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Abstract

Recent advancements in Cu(In,Ga)Se, based solar cells with alkaline fluoride treatment
have suggested the role of the recombination at the absorber/buffer interface as a limiting
factor of open-circuit voltage (Voc) in high-efficiency CIGSe solar cells [1, 2]. Therefore,
this work focuses on the interface engineering at the CIGSe/ buffer of 2 m standard ab-
sorbers. Furthermore, as the influence of recombination at the back interface becomes
noticeable with thin absorbers, the back interface Mo/CIGSe of thinner absorbers is also
optimised. Both use the concept of point junctions through a passivation layer (PaL). A
low-cost versatile technique for point contact fabrication is developed by using a nano-
lithographic technique employing a sacrificial template of low temperature synthesised,
mono-dispersed, self-assembled and size-tunable CdS nanoparticels (NP’s), and a PaL of
aluminium oxide (Al>,O3), thereby achieving 60 nm point contact radius and a maximum of
89% PaL coverage on CIGSe. The impact of point contacts at the CIGSe/buffer interface
on solar cell performance is theoretically analysed using three-dimensional simulations on
the point contact radius, coverage area, defect density and interface quality. An efficient
PalL should create positive surface charge, which induces band bending at the CIGSe/PalL
and influences the contact junction properties; its beneficial effect on Vo and efficiency
reaches a maximum when the coverage area of PaL is more than 95% and the interface
charge density is greater than 102 cm2.

The point contact technology is experimentally validated by incorporating it into tangible
CIGSe devices, featuring CdS and Zn(O,S) buffer layers. A positive impact of +10.4% is
seen on the V. of the point contact devices with sputtered Zn(O,S) compared to the un-
passivated reference cells. However the power conversion efficiency (PCE) didn’t follow the
same trend, which might be due to an upward bandbending created by Al,O3 at the inter-
face, impeding the current flow. Nonetheless, at the Mo/CIGSe interface of thinner CIGSe
absorbers, the technology led to a significant reduction in the surface recombination ve-
locity, due to the back surface field from the Al,O3 layer. Consequently, all cell parameters
of point contact devices showed a relative improvement to the unpassivated reference de-
vices: open-circuit voltage (Voc : +21%), short-circuit current (Js¢: +2.6%), fill-factor (FF:
+4.9%), and efficiency ( : +31%).






Zusammenfassung

Jungste Fortschritte bei Cu(In,Ga)Se,-basierten Solarzellen durch eine Alkalimetallfluorid-
Behandlung haben dazu geflhrt, dass die Ladungstragerrekombination an der
Absorber/Puffer-Grenzflache als limitierender Faktor fur die Leerlaufspannung (Voc) in
hocheffizienten CIGSe-Solarzellen diskutiert wird [1,2]. Daher konzentriert sich diese Ar-
beit auf die Optimierung der Grenzflache CIGSe/Puffer von Solarzellen mit2 m Standard-
absorbern. AuBBerdem wird auch der Rickkontakt Mo/CIGSe von Solarzellen mit diinneren
Absorbern optimiert. In beiden Féllen wird das Konzept der Punktkontakie durch eine
Passivierungsschicht (PaL) verwendet. Eine vielseitige, kostenglinstige nanolithografische
Technik zur Herstellung von Punktkontakten wird unter Verwendung einer Opferschicht re-
alisiert, die als Schablone eingesetzt wird. Diese besteht aus bei niedrigen Temperaturen
synthetisierten, monodispersen und gréBenabstimmbaren CdS-Nanopartikeln (NP’s) und
einem PalL aus Aluminiumoxid (AloO3). Damit I&sst sich ein Punktkontakiradius von 60
nm und eine Oberflachenbedeckung von maximal 89% PaL auf CIGSe erreichen. Der
Einfluss von Punktkontakten an der CIGSe/Puffer-Grenzflache auf die Leistung der So-
larzelle wird mittels dreidimensionaler Simulationen unter Berlicksichtigung des Punktkon-
taktradius, der Oberflachenbedeckung, der Defektdichte und der Qualitat der Grenzflache
analysiert. Eine effiziente PalL sollte eine positive Oberflachenladung erzeugen, die am
CIGSe/PalL eine Bandverbiegung induziert und damit die Eigenschaften der Grenzflache
beeinflusst; ihre positive Wirkung auf Voc und den Wirkungsgrad erreicht ein Maximum,
wenn die Oberflachenbedeckung der PaL mehr als 95% betréagt und die Grenzflachen-
ladungsdichte gréBer als 102 cm™ ist.

Die Punktkontakttechnologie wird mithilfe von CIGSe-Solarzellen mit CdS- und Zn(0O,S)-
Pufferschichten experimentell validiert. Eine Steigerung der Voc um 10,4% gegenlber den
unpassivierten Referenzzellen wird mit der Punktkontakisolarzelle erzielt. Allerdings wird
keine Erh6hung des gesamten Wirkungsgrads erreicht, was auf eine von Al.O3 erzeugte,
nach oben gerichtete Bandverbiegung an der Grenzflaiche hindeuten kdnnte, die den
Stromfluss behindert. Am Mo/CIGSe-Ruckkontakt von dinneren ClIGSe-Absorbern flhrt
die Einfihrung der Punktkontakte jedoch zu einer signifikanten Senkung der Oberflachen-
rekombinationsgeschwindigkeit, bedingt durch das durch Ladungen in der Al,O3-Schicht
induzierte elekirische Feld. Folglich zeigten alle Zellparameter von Punktkontaktsolarzellen
eine relative Verbesserung gegeniber den unpassivierten Referenzzellen: Leerlaufspan-
nung (Voc : + 21%), Kurzschlussstrom (Jsc: + 2,6%), Fillfaktor (FF: + 4,9%) und Wirkungs-
grad (FF+ 31%).

Vii






Symbols and Abbreviations

Absorption coefficient
Wavelength

Ideality factor
Concentration

Activation energy
Conduction band minimum
Valence band minimum
Defect position

Fermi energy

Kinetic energy

Band gap

Interface band gap
Conduction band offset
Valence band offset
Photocurrent density
Saturation current density
Total current density
Boltzmann’s constant
Electron/hole density
intrinsic carrier density
Available electron density
Available hole density
Acceptor state density
Donor state density

DOS in conduction band
DOS in valence band
Defect density

Planck’s constant

Work function

Hole barrier height
electron charge
Recombination rate
Series resistance

Parallel resistance
Surface recombination velocity

CBD
CBM
CBO

CIGSe

DOS
EQE
FEM

ILGAR

IQE
KCN
PaL
PC
PDE
PDT
PERC
PVP

SCAPS

SEM
TMA
TRPL
VBM
VBO
XRD
XPS

Open circuit voltage
Temperature

Efficiency

Electron/hole mobility
Electron/hole lifetimes

carriers thermal velocity

Hole capture cross-section
Electron capture cross-section
Atomic layer deposition

Binding energy

Chemical bath deposition
Conduction band maximum
Conduction band offset
Cu(In,Ga)Se>

Density of states

External quantum efficiency
Finite element method

lon layer gas reaction

Internal quantum efficiency
Potassium cyanide

Passivation layer

Point contact

Partial differential equation
Post-deposition treatment
Passivated emitter and rear cells
Polyvinylpyrrolidone

Solar cell Capacitance Simulator
Scanning electron micrograph
Trimethylaluminum

Time resolved photoluminescence
Valence band maximum

Valence band offset

X-ray diffraction

X-ray photoelectron spectroscopy
Electron affinity






Introduction

Even in a post-truth world, climate change is a fact that can no longer be denied. Its di-
rect relation to the extended exploitation of fossil-fuels is unequivocal. For a long time, we
ignored this fact to meet our increasing energy demand. Now, more concrete evidence con-
firms that extreme weather and climate events across the world are human-induced [3]. At
last, we are alarmed! One consequence was the Paris agreement, which set the ambitious
target of holding the average global temperature rise below 2 C by reducing greenhouse
gas emissions to 40 gigatonnes [4]. 90% of this reduction can be achieved by a rapid and

massive implementation of renewables with high energy efficiency [5].

