a current gain of 4.4 mA /cm? was
obtained with more pronounced back gradient in T353. Last but not least, Js¢ loss from

the back reflection can be reduced by optical management strategies. An anti-reflection
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layer on the backside of glass, and interlayers such as a thin Al,O3 between ITO and glass

may provide further Jg¢ increases.
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Figure 6.18: (a) Optical and Jgc loss analysis for sample T353 under rear illumination. (b)
Analysis for sample T453. The loss mechanisms considered are reflection at the back, I'TO
absorption, uncollected carriers and incomplete optical absorption in CIGS. The Jg¢ losses
are calculated in the wavelength range from 365 nm to 1150 nm. The 900 nm wavelength
was chosen as the boundary for Jgc loss calculation between uncollected carriers and
incomplete absorption.

6.6 Champion bifacial device with a significant PCE boost

A bifacial CIGS solar cell was obtained with efficiencies of 19.77% and 10.89% under
front and rear one sun illumination, as independently certified by Fraunhofer ISE (see
Fig. 6.19a). To the best of our knowledge, both values are the highest efficiencies reported
for bifacial CIGS devices. For higher PCE under rear illumination, usual strategies used
up to now relied on absorber thinning (< 1000 nm) to bring the space-charge region closer
to the front interface, which in turn sacrifices the PCE under front illumination (see
Fig. 6.20). Our results demonstrate an alternative design leading to high performance
under both front and back illumination. Under 30% albedo (average albedo considering

different ground surfaces), a power generation density of 23.0 mW /cm? BiFis is foreseen.
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Figure 6.19: Champion cells and comparison with state-of-the-art. (a) The certification
results from Fraunhofer ISE for a bifacial CIGS device on glass. The simplified device
architecture on glass substrate is also provided. *Both Jgc and PCE under rear illumi-
nation are underestimated as an illumination mask area of 0.6247 cm? was used during
certification while the actual cell area is 0.5629 cm?. For in-house measurement, a PCE
of 12% was reached. (b) J-V curves of a bifacial CIGS device on polyimide under front
and rear illumination. The simplified device architecture on polyimide substrate is also
provided.
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6.7 Potential for different bifacial device architectures

Upon the demonstration of high efficiency CIGS bifacial solar cells on a glass substrate,
we explore two different device architectures as proof of concepts, namely bifacial CIGS

solar cells on flexible substrates and 4-terminal perovskite/CIGS tandem solar cells.

To the best of our knowledge, all reported flexible bifacial CIGS devices rely on a lift-
off process [120, 121, 122, 123, 124], which is not considered attractive from an industry
perspective, especially for large area and roll-to-roll manufacturing process. Instead, we
directly deposited CIGS onto ITO-coated flexible substrates (polyimide). The polyimide
foils we used have a yellow-brown appearance with a reasonable near-infrared transparency.
J-V curves of the best cell are shown in Fig. 6.19b, with PCEs of 15.36% and 6.61%
under front and rear illumination, respectively. It is worth mentioning that V oc under
front illumination is close to that on SLG substrate, evidencing comparable absorber
quality. However, we experienced the shunting issue related to experimental difficulties in
cell definition on the polyimide substrate at the early stage of development due to poor
adhesion of ITO on PI substrates. We expect this issue to have strong impact on V¢
under rear illumination. As compared to SLG substrate, Jsc under rear illumination is
further degraded by the optical absorption in the polyimide substrate. Besides thinner
polyimide foils, more transparent flexible substrates such as colorless polyimide (CPI) may

be suitable candidates to improve Jgc.

In Fig. 6.21, we compare our best results on glass and PI with the-state-of-the-art
bifacial solar cells of different PV technologies [63, 73, 74, 115, 120, 121, 122, 123, 124,
125, 126, 127, 128, 129, 130, 131, 132, 133, 134, 135, 136, 137, 138]. In the past, only
silicon, perovskite and GaAs could reach simultaneously high bifaciality and high PCE.
For high bifaciality, CIGS and CdTe always needed to trade off PCE. With the help of Ag
and an optimal T, we obtained significant boosts in PCEs for bifacial CIGS solar cells
on both glass and PI substrates. Such efficiency boost may open pathways towards the

implementation of CIGS bifacial solar cells for unexplored applications up to now.