In the energy market, renewables are still in their adolescence. They are the fastest growing
energy source, with consumption predicted by an average of 500 TWh/year from 2015 to
2040 [6]. Economically, the use of alternative energy sources alias renewables is expensive
compared to non-renewables. But this gap is narrowing in the case of the photovoltaic (PV)
sector. In the last decade, the PV sector has seen an exponential growth, mainly due to

the decline in the solar PV module prices about 80% [7].

Albeit the solar energy shares only 1.8% of the global power generation in 2018 [8], indeed,
it alone has the potential to meet the global energy demand. Silicon has been dominat-
ing the photo-voltaic industry from the beginning. But with the introduction of the second-
generation solar cells, better known as thin-film solar cells, the prospect is getting bigger.
In 2018, thin-film solar cells hold a market share of 8% of the solar industry, and solar
cells based on copper indium gallium di-selenide absorbers Cu(ln,Ga)Se, abbreviated as
CIGSe are experiencing an efficiency leap with the introduction of post-deposition treat-
ment on the CIGSe surface with alkali fluorides (KF, NaF, RbF, CsF) [1, 9, 10]. In the last
six-years, a 25% surge in the efficiency has resulted in reaching lab efficiencies up to
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22.8%, surpassing poly-crystalline silicon [10]. These reports suggest the role of thep n
junction interface between CIGSe and CdS as a limiting factor for the efficiency. Also, the
interface states at the CIGSe/CdS interface are of a concern for achieving a high quality
interface as they can act as the main recombination channel for electrons and holes and
reduce the open-circuit voltage (Voc) and efficiency [11]. Therefore, for a further improve-
ment of CIGSe device performance, interface engineering at the CIGSe/CdS interface is

inevitable.

In this scenario, the concept of passivated emitter and rear cells (PERC) used in silicon
solar cells at the rear contact for efficiency enhancement could be seen as a prospect for
CIGSe solar cells [12]. The recombination rate of electrons and holes at interfaces in solar
cells is determined by the total contact area. Also, the recombination rate determines the

Voc of the devicq because it causes the reverse bias saturation current density, Jo: Voc =

A"TT In J—JOL +1 , (with A = ideality factor, k = Boltzmann constant, T = temperature, q =

charge of the electron, and J, = photocurrent density). At room temperature and assuming
A = 1, this means that V. will increase by around 60 mV per decade of the ratio (J =Jp).
If the contact area that limits the V,c can be reduced by a factor of 100, this means an
increase of Vo by approximately 120 mV, provided the non-conducting area is passivated
perfectly. The aim of this work is to introduce this concept at the CIGSe/CdS interface of
2 m standard absorbers or Mo/CIGSe interface of thinner absorbers using lithographic
techniques with the objective to see higher open circuit voltages than conventional devices

made from the same materials.

The goals of this work are achieved in three steps: (i) Developing a facile, effective and
stable technology for implementing a porous passivation layer resulting in nano-point con-
tacts at the CIGSe/buffer or Mo/CIGSe interface. (ii) Theoretical analysis of the influence
of the point contacts at CIGSe/CdS or Mo/CIGSe interface on the device performance (iii)
Implementing the point contact technology in tangible CIGSe devices, and analysing its

influence on solar cells energy conversion efficiency.
This thesis is structured in the following way:

Chapter 2 covers an introduction on the basics of the CIGSe solar cells, including material

properties, state-of-art device structure, significance of band offsets at the CIGSe/buffer



interface and main recombination mechanisms in CIGSe devices.

Chapter 3 deals with a low-temperature synthesis of mono-dispersed and self-assembled
cadmium sulphide nanoparticles (NP’s) by a modified chemical bath deposition and using
it for point contact fabrication with a passivation layer of Al,O3.

Chapter 4 discusses theoretical simulation on the influence of point contact junctions at
the CIGSe/buffer interface on the device performance using the three-dimensional finite
element based software WIAS-TESCA and the one-dimensional SCAPS.

Chapter 5 presents the experimental results of the CIGSe solar cells energy conversion
efficiency after the implementation of point contacts at the CIGSe/buffer interface of the
standard 2 m thick CIGSe absorbers.

Chapter 6 presents the experimental results on the influence of point contacts at the
Mo/CIGSe interface of thinner CIGSe absorbers on device performance.

Chapter 7 gives a summary of the theoretical and experimental results on the influence
of point contacts at the CIGSe/buffer and the Mo/CIGSe interface on CIGSe solar cell

performance.






Basics of Cu(In,Ga)Se- solar cells

The energy crisis in the late seventies was an epiphany and changed the attitude towards
the renewable energy sources. Consequently, the birth of the second generation solar
cell took place. Currently, the second generation or the so called thin film photovoltaics
occupies a market share of 8% [13]. Some of the favourites in this group includes amor-
phous silicon (a-Si), cadmium telluride (CdTe) and chalcopyrites (Cu(In,Ga)(S,Se), and
related compounds). Among the thin-film solar cells, chalcopyrites solar cells based on
Cu(In,Ga)Se, (CIGSe) have reached efficiencies up to 22.8%, surpassing even polycrys-
talline silicon [1, 10]. The surge in the efficiencies of CIGSe based devices is owed to the
post-deposition treatment (PDT) with alkali fluorides [9]. This has reported to improve the
CIGSe surface and interface quality between the CIGSe and CdS [10, 14, 15]. Inspired by
this, in this work, an innovative attempt has been made to improve the interface quality and
thereby reduce interface recombination by incorporating the concept of the point contacts
at the front (CIGSe/CdS) or back (Mo/CIGSe) interface of the Cu(In,Ga)Se, devices. This
is the topic of discussion of this thesis, but before that a brief introduction to the CIGSe
technology — the design, device preparation, device characteristics, and an overlook on

the prominent recombination mechanisms are presented in this chapter.

2.1 Cu(In,Ga)Se, (CIGSe)

Cu(In,Ga)Ses is a p-type quaternary semiconductor alloyed from CulnSe, and CuGaSe,,
which crystallizes in the tetragonal structure and is hence included in the group of chal-
copyrites [16, 17]. This I-llI-VI5 (I: Cu, lll: In and Ga and VI: Se) chalcopyrite resembles
the zinc-blende structure with an ordered substitution of Zn with Cu, In and Ga. The two

cations, Cu and In or Ga, are bonded tetrahedrally with four Se anions, and each Se anion
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is coordinated to two Cu and two In or Ga cations as shown in Figure 2.1. However, unlike
in the zinc-blende structure, the lattice constants, a and c, are distorted due to differences
in the bond strength between the covalent (Se—Cu) and the partially ionic bonds (Se—In,
Se—Ga) [17—-19]; the unstrained crystal structure has c/a = 2, which is equal to a Ga con-
tent, x = 0.23, and a higher or lower deviation of x will decrease or increase the c/a ratio

respectively [20].
o li{v\}
C f”; '{ :

® Cu
@ InGa
_) Se

Figure 2.1: The unit cell of a Cu(In,Ga)Se, compound with the lattice parameters a and c. Cu, In
(or Ga) and Se atoms are represented by green, purple (or blue) and yellow spheres respectively.
Taken from [21].

What makes the CIGSe more desirable from its counterparts is its high absorption coeffi-
cient ( =10%cm™), direct and tunable band gap (CulnSe,: 1.04 eV — CuGaSe;: 1.68 eV),
cost-effective production techniques, excellent electronic properties, and a high tolerance

towards environmental conditions, even to cosmic radiation [22, 23].

2.2 Structure of a CIGSe solar cell

A typical CIGSe solar cell is made by depositing sequentially layers of molybdenum,
CIGSe, cadmium sulphide (CdS), intrinsic zinc oxide (i-ZnO) and aluminium doped zinc ox-
ide (ZnO:Al) on a soda-lime glass substrate (Mo/Cu(In,Ga)Se»/CdS/i- ZnO/ZnO:Al). Figure
2.2 shows the stack arrangement of these layers and a corresponding SEM cross-section
of a CIGSe device. The reference CIGSe solar cells used in this thesis follows the same

configuration.



2.2. Structure of a CIGSe solar cell

I«—Ni/AI grids— I

Cds

e e
p =
{

Molybdenum

Molybdenum

Soda-lime Glass

Figure 2.2: Left: Schematic representation of the cross-section of the standard CIGSe solar cells.
Right: Scanning electron micrograph (SEM) of the cross-sectional view of a CIGSe solar cell.

In a standard CIGSe solar cell preparation, soda-lime glass of 2 mm thickness is used
as the substrate. It is subsequently sputtered with 800 nm of molybdenum (Mo), a metal
having work function ( = 4.3 eV) close to the CIGSe ( = 4.6 eV) [24, 25], to serve as the
back contact. On top of the Mo, the CIGSe absorber layer of thickness between 600 nm - 2
m is deposited by means of a three-stage co-evaporation process using Cu, In, Ga and Se
sources. Detailed descriptions of the process can be found in literature [26—-28]. Following
this, the chemical bath deposition (CBD) of the buffer layer, cadmium sulphide (CdS) (Eq
= 2.4 eV, thickness, d = 50-60 nm), is done. CdS offers a better lattice match (CIGSe: a
=5.7 A, CdS: a = 5.8 A) [29-31], a favourable band-alignment between the absorber and
window layer by diffusion of Cd into the absorber, transforming CIGSe surface to an n-
type. [32-34]. Apart from the CdS, alternative buffer layers like Zn(QO,S), In2S3, (Zn,Sn)Oy,
(Zn,M@)0O, and (Zn, Mg)0O/Zn(O,S,0H), have also been intensively investigated [10, 35].

In a CIGSe device, the p-n junction is formed between the p-type CIGSe, and the n- type
CdS and the ZnO window layers — an intrinsic layer of 110 nm i-ZnO followed by a 250
nm highly aluminium doped ZnO (ZnO:Al). The highly resistive i-ZnO reduces the impact
of shunts on the cell performance [36]. The higher band gap (Eg = 3.3 — 3.4 eV) ZnO
window layers deposited by reactive sputtering allows most of the incoming light to reach
the CIGSe absorber. The completion of the solar cell is done by evaporating a Ni/Al grid,

which serves as the front contact.

7
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2.3 Band offsets at CIGSe/buffer interface

In hetero-junction devices like CIGSe, a band discontinuity occurs at the CIGSe/CdS inter-
face due to the difference in their energy band positions in reference to the vacuum level.
They could control the electron transport across the CIGSe/buffer interface and have a
direct impact on the device power conversion efficiency. A simulated band diagram of a
CIGSe solar cell is shown in Figure 2.3. Even if high defect concentrations are present at
the CIGSe/buffer interface, a favourable band alignment at the interface can reduce their
effect on the open circuit voltage [37]. In chalcopyrites, it is shown that a moderate spike
in the conduction band at the CIGSe/buffer interface, 0.0 < E; < 0.3 eV, is beneficial
for reducing the interface recombination [33, 38]. Because the spike increases the hole
barrier height (the energetic difference between the valence band maximum and the Fermi
level, ) and hence reduces the local hole density seen by their recombination partners,
electrons from the CIGSe absorber [39]. Also, it increases the effective bandgap at the
CIGSe/buffer interface, and thus chances for a cross recombination channel (a recombi-
nation involving holes from the absorber with the electrons from the buffer via interface
defect) are the least; this will be opposite in the case of a cliff, E; <O0.

1 ECI 1 1 : : I
- AEc |
- Cu(In,Ga)Se, !
B O B ]
E '
S.1f -
()
C
TR
3k
| 1 N
1.7 1.8 1.9 2.0 2.1

Distance from the back contact (um)

Figure 2.3: Simulated band diagram of a CIGSe solar cell, close to the region of the
CIGSe/CdS/Zn0. The semiconductor parameters are according to the default values in Table 4.1

Another important aspect to discuss in connection with the CIGSe/CdS interface is the
type inversion. This means that the conduction band of the p-type absorber is close to

the Fermi-energy, Eg, at the CIGSe/buffer interface. An asymmetric doping, i.e, a highly
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doped buffer layer in comparison to CIGSe, along with donor-like states or donor states
alone at the interface could trigger the type-inversion [37]. Under these conditions, the
photo-generated minority carriers (electrons) in the p-type CIGSe will become the majority
carriers as they reaches the interface. And since their counterpart (holes) concentration is

low at a type inverted interface, the recombination is minimised.

2.4 Recombination Mechanisms in CIGSe solar cells

Recombination of charge carriers in solar cells is unavoidable and unfavourable for the
device performance. In simple terms, it can be defined as the mechanism through which
the charge carrier population decays, i.e. unification of an electron and a hole; therefore,
it has a direct influence on the electrical transport mechanisms of a device. In a solar
cell, recombination of carriers is spread throughout the device, with several recombination

channels accompanied by different recombination mechanisms.

While considering Cu(ln,Ga)Se, devices, assessing the main recombination channel is
difficult. This is due to the fact that recombination can occur in the entire structure, i.e. in
the CIGSe or CdS or ZnO or at the Mo/CIGSe, CIGSe/CdS, CdS/Zn0O interfaces. Since
the CIGSe band gap (1.1 - 1.2 eV) is low as compared to the CdS (2.4 eV) or ZnO (3.3
eV) layers, most of the diode current contribution comes from the CIGSe, which means
that the CIGSe is at the greatest stake of recombination. The total current density, Jrec,
due to recombination in a dominion of interest is given by the Eq. (2.1), where R is the
net recombination rate, and the net recombination rate for a defect related recombination
is given by the Schockley and Read and Hall (SRH) formalism is shown in Eq. (2.2) [40].
SRH, a quasi-stationary approximation of electrons in the traps, is a two step process
assisted via the trap levels giving the probability of a total of four processes — trapping of
an electron from the conduction band, emission of a hole to the valence band (capturing
of an electron from valence band by a trap), capture of a hole from the valence band, and

emission of an electron into the conduction band.

Jee=q Rdz (2.1)
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n:

Ny = N¢ exp

where; n/p

N;,Vth
n/ p
o/ b

n1/p1

Nc/Ny
E./Ey
Ng,Eq

np n?
R= ! 2.2
n(n+n1) + p(p +p1) (&2
1 1

——— and = 2.3
n Ng Vin P p Nd Vin 23)

Ec Egq _ Es« Ev
T and pi1 =Ny exp T (2.4)

: electron/hole density

: intrinsic carrier density, carriers thermal velocity

: minimum electron/hole lifetimes

: capture cross-sections electron/hole

: available electron/hole density, depending on
the position of the defect, Eq4

: density of states in conduction/valence band

: energetic level of conduction/valence band

: defect density, defect’s energetic level

Equations (2.2) and (2.4) highlight the fact that the defects won’t contribute to the recom-

bination process if they are located to very close to the band edges. Also, they reveal that

maximum recombination occurs when ,n = p; if the carrier lifetimes are equal, this

condition changes to the state when n = p.

In CIGSe, the recombination mechanisms are differentiated according to the region at

which recombination occurs: (1) at the space charge region (SCR), (2) at the quasi neutral

region (QNR), (3) at the back contact, (4) at the interfaces. The dominant recombination

channels are mathematically extracted using the Eq. (2.1) and comparing with the general

form of the voltage dependent diode current density, described in the following form:

J(V) = Joo eXp

where;

AKT

' ' '
Ea exp ﬂ 1 ﬂ 1

AKT =Joexp AT

Jo : saturation current density

Joo : reference current density — weakly dependent

on temperature
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Table 2.1: List of recombination mechanisms in chalcopyrite solar cells and corresponding Jo and
diode quality factor. Adapted from [11, 41]

Recombination

zeg‘i:gr:“b'“a“on mechanism and e’:g:g’;t(';f’go Voe (T=0 K) Ideality factor, A
defect type

Quasi-neutral Thermally E E 1

region (QNR) activated ’ ’

(1) Thermally
activated & single Ey/2 Eg 2
mid-gap defect

Space charge
region (SCR)

(2) Thermally

activated &
) Eq/A E 16A62
exponential defect ¢ g

distribution

(3) Tunneling E2 T
enhanced 21 st

(1) Thermally

Interface (IF) activated, single
mid-gap defect
(a) Ec 6 0 Eg;if Eg;if 6 Eg 1 6 A 6 2
(b) Ec>0 Eq Eq

(2) Thermally

activated, single

mid-gap defect
Ey : CIGSe band gap, Eg;if : CIGSe/CdS interface band gap, E¢ 6 0 : cliff in the conduction band
at the CIGSe/CdS interface, E; > 0: spike in the conduction band at the CIGSe/CdS interface, A :
diode quality factor, Eq, : the energy required for the transition from a thermally activated to an tun-
nelling enhanced recombination, : correlation factor for the band bending at the CIGSe interface,
1=T :damping of the exponential defect distribution, k : Boltzmann constant, T : temperature.