Recently, bifacial tandem solar cells have drawn a lot of attention due to the best use of
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Figure 6.21: Champion cells and comparison with state-of-the-art. Comparison between
this work and state-of-the-art bifacial solar cells. The dash lines are corresponding to 25%
bifacial efficiency calculated by: front PCE + rear PCExalbedo. The albedo values for
different ground conditions are shown in the corresponding figures.

the sunlight and better overall performance [139, 140, 141]. Especially, all-thin-film bifacial
tandem solar cells have many advantages like lighter weight and the potential for roll-to-
roll process. Despite thin film CIGS is one of the most promising bottom cells with good
long-term stability, low bifacial PCE hindered its development. With a bifacial PCE boost
presented in this study, we further demonstrate high performance four terminal bifacial
perovskite/CIGS tandem solar cells. The J-V curves, EQE curves, and P-V parameters
are shown in Fig. 6.22 and Table 6.4. Due to different areas of our perovskite and CIGS
cells, the CIGS bottom cells were measured with an optical filter prepared simultaneously
with the perovskite top cells, with the same layer sequences and thicknesses. Overall, a
power generation density of 28.0 mW /cm? BiFisg is obtained, with a power density gain

of about 8.9 mW /cm? as compared to the performance of the stand-alone CIGS cell the
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stand-alone CIGS cell.
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Figure 6.22: Bifacial perovskite/CIGS tandem in four terminal configuration. (a) J-V
curves and the corresponding power conversion efficiencies (b) EQE curves and the corre-
sponding EQE Jgsc of a perovskite/CIGS bifacial 4-T tandem solar cells as well as of its
individual subcells. (c¢) J-V curves and the corresponding power conversion efficiencies of
the CIGS cell as the bottom cell under 0%, 20% and 30% rear albedo illumination.

A further application of bifacial CIGS cells is all-thin-film 2-terminal bifacial per-
ovskite/CIGS tandem solar devices. With monofacial tandem devices, perovskite with
wide-bandgap (> 1.65 eV) are favored to satisfy the current matching condition. How-
ever, such layers typically suffer from halide segregation [142, 143], making its long-term
stability more challenging. With a bifacial tandem structure, the additional rear illumina-

tion can boost the Jgc in the bottom cell and satisfy the current matching condition with
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Voc Jsc FF - Power density relative to

Solar Cells V) mAemy () (h  Tortinedestimdance (e
Perovskite top cell 1268 1533 ira 151

CIGS (stand alone) 0.693 36.99 74.4 19.1

CIGS bottom cell 0.674 18.90 75.7 9.6

CIGS rear illumination {1 sun) 0.679 2340 76.1 121

CIGS bottom cell with 20% albedo (BiFizg,) 0.680 2328 75.3 11.9

CIGS bottom cell with 30% albedo (BiFisg,) 0.678 25.51 745 12.9

Perovskite/CIGS 4-terminal bifacial tandems (BiFizgg) 27.0 79
Perovskite/CIGS 4-terminal bifacial tandems (BiFisg,) 280 89

Table 6.4: J-V parameters of the bifacial tandem solar cells

a perovskite top cell with reduced bandgap. Anticipated high performance and potentially
improved stability of bifacial monolithic perovskite/CIGS tandem solar cells could feature

a prominent place in future photovoltaics markets.

6.8 Conclusion

We have demonstrated a record bifacial CIGS solar cell with efficiencies of 19.77% and
10.89% under the front and rear illumination. A power generation density of 23.0 mW /cm?

BiFizq is foreseen, which is comparable to the CIGS record for mono-facial configuration.

By adding a small amount of Ag (4-5% AAC), absorbers with high quality were obtained
with a low-temperature deposition process. The low-temperature process induces a range
of benefits to device performance. First, it prevents the formation of detrimental GaO,
at the CIGS/ITO interface, which solves the issues with FF and R;. Second, it enables
the use of pm-thick absorbers with pronounced Ga back gradients. Large gradients help
suppress carrier recombination near/at the back interface, thus increasing V o under both
front and back illumination, and also increase the penetration depth of light under rear
illumination, mitigating carrier loss and boosting Jgc. Further, low-temperature CIGS
deposition processes mitigate the degradation of optical parasitic absorption in the ITO
back contact. Overall, the developed process significantly improves the device PCE and

Jsc under rear illumination, with little to no compromise on device performance under
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front illumination. However, under rear illumination, Jsc remains the bottleneck to higher
performance, limited by parasitic absorption losses in the transparent back contacts and

carrier recombination at back interface due to non-passivated back contacts.