1 Ego Eoo
3> coth

Ea : activation energy
A - ideality factor

The parameter A determines the quality of the diode and the voltage dependency of the
current density. The magnitude of each recombination mechanism operating in parallel
depends on the corresponding values of Jo and A. The values for Jg and A for the most
relevant recombination mechanisms in CIGSe solar cells are tabulated in Table 2.1, fol-
lowing the literature [11, 41]. Detailed information is well described in the solar cell books
[11, 40, 42]. The reader is encouraged to have a look at those derivations, in case of any
ambiguity. Here, the discussion is confined to interface recombination.
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Interface recombination

Interfaces and surfaces of semiconductors are prone to be highly defective as the crystal
atoms in this region are highly perturbed due to a lattice mismatch or defect segregation,
which can create a high density of defects at the interface compared to the bulk of the
absorber. At the CIGSe/CdS interface, recombination is influenced mainly by their band
alignment and also the conditions under which the absorber is grown. For example, it is
reported that interface recombination dominates in Cu-rich samples as compared to those
grown under Cu-deficient conditions [43]. Interface recombination can be lowered by a
careful designing of the CIGSe/buffer interface by bringing the Fermi-level close to the
conduction band at the interface. This can be done by an asymmetric doping of the CIGSe
absorber and the buffer layer [37]. Also, a band-gap widening at the interface or a moderate
spike at the interface can considerably reduce the interface recombination by decreasing
the hole density available for the electrons coming from the CIGSe to recombine.

In the case of E. 6 0, the interface effective band-gap is smaller than the absorber
band-gap. This would enable a cross recombination (a recombination involving holes from
the absorber with the electrons from the buffer via interface defects) path increasing the
recombination current. Under these conditions, assuming a single mid-band gap inter-
face defect with no-Fermi-level pinning involved at the interface, the saturation current
density and the diode quality factor heavily depends on the doping ratio of the CIGSe
and the buffer/window layer. The value of A lies between 1 and 2 for Np.p=yy > Na:5 OF
Np:p=w = Na:a Of Np.p=y < Na.a, Where Na.; and Np.p-,, denotes the doping of the ab-
sorber and buffer/window layer respectively. For a symmetric junction Np.,-y, = Nasa, it
takes the maximum value of 2. And if the junctions are highly asymmetric, Np.p=yy =>> Na4
or Np.p=ww << Na.a, then A = 1. The saturation current density depends readily on the dis-
tance of the Fermi level from the valence band, Ep.a,. The larger the value of the Ep.a;,
the smaller is the Jo. Following Scheer et. al. [44], the activation energy of the saturation
current density is given by Ey.if = Eq.a+ Ec. Therefore, in the case of a cliff and flat band

conditions, the activation energy is less than the absorber band gap.
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Epa
Jo =g Ny.a Sp exp % (2.7)

If the interface states are sufficient to induce Fermi-level pinning, the activation energy
can be smaller than the interface band gap, which is equal to the difference between the
conduction band and the Fermi-level, E and A=1. The diode current activation energy for
a spiked interface is equal to its band gap, which means that the recombination is lower. At
the same time, the diode quality factor, A =1. The saturation current density and its impact

on the open circuit voltage is shown in Egs., (2.6) and (2.7).

Nadenau et al. and Rau et al. showed that the tunneling enhanced recombination is also
affected by the SCR width [45, 46]. This modifies the saturation current density and V.
equation accordingly in the following way.

1 1
0! 1
_ b qVv
Jo = JooeXpP T exp AKT (2.8)
1
1 Eoo Eoo
where, = Vp=( Vp+ V,) is a parameter related to the band bending at the interface.

In summary, the activation energy of the Jo is Eg;s in the case of E; 6 0 and Eg; in
the case of E; > 0 and g in the case of Fermi level pinning. And the tunneling at the

interface does not alter the activation energy of the saturation current density.

2.5 Current-voltage characteristics

The performance of a solar cell is determined by the electronic transport mechanisms,
which entirely depend upon the recombination process. The simplest tool to get some hints
on recombination process is by measuring the photo-current density and photo-voltage
(J V curves). Often,the J V curves in the dark or under illumination are described using

a simple one diode model. The one-diode-model is an extension of the diode equation with
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the saturation current density Jo and diode quality factor A;; the value of A; is related to
the main recombination channel, and Jy describes the recombination losses. In addition to
the Jo and A4, the one-diode-model includes the ohmic losses and barriers for the current
extraction by adding the voltage dependent series resistance, Rs(V), and the parasitic
shunt paths by the shunt resistance, Rp. It also introduces an additional current source
to take account of the photo-generated current density under illumination, J, . Figure 2.4
describes the equivalent circuit diagram of a solar cell according to the one-diode-model
that follows the Eq. (2.10).

1
qv.  RsJ(V)) 1 + V. RsJ(V)

JV)=Jg exp Ju (2.10)
AKT Rp
where; Rsg : series resistance
Rp : parallel resistance
Jo s illuminated current density

|

v Jj =\ 2G

RS hd

Figure 2.4: Circuit diagram of a one-diode modelled photo-voltaic cell.

The first part of the Eqg. (2.10) refers to the contribution from the diode current density
Jbiode, the second accounts for the current flowing through the shunt, Jspyne and Ji. stands
for photo-generated current density. Although, the one-diode model serves well for describ-
ing the behaviour of solar cells, it often fails to give a perfect fit for the the J  V curves,
especially when A; is a function of voltage and temperature; hence, an extra diode, with an
ideality factor A, and saturation current density, Jo1 is added in parallel to the first diode to
gauge recombination at low voltages.
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Figure 2.5: Dark (dashed lines) and illuminated (solid lines) J  V curves of a standard CIGSe
solar cell. The resistances R, and Rs are measured from the dark J  V curve around the voltage
range marked with thick black lines, while the Vgc, the Jsc, the Jypp and the Vypp are measured
from the illuminated curve.

Device parameters

When it comes to the performance analysis of a solar cell, mainly four parameters are of
particular interest: short-circuit current density, Jsc, open-circuit voltage, Vqc, fill factor, FF,
and efficiency. Figure 2.5 illustrates the dark and illuminated J V curves of a CIGSe
solar cell with Cu/[Ga+In] = 0.92. Under illumination and zero-bias condition, J(V =0), and
assuming that J._ is voltage independent, the only current flowing through the device is the
light generated current density, J, or commonly known as short-circuit current density, Jsc.
In the case of an open circuit condition, no current flows through the circuit J(Voc) = 0. At

this point, Rs= 0 and R, ¥ 1 and V. can be approximated as in the following Eq. (2.11).

Voo = == In 5~ (2.11)

Equation (2.11) tells that the saturation current is a decisive factor in determining the open
circuit voltage; the same holds for the ideality factor, too. The important parameter used to
classify a solar cell is its power conversion efficiency, , which is the ratio of the generated

power,Pqyt, to the incident irradiated power,P;,. The generated power can be calculated by
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measuring the current at different voltages and the corresponding maximum power-points
can be found from the J  V curves: Vimpp, and Impp. The ratio of the power at the maximum
power point to the product of open-circuit voltage and short-circuit current is the fill-factor of
the device (FF = Vmpplmpp=Voclsc). Then, the efficiency is calculated using the Eq. (2.12),

_ Pout _ VoelscFF .

2.12

I:)in I:)in ( )
The short-circuit current density gives the convoluted value of the photo-current produced
by each photon over the entire spectrum. However, it will not reflect on the Jsc losses on
the spectral basis. A better understanding of the recombination losses can be gained by

measuring the wavelength dependent photo-current.

2.6 Quantum efficiency

An insight into the spectrally resolved photo-current can be gained from the external quan-
tum efficiency (EQE) measurements, which measures the photo-current density as a func-
tion of wavelength of the incident light. The EQE is also a standard measurement technique
to determine the device quality, as the measurement is the sum of several processes, from
absorption to current extraction. It can be defined as the efficiency of a device to absorb
the photons and to extract the charge carriers. In reality, short circuit current measured by
EQE is always lower than the J V measurements due to its dependence on the light
intensity or reflection losses or lost charge carriers in the absorber and buffer or from a
non-ideal current collection. The basic equation of an EQE is expressed in the following

way,

EQE — Ed\]photo( )

_— (2.13)
q d ()

where d () is the incident photon flux in the wavelength interval d that leads to the
short-circuit current density, dJsc. EQE can also give the information about the regions
where the losses occur in a device by making a distinction between blue response and

red response. The same equation can be related to the internal quantum efficiency (IQE),
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Figure 2.6: Simulated external quantum efficiencies of CIGSe absorbers in the order of decreasing
thickness: 2 m, 1.5 m, 900 nm, 600 nm, 500 nm, 400 nm, 300 nm, 200 nm and 100 nm; the arrow
shows the direction of decrease in thickness. The semiconductor parameters are according to the
default values in the Table 4.1

which is a measure of the photons entering the device, i.e neglecting the reflected photons.
In an opaque solar cell, the sum of absorption and reflection is unity. Hence, the EQE is

related to IQE in the following way,

EQE=(1 R( )IQE() (2.14)

This completes the short review on the basic principles of the CIGSe based solar cell
devices, and the prominent recombination mechanisms; the list is not complete, but the
review is kept short, only taking the aspects needed for discussing and analyzing the solar

cells in the course of this work.

2.7 Review on point contacts at the CIGSe interfaces

Surface and interface engineering are inevitable for achieving high performance CIGSe
thin film devices [9, 47, 48]. Theoretically, interface engineering by incorporating a suitable
passivation layer at the CIGSe/CdS can significantly reduce the high surface recombination

velocity [49], but a closed layer would create problems for the carrier transport between the
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CIGSe and CdS layers. A concept that is used in the Si solar cell technology to surpass
this problem is by applying a perforated passivation layer, provided the distance between
contacts is shorter than the diffusion length. Compared to Si, the diffusion lengths in CIGSe
are in the order of nanometers (300 - 900 nm) [50, 51]; this certainly demands for the
structures to be in the nanometer scale, imposing limits on the conventional patterning

techniques.

The concept of localized contacts at the CIGSe/CdS junction was first suggested by Allsop,
et.al [49], based on 3D simulations. With a similar version, a point-junction device, Fu et. al
[48] reported a slight improvement in efficiency by adding a high density of ZnS nanodots
(10 nm), acting as the passivating islands, before the deposition of an In,S5 buffer layer
by ion layer gas assisted reaction (ILGAR). The potassium fluoride treatment showed indi-
cations that the efficiency in high efficiency solar cells is limited by interface recombination
[9, 14, 47]. Reinhard et.al [47] reported that tuning the post deposition treatment generates
localised nano-contacts on the CIGSe surface and was found to be beneficial for reducting
recombination at the front interface (CIGSe/CdS) [47].

Inspired from the concept of passivated emitter and rear locally diffused (PERL) cells,
Vermang et.al [52] introduced the concept of localized point contacts at the rear interface
(Mo/CIGSe) of ultra-thin CIGSe solar cells through a perforated aluminium oxide (Al>Os3)
passivation layer. The approach has been successful in reducing the Vo loss due to the
high recombination at the rear interface when the absorber thickness is reduced. Lately,
several research groups have reported this technology to be beneficial for ultra-thin solar

cells, even employing conventional patterning techniques [53, 54].

However, the concept of localised point point contacts through a passivation layer, espe-
cially at the front interface, is not investigated in detail, and further development could bring
an efficiency enhancement in record efficiency solar cells. Therefore, a technologically fea-
sible point contact technique is needed to open the door for the further development of
CIGSe/buffer interface.

A successful application of a point contact junction device depends on whether the device
performance is limited by interface recombination or not. Hence, the selection of CIGSe
samples, and their performance with a passivation layer is to be checked before the ap-
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Figure 2.7: Left: Sketch of point contact configuration in CIGSe solar cells at the back inter-
face (Mo/CIGSe); right: point contact configuration in CIGSe solar cells at the front interface
(CIGSe/CdS)

plication of the point contacts at the CIGSe/buffer interface. Typically, in a type inverted
CIGSe/buffer interface, the recombination is negligible at the interface due to the decreased
number of available holes; hence, space charge region recombination (SCR) is found to
be the dominating loss mechanism in CIGSe devices [55-57], which is contradictory to the
findings from the alkali fluoride treatment [1, 9, 14, 47, 58-60]. Therefore, as a background
study, we selected three stoichiometrically three different CIGSe samples: a copper—rich,
[Cu/In+Ga] = 1, copper—poor gallium-rich, [Cu/In+Ga] = 0.9, and a Cu-poor, [Cu/In+Ga] =
0.92, and investigated them using temperature dependent current-voltage characterisation
along with spectral and time-resolved photoluminescence.
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Figure 2.8: Arrhenius plots for calculating the activation energies of three different stoichometric
CIGSe solar cells: (a) Cu/[In+Ga] = 0.92, (b) Cu/[In+Ga] = 1 and (c) Cu/[In+Ga] = 0.9. A InJg as
a function of inverse temperature and the activation energy is determined by a linear regressional
fitting of data points.
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We chose these three stichiometrically different absorbers due to the following reasons.
The electronic properties of Cu-rich absorbers — low defect density, higher carrier mobil-
ity and no potential fluctuations — are superior to Cu-poor absorbers [61-65]. But, as a
device, its performance is inferior to the Cu—poor absorbers. This could be due to an ab-
sence of an ordered vacancy compound (ODC), which widens the surface band gap at the
CIGSe/CdS interface, or absence of a type inverted CIGSe/CdS interface [66, 67]. With
wide-band gap Ga-rich absorbers, V,c does not follows a linear relation with the band-gap
energies: saturation of Voc has been reported for higher gallium concentrations, contrary
to its expected increase. This might be due to changes at the interface with Ga-rich condi-
tions. Lany et.al., [68] using first -principle calculation, predicted that intrinsic donor defects
Incy, Gacy, Vse and their complexes with copper vacancies, V¢, could be the reason for
Voc limitation. And for Cu-poor absorbers, a KF treatment showed an improvement in the
Voc.

From the activation energies (AE) calculated, as shown in Figure 2.8, it was observed that
they are close to their corresponding band gaps expect for the Cu-rich absorber (a de-
tailed analysis is presented in Appendix C). The Cu-rich absorbers exhibited a barrier at
low temperatures, but this was less pronounced in Cu-poor absorbers; this was absent in
Cu-poor—-Ga-rich absorbers. However, when thin layers of Al,O3 (5, 10, 20 nm) as passi-
vation layer are deposited onto these absorbers and spectral and time-resolved photolumi-
nescence measurements were performed, both photoluminescence intensity and charge
carrier lifetime were enhanced for Cu-poor and Cu-rich absorbers. This might be point-
ing towards a interface quality improvement. The effect of passivation was least visible in
Ga-rich absorbers and best visible in Cu-poor samples (for TRPL and PL analysis, see
supplementary information in Appendix C). Therefore, in the chapters to follow, Cu-poor

absorbers are chosen for studying the effect of point contacts at the front interface.