Finally, we demonstrated a bifacial perovskite/CIGS tandem device in 4-terminal config-
uration, achieving power generation densities of 27.0 mW /cm? BiFiyo and 28.0 mW /cm?
BiFigqg, respectively. The potential for high performance and improving stability in 2-
terminal bifacial perovskite/CIGS tandem devices is also discussed. Last but not least, we
directly fabricate a bifacial CIGS device on the flexible substrate without a lift-off process.
This demonstration is the first step toward technology transfer to roll-to-roll industrial pro-
cessing. Further improvement in device performance and upscaling development are the

next steps for bringing this technology to the commercial market.

6.9 Sample references

CIGS T303 T353 T413 T453 Certified | PI
Sample | TL3205 | TL3206 | TL3223 | TL3224 | TL3230 | TL3235

Table 6.5: Internal sample naming for ACIGS solar cells in Chapter 6

Sample

303°C | TL3205

45300 | TL3206, TL3220, TL3221, TL3225
TL3226, TL3228, TL3229, TL3230

413°C | TL3209, TL3223

453°C | TL3210, TL3224

Table 6.6: Samples used in Figure 6.11






7 Conclusion remarks and outlook

In this thesis different key components for high performance bifacial CIGS solar cells were
developed and investigated. Based on the data presented in this thesis, the key findings

in view of the aims stated in Section 1.5 are summarized as follows.

e Modified Ga and In evaporation rates in the first stage of co-evaporation pro-
cess and the early stage In-free process successfully introduce steeper and higher
[Gal/([Ga]+[In]) (GGI) back gradings in CIGS absorbers. Both SEM cross-sectional
images and Urbach tails show no noticeable degradation in the morphology and
material quality of the absorbers. For AGGI between 0.2 and 0.5, TRPL carrier
lifetime and V¢ deficit of the devices present a high dependency on AGGI. The
results show that a AGGI value of at least 0.5 is required to effectively suppress the
back interface recombination, highlighting the importance of the grading control in

high-performance CIGS solar cells.

e The Ag precursor layer method can be implemented into our current CIGS co-
evaporation system without modification to CIGS deposition equipment nor major
process change. By adding a small amount of Ag (about 4% - 5% in AAC), larger
grain size and enhanced elemental inter-diffusion are observed. Compared with the
reference CIGS devices, the efficiency of the champion cell of ACIGS devices on glass
substrates was improved from 18.9% to 20.4%, mainly driven by reduced V o¢ deficit

and increased FF. Furthermore, the transferability of the Ag precursor layer method
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to PI substrates is also demonstrated. A CIGS solar cell with PCE of 20.1% was

obtained on PI substrate.

With the help of Ag alloying, the CIGS deposition temperature can be significantly
reduced while still maintaining high material quality. The process temperature win-
dow of absorber deposition for high performance CIGS solar cells is widened by
around 50°C. Only 0.5% and 1.6% reduction in absolute efficiencies are observed
by reducing T's,, by 60°C and 110 °C, respectively. High efficiencies for such low-
temperature fabricated CIGS is driven by less V¢ degradation. As compared to
Ag-free CIGS, the lower V¢ degradation is attributed to better morphology and
large grain size even for low Ty,,. From the electronics prospective, less doping

reduction for low T, is the main reason for less V¢ degradation.

Normally the Cu diffusion rate is a bottleneck for low-temperature CIGS deposi-
tion process. The accumulation of Cu on the surface hinders the use of end-point
detection and the recrystallization. With the presence of Ag, Cu diffusion is in-
creased, extending the lower bound of process temperature of absorber deposition.
Ag increases the Cu diffusion kinetics in the layers during growth, showing the po-
tential for fast industrial processes to achieve complete layer recrystallization with

minimized Cu excess requirement.

For bifacial CIGS devices, the GaO, formation at the CIGS/ITO interface is the
main limiting factor for the performance under front illumination. Thanks to silver-
promoted low-temperature process, the formation of the GaO, interlayer can be
suppressed while maintaining good absorber quality. No GaO, was observed in both
STEM images and EDX depth profilings with Ty, below 353 °C. Without the GaO,
formation at CIGS/ITO interface, increased FF from reduced Ry results in higher

PCE under front illumination.