Template assisted fabrication of point contacts

using self-assembled spherical CdS NP’s

In order to meet the requirements for realising point contact solar cells, at the onset of
this work, we tested techniques like self-assembling of polystyrene nanospheres at the
air-water interface, ion layer gas reaction (ILGAR) and nanolithography (refer to Appendix
B), which didn’t show any promise to proceed further: to mention some of the hurdles we
faced, the low diffusion length and rough surface of the CIGSe was one of the problems
in implementing nanolithography, the same is true with polystyrene nanospheres. These
limitations drove us to take the path of a solution based self assembly of nanoparticles; and
to attain this, we modified the chemical bath deposition (CBD) method used for depositing
cadmium sulphide (CdS) buffer layers in CIGSe solar cells, thus yielding mono-disperse
spherical CdS nanoparticles (SNP’s), which were used as a masking template for the point
contact fabrication at CIGSe/buffer and Mo/CIGSe interfaces. This is the central topic of

discussion in this chapter.

3.1 Approach for point contacts using monodisperse SNP’s

Mono-disperse semiconductor nanoparticles (NP’s) are a topic of intense research be-
cause of their versatile applications, ranging from catalysis [69, 70], quantum dot solar
cells [71, 72], photo-detectors [73] and so on [74—78]. Suitability of these NP’s for a partic-
ular application depends on a set of parameters like size, structure, morphology, crystalline
phase and defects, and this is mainly influenced by the synthesising technique. One of the
most common NP’s synthesising route is the hydrothermal method, and this is same for the
preparation of cadmium sulphide nanoparticles (CdS NP’s) too [79, 80]. CdS, a II-VI and

21
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an n-type semiconductor compound, belonging to this group, has above all its flexibility to
adapt for various applications and also serves as the best buffer layer for CIGSe solar cells.
CdS is found in nature in cubic and hexagonal structure with coordination of four cadmium
to one sulphur atom [81]. Until now, self assembled spherical CdS nanoparticles (SNP’s)
are synthesised above 120 C [79]. In this chapter, we demonstrate a low temperature ion
to ion reaction of Cd®* with S?* ions without the aid of any complexing agents, for a con-
trolled rapid growth of CdS nanoparticles with narrow size distribution and its subsequent

application as a template for achieving point contacts on CIGSe solar cells.

3.2 Preparation of spherical CdS nanoparticles

For the synthesis of spherical CdS nanoparticles, cadmium acetate (Cd(Ac),)
(Cd(CH3C00),. 2H50) is used as the source for cadmium and the sulphur is delivered to
the reacting medium from thiourea (NH>CSNH.). One of the reasons for selecting Cd(Ac)»
as the precursor is due to its faster growth rate in reaction with thiourea as compared
to other cadmium containing compounds [82]. For the preparation of CdS NP’s, analytic
grade reagents were brought from Sigma Aldrich and used without further purification. In a
typical synthesis, 1 mmol of the cadmium acetate was mixed in 100 ml of deionised water
and stirred until it gets dissolved. Then, 10 mmol of the thiourea is added to the same and
kept at room temperature and waited for a complete dissolution of the thiourea. Following
this, the solution was transferred to an open, double walled vessel, with water circulating
through the walls at a temperature of 100 C. The solution was allowed to react for one
hour. As the reaction proceeds with time, initialisation of ligand complexes and the particle
formation starts to show up and this is marked by a change in transparency of the solution
into a light yellowish colour. This is entirely dependent on the initial concentration of the
reactants and the temperature of the water-bath. Here, this transformation is visible after
eight minutes of reaction. However, the solution is allowed to react further, to increase the
density of the particles by simply evaporating the solution. When the desired concentration
of particles is reached, CIGSe substrates, etched with 5% solution of potassium cyanide
(KCN) to clean out any secondary phases or other contaminants [83], are successively
dipped into the colloidal solution, followed by washing with water, each time, thus cleaning
out the excess CdS SNP’s that may alter the mono-layer formation. This process is con-

tinued until the desired density of a two-dimensional layer is formed on top of the CIGSe



3.3. Structural properties of spherical CdS nanoparticles | 23

substrate. The interval between coating and dipping in this case is fixed to be 30 s, but this

timing is varied for other temperature processes, due to different deposition rates of NP’s.

3.3 Structural properties of spherical CdS nanoparticles

The formation of CdS nanospheres obtained hydrothermally at 100 C with a starting ratio
of 1:10 to (Cd(Ac)»):thiourea is presented on Figure 3.1. A closer look at the SEM im-
ages shows that the nanospheres are mono-dispersed and have a narrow size distribution
around 120 nm with an uncertainty of 5 nm. It can be also seen that the spherical surface
is not smooth and is constituted from small nanocrystallites. The nanocrystallines formed in
this case are approximately in the range of 25-40 nm. There was no indication of a change
in the morphology of the nanospheres when the reaction time is increased, but it was cer-
tainly dependent on temperature of the water bath. Figure 3.2 shows the X-ray diffraction
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Figure 3.1: SEM images of the cadmium sulphide nanoparticles on the top of CIGSe samples
synthesized with starting ratio of (Cd(Ac).):thiourea, 1:10

pattern of CdS NP’s synthesized at 100 C with starting ratio of (Cd(Ac).):thiourea, 1:10.
The sharp peaks in the X-ray diffraction patterns have revealed a good crystalline quality of
the nanoparticles and the peaks are indexed to the hexagonal phase of the wurtzite CdS
structure (JCPDS card No. 75-1545) with lattice constants a = 4.137 A and ¢ = 6.7144
A. Another thing to notice is that the nanospheres grew preferentially in (002) reflection
direction.
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Figure 3.2: X-ray diffraction patterns of the cadmium sulphide nanoparticles synthesized at 100 C
with starting ratio of (Cd(Ac).):thiourea, 1:10.

3.3.1 Formation mechanism of spherical CdS nanoparticles.

It is believed that for the ion to ion reaction of Cd®* with S reaction to take place, a high
temperature hydro-thermal reaction is necessary, which is published elsewhere [79, 80].
The formation of nanospheres in this work can be attributed to the spontaneous Ostwald
ripening process [84]. In the underlying reaction, the electroneutral ligand, thiourea forms
complexes with Cd?* cations through C=—=S5 coordination bonding. It should be noted that
no coordinating reagents were present in the reaction medium, in contrast to the NH,OH, a
complexing agent used in chemical bath deposition of CdS. So, the formation of nanocrys-
tallites and its subsequent nanosphere formation points to the double agent role played by
thiourea, facilitating the formation of Cd?* ligands by acting as the complexing agent and
also as the source of sulphur, once the double bond between C——=S is broken by the
attack of strong nuceophilic oxygen atoms from the water molecules. The scheme of the

reaction is described below.

Cd(L)?* ¥ Cd?" +nL (3.1)

SC(NHy), + 20H ¥ S2 + CNyH, + 2H,0 (3.2)
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Cd?* +82 ¥ CdS(s) (3.3)

Sulphide ions are released by the hydrolysis of thiourea and cadmium ions by the de-
complexation reaction, here L represents the ligand species, which in our case is OH"
or thiourea complex. Since the concentration of thiourea in the reaction medium exceeds
Cd(Ac),, Cd atoms on the surface of CdS nanocrystallites could be coordinated with the
excess of thiourea. The constitution of nanocrystallites into nanospheres minimises the

surface energy, and arrests agglomeration of the particles. This conclusion can be ex-
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Figure 3.3: A comparison of the nanospheres synthesised with and without the addition of
PVP in the solution (a) with PVP (b) without PVP; both cases have the same starting ratios:
Cd(Ac)2:thiourea (1:10).

plained further by the use of a stabilising agent for hindering the constitution process. For
this we use polyvinylpyrrolidone (PVP) and observed that thermodynamically, it promotes
a more favourable arrangement by minimizing the surface energy of nanocrystallites. Fig-
ure 3.3 shows a comparison between the sizes and morphology between a process with
Cd(Ac)o:thiourea (1:10) and that with the inclusion of PVP in the reaction medium. The
small nanocrystallities are better for the application of point contacts, but the organic layer
they have is detrimental for the performance of the solar cell.