Under rear illumination, the low Jgc due to short diffusion length and high back
interface recombination is the main limiting factor for the performance of bifacial

CIGS solar cells. Ag promoted low-temperature process enables even higher and
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steeper Ga back gradings, which not only suppresses carrier recombination near/at
the back interface with stronger effective electrical field, but also increasees the
penetration depth of the light, therfore, mitigating the loss of the photogenerated
charge carriers. Moreover, low-temperature processes mitigate the degradation of
optical parasitic absorption in the I'TO back contact. In total, a gain of close to
8 mA /cm? in Jgc with Ty, of 353 was obtained as compared to high temperature

process (453°C).

With small amount of Ag (about 4% - 5% in AAC), an optimal Ty, of around 350 °C

strikes a good balance between:

o ITO/CIGS interface properties
o absorber quality
o suitable Ga gradient

o better optical/electrical properties in ITO back contact

A record bifacial device was obtained with efficiencies of 19.77% and 10.89% under
front and rear one sun illumination, as independently certified by Fraunhofer ISE.
A bifaciality of 55% is achieved. Under 30% albedo, a power generation density of

23.0 mW /cm? BiFiggg is foreseen.

Direct fabrication of bifacial CIGS solar cells on flexible substrates is demonstrated
for the first time. To further increase Jg¢ under rear illumination limited by absorp-
tion in the substartes, more transparent flexible substrates like CPIs are possible
candidates. However, some engineering issues from laser scribing still need to be

solved.

The first bifacial perovskite/CIGS tandem solar cell in a 4-terminal configuration is
presented, achieving a power generation density of 28.0 mW /cm? BiFiz, with a gain

of 8.9 mW /cm? as compared to the performance of the stand-alone CIGS cell.
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Outlook

Fast industrial deposition process

Ag-alloying successfully widened the deposition process window of CIGS absorbers by in-
creasing Cu diffusion at low temperature. The increased Cu diffusion in presence of Ag sug-
gested that the deposition rates of Cu in the second stage of the three-stage co-evaporation
process may be increased. It shows the potential of both increasing the throughput and re-
ducing the thermal budget in industrial deposition process. In addition, the requirements
on the Cu excess at the end of the second stage may be relaxed while ensuring complete

layer recrystallization in fast industrial deposition processes.

Improvement of the bifaciality

Despite improved Jgc of bifacial CIGS solar cells under rear illumination was presented in
this thesis, the Jg¢ loss due to high back interface recombination is still substantial, which
remains the main reason for low bifaciality (= 55%) as compared to other technology like
silicon (> 90%). To reduce the back interface recombination rate, there are two main
strategies: one is to reduce the carrier concentration near the back interface; the other is
to directly reduce the recombination velocity at the interface, such as interface engineering
via passivation or material engineering with selective contacts. While the former is the
strategy chosen in this thesis, the latter is normally considered more effective. There are
already some studies dedicated to the interface engineering, however, lack of works focusing
on material engineering. One of the possible material engineering strategies is to ultilize
the hole selective contacts to reduce the back interface recombination. It is worthy to note
that commonly used hole selective layers in other technologies are oxide-based materials
like MoO,, VO, WO, and NiO,. If those oxides were also used as hole selective layers in
bifacial CIGS solar cells, the silver-promoted low-temperature process developed in this
thesis may still play an important role to suppress the GaOy formation at the CIGS/hole

selective layer interface.
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Other device architectures

Apart from 4-T bifacial tandem and flexible bifacial CIGS devices presented in this thesis,
other promising device architectures which were limited by the formation of GaOy in-
terlayer are now worthy of revisiting, for example, semi-transparent CIGS and reflective-
back-contact devices. A further application of bifacial CIGS cells is 2-terminal bifacial
perovskite/CIGS tandem solar devices. With a bifacial tandem structure, the additional
albedo from the rear side can increase the Jgc in the bottom cell and satisfy the current
matching condition with a perovskite top cell with reduced bandgap, therefore, less halide
segregation issue. Anticipated high performance and potentially improved stability of bi-
facial monolithic perovskite/CIGS tandem solar cells could feature a prominent place in

future photovoltaics markets.
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