26

3. Template assisted fabrication of point contacts using self-assembled CdS NP’s

3.3.2 Impact of temperature and concentration on CdS SNP’s growth

Our primary aim was to synthesis CdS nanoparticles without any stabilising agents in the
sub-micrometer range, keeping the diffusion length of the CIGSe in mind. Once we reached
our first goal, we tried whether it is possible to tune the particle size smaller by simply
changing the parameters of the reaction: temperature of the water bath and precursor
concentration. By keeping the reaction temperature (100 C) and Cd(Ac). concentration
constant, we varied the thiourea concentration to study its effect on the particle size and
growth rate. For this, we took two thiourea concentrations 1:5 and 1:20, on either side of

the typical process (1:10) concentration.

Figure 3.4: SEM images showing the size comparison of the cadmium sulphide nanoparticles on
the top of CIGSe samples synthesised with starting ratio of (Cd(Ac),):thiourea, 1:10, at 80 C (left)
and 100 C (right).

Figure 3.4 shows the SEM images of CdS NP’s synthesized at 80 C and 100 C for the
same starting ratio of (Cd(Ac).):thiourea, 1:10. The image is clearly differentiated for the
density of the nanoparticles on the CIGSe surface for an equal dipping time (30 s each)
of four times. When thiourea is increased in the reacting medium, the growth rate of the
particles is primarily affected. This is due to the fact that more sulphur is released to the
solution, but the particle size stayed the same. However, the particle size got affected as
we changed the temperature from 100 C to 80 C. A minimum of 45 nm particle radii is
obtained at the lowest temperature possible for the particle formation. One thing to notice
is that the reaction rate is much lower because of the lower decomposition of thiourea and
further decrease in temperature, which didn’t yield any particles at all.
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Figure 3.5: X-ray diffraction patterns of the cadmium sulphide nanoparticles synthesised at 80 C
and 100 C with starting ratio of Cd(Ac).:thiourea (1:10).

The temperature also affects the crystallinity of the particles as shown in Figure 3.5. On
increasing the temperature from 80 C to 100 C, the sharpness of peaks spikes up, which
is a general measure of crystalline quality of the particles. This is due to the fact that at
higher temperature thiourea helps a faster growth rate of nanocrystals, making them bigger
in size by initiating the reaction earlier and allowing the particle to recrystallise.

3.3.3 Impact of substrate’s roughness on CdS SNP’s self-assembling

The roughness of the substrates is a key parameter when it comes to the self-assembling of
CdS NP’s. CIGSe is well known for its surface roughness. This can create some preferable
sites for (acting like templates for attracting particles) landing the particles — especially
at the facets or even at the grain boundaries. The difference can be easily deciphered
when a smooth surface like molybdenum is employed for the adhesion of the particles:
we witnessed a greater arrangement of the particles on a Mo substrate. The SEM images
shown in Figure 3.6 clearly show the difference between the two.
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Figure 3.6: A roughness comparison with a smooth molybdenum surface (right) against the CIGSe
surface (left), showing the dependence of roughness on arrangement of nanoparticles.

3.4 Coverage area of CdS SNP’s on CIGSe

Figure 3.7: Density of CdS NP’s on CIGSe surface as a function of dipping cycles of 30 s each;
(a) 1 dip, (b) 3 dips, and (c) 6 dips.

The nanospheres fabricated by the process of chemical bath deposition are suited for the
application of point contacts: their sizes are in the sub-micrometer range, and moreover,
their radii can be tuned. But, for point contacts what is more interesting is the distance
between the particles, or in other words, the density of the particles on the CIGSe sur-
face. The monolayer assembly on the surface follows a random ordering of the particles,
making it difficult to change the pitch between the particles. So, statistically, density is
the only parameter that can be tuned to change the distance between the particles. Also,
when a passivation layer is implemented and if it works under the concept of inversion, this
parameter gains even more significance because according to theory, as the minority carri-

ers reach the passivation layer, they become the majority carriers, extending their lifetime.
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Then, the diffusion length restricted distance between the nanoparticles can be called into

question.
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Figure 3.8: Normalized XPS peak of In 3ds, and Cd 3ds,, obtained from the surface of CIGSe
absorbers without CdS NP’s deposition (reference), CdS NP’s deposition for 1 cycle (each cycle is
30s each), 3 cycles and 6 cycles.

Table 3.1: Approximate percentage of area covered by CdS NP’s on CIGSe surface for different
cycles as described in Figure 3.8, calculated by taking the fitted area covered by In 3ds, and Cd
3ds» peaks.

Dipping cycles Peak area (In 3ds2) Coverage area of CdS NP’s

(CPS eV) (%)
0 1.13 10° 0
1 1.05 10° 7
3 8.44 10* 25.4
6 578 10* 49

Figure 3.7 shows the density of the CdS NP’s on the CIGSe surface as a function of the
dipping cycle of 30 s each. One way to quantify the coverage area of these CdS NP’s on
CIGSe is by using an image processing software (like Imaged) and counting the number of
particles. Another way is to use XPS. This surface sensitive technique gives the collective
information of the elements present on the surface. Figure 3.8 shows the XPS spectra of
the In 3ds,, and Cd 3ds,, peaks for different densities of CdS NP’s. In an XPS spectrum
of a bare CIGSe absorber, In 3ds,» has the highest intensity. On covering the surface with
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CdS NP’s, the intensity of In peaks gets reduced as the Cd concentration increases (refer
to Figure 3.8 (b)), and this reduction can be transferred into the coverage area by simply
calculating the new area of the In 3ds,, peaks and calculating the difference from it from the
In reference curve, assuming that the reduction is constant for all core-level peaks. Table
3.1 displays the approximate percentage of the area covered by CdS NP’s, for different
number of dipping cycles, calculated by taking the corresponding Voigt area of the In 3ds,

peaks.

3.5 Steps involved in point contacts fabrication

The CdS NP’s are synthesised for considering them as a sacrificial template for the fabrica-
tion of point contacts at the front interface of the CIGSe interface. Based on the synthesis,
we found that it was easy to control the deposition rate of the CdS NP’s at 100 C with
Cd(acac)z:thiourea in the ratio 1:10. An increased concentration of thiourea beyond this
can lead to agglomeration of particles while transferring to CIGSe surfaces. Thus, we fixed
this as the standard process in all experiments to follow. Figure 3.9 illustrates the four
main steps involved in the realisation of point contacts in this work. The first two steps are
already discussed in sections 3.2 and 3.3.

—_

. Etching of the bare CIGSe using KCN (Figure 3.9 (a)).

\o}

. Depositing CdS NP’s on top of CIGSe (Figure 3.9 (b)).

w

. Depositing a suitable passivation layer (Figure 3.9 (c)).

N

. Etching out of the CdS NP’s (Figure 3.9 (d)).

The third step is the deposition of the passivation layer. The prototype material chosen
as the passivation layer (PaL) is aluminium oxide (AloO3). In our trial runs, we used a low
cost and fast method of depositing Al,O3 using the ILGAR technique. In this deposition
technique aluminium acetate is chosen as the precursor, which is dissolved in ethanol and
using an ultrasonicator the aerosol formed is guided through glass tubes to the substrate
heated to a temperature of 400 C. However, the technique turned to be a failure due to
lack of directionality and coverage for very thin films, thus making it difficult to etch out CdS
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Figure 3.9: Schematic diagram showing the steps involved in the fabrication of point contacts (a)
bare absorber, (b) after deposition of CdS NP’s, (c) passivation layer (Al.O3) on top of nanospheres,
(d) after etching of CdS NP’s.

NP’s (refer to Appendix). Another drawback was heating CIGSe at 400 C might degrade
the material quality and enhance the diffusion of cadmium. To override these shortcomings,

we chose atomic layer deposition of Al,Os.

3.5.1 ALD deposition of Al,O3 as passivation layer

Atomic layer deposition (ALD) has been considered as a promising technique for creating
high-quality uniform thin films with control over thickness and composition. In this work,
Al,O3 is deposited on top of CdS NP’s by using a TFS500 system from Beneq having
a temperature range of 25-500 C. The typical route followed for the deposition is using
the precursors trimethylaluminium (T MA) and water vapour (H>O). The reaction chamber
is equipped with resistive metal plate heaters to heat up a loaded substrate. Trimethylalu-
minium, an aluminium precursor, was kept at a constant temperature (25 C) using a heated

metal enclosure. The deposition temperature is maintained at 130 C. ALD of Al,O3 was
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carried out in a hot-wall flow-type reactor from the sequential pulses of TMA(98% , Aldrich)
and H>O. The seed layer is formed by a 1 ms pulse time for TMA, 5 s purge using nitrogen,
N2 and then 750 ms pulse time for water vapour, followed again by purging with N, for 6
s. This cycle is continued until the desired thickness is reached. The rate of growth of the
film on the CIGSe surface is 1 nm/10 cycles. The thickness measurements were done with
ellipsometry. Different thicknesses of Al,O3 were tested to find the best thickness for the
passivation layer. The thickness selected for this study are 5 nm, 10 nm and 15 nm. The
high directionality of Al,O3 helps to deposit Al,O3 only on the area unmasked by CdS NP’s,
without any pinholes formation, making it easy for the fabrication of the point contacts.

3.5.2 Etching process of the CdS NP’s

The next step involved in the process of making point contacts is etching out the CdS NP’s.
A suitable etching solvent is needed for selective etching of CdS by keeping Al,O3 intact
with CIGSe surface. In CIGSe etching chemistry, hydrochloric acid (HCI) is widely used
as an etching solvent for studying the interface between CIGSe and CdS. Taking this into
account, we found an optimum method to dissolve CdS NP’s and followed the protocol for

the rest of the experiments.

Figure 3.10: Realization of the schematic diagram shown in 3.9 (a) CIGSe bare absorber, (b)
CIGSe absorber with CdS nanoparticles and 10 nm of Al.O3 deposited on top of it, and (c) estab-
lishing perforated Al,O3 layer after etching CdS NP’s with HCI solution.

For etching, a 5% HCI solution is prepared in a beaker and placed in an ultrasonic bath at
40 C. By raising the temperature to 40 C, the HCI solution can diffuse through the Al,Os, in
case it covers the CdS. The samples are treated in the solution for approximately 5 minutes.
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Figure 3.11: XPS spectra corresponding to the steps involved in point contacts fabrication pre-
sented in Figure 3.9, measured using a Mg K X-ray source.

Then they are transferred to a solution of 0.1% HCI: this intermediate step is followed to
avoid any sudden changes to the surface while transferring from an acidic medium to
a neutral medium. This was followed by washing the samples with deionized water and
drying with a nitrogen blower. Figure 3.10 (c) shows the SEM images of the formation of
point contacts on CIGSe surface before and after etching with HCI. The white glow around
the circles is due to the edge effect. Because of the topographical change around the
nano-contact and the passivation layer, Al,O3, an enhanced emission of electrons results
in brighter regions around the circumference of the point contacts. To be clear about the
point contact formation, the samples are also investigated using XPS, and corresponding
XPS spectra are shown in Figure 3.11, which clearly shows the removal of CdS NP’s
during the etching process, and the return of core-level peaks establishes the point-contact

formation on CIGSe surface.
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3.6 Coverage area of point contacts/PalL on CIGSe

The estimation of the coverage area of point contacts or PaL using XPS and Imaged is
discussed in the section 3.4. An approximate area of the passivation layer can also be
calculated from section 3.4 by subtracting the CdS NP’s coverage from the unity coverage
area of Al,O3, before the CdS NP’s removal. Here, we also use XPS and try to approximate
the passivated area/point contact area for different densities of point contacts on CIGSe
corresponding to a different number of cycles of CdS NP’s deposition. Figures 3.12 (a) —
(d) show the corresponding SEM images of point contacts formation for 1, 2, 4, 6 dipping
cycles. These point contacts can even handle CIGSe samples with low diffusion length,
because it can be clearly seen than the distances between the point contacts are smaller
in the case of 6 cycles of dipping in CdS NP’s solution.

Figure 3.12: SEM images of point contacts on CIGSe illustrating the variation of their density as a
function of dipping cycles; (a) 6 cycles, (b) 4 cycles, (c) 2 cycles and (d) 1 cycle.
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Figure 3.13 shows the XPS spectra of Al 2p peaks measured using a Mg K source in the
order of decreasing density of point contacts as shown in Figure 3.12: 6, 4, 2 and 1 cycles,
before and after the etching of CdS NP’s. The intensity of the Al 2p peaks is proportional
to the amount of Al atoms present on the CIGSe surface. Also, the thickness of Al,O3 is
10 nm, and from the Figure 3.11, it can be observed that no core-level peaks from CIGSe
were visible after the deposition of Al,O3. Thus the reduction in the Al 2p peak integral
can be analysed quantitatively and translated into point contacts/PalL area. Al 2p peaks
were fitted using Voigt peak shapes and corresponding areas are tabulated in Table 3.2. It
can be observed that the point contact/PaL area is proportional to the number of dipping
cycles in the CdS NP’s solution, and the area estimation using the ImagedJ software also

correlates with the XPS calculations.
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Figure 3.13: XPS spectra showing the Al 2p peaks, corresponding to the dipping cycles presented
in Figure 3.12 in the decreasing order: (a) 6 cycles, (b) 4 cycles, (c) 2 cycles and (d) 1 cycle, before
(black curve) and after (red curve) the removal of the CdS NP’s using HCI.

Table 3.2: Approximate percentage of area covered by point contacts/PaL(Al,O3) on CIGSe sur-
face for different cycles as described in Figure 3.13, calculated by taking the fitted area covered by
Al 2p peaks.

Dipping cycles Al 2p area Coverage area (ImageJ) Coverage area (XPS)
(no) before/after etching (CPS eV) (PC/PaL)(%) (PC/PaL)(%)
1 1.08 10%/9581 7.6/92.4 11.3/88.7
2 9076/7533 9.4/91.6 17/83
4 1.09 10°/8186 16/84 23/77
6 1.12  105/6947 28/72 39.4/60.6

Furthermore, to see whether the interface quality has improved, time-resolved photolumi-
nescence (TRPL) spectra were recorded for CIGSe absorbers with point contacts as illus-
trated in Figure 3.12 and were correlated with a bare CIGSe absorber and CIGSe absorber

with Al,O3 layer on top. Figure 3.14 shows the TRPL spectra of all samples measured at
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room temperature. A bi-exponential function, I(t) = A; exp( t=1)+ Ay exp( t=>2),
describing superposition of two recombination processes with lifetimes ; and », is used
for tting the TRPL curves. The t values are listed in Table 3.3. Here, the parameter 5 is
inversely proportional to the non-radiative recombination and hence to the interface quality
[85]. The values of , and the average carrier lifetime in the Table 3.3 suggest that there
is a clear improvement in the carrier lifetime of the absorbers due to the Al,O3 layer and
point contacts compared to reference CIGSe bare absorbers. Moreover, there exists a de-
creasing trend in the carrier lifetime in relation to the coverage area of the Al,O3 layer or

the point contact density.

Figure 3.14: PL decay curves of the CIGSe samples with point contacts shown in Figure 3.12
(a) CIGSe bare absorber, (b) CIGSe absorber with Al,O3, (c) CIGSe/Al,O03—PC (88.7%), (d)
CIGSe/Al,03—PC (83%), (€) CIGSe/Al,03—PC (77%), and (f) CIGSe/Al,05—PC (60.6%)
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Table 3.3: Summary of the TRPL data obtained for samples shown in Figure 3.14 in the same
order; a bi-exponential curve is used to tthe TRPL decay: the black lines in Figure 3.14 represents
the corresponding t.

Sample 1 2 Ay A, Average carrier lifetime
Ay 2+ Ay 2
(ns) (ns) m(ns)
CIGSe 3.07 26.7 227.9 109.24 22.12
CIGSe/Al, 03 (100%) 3.35 4129 9435 78.19 37.90
CIGSe/Al,03-PC (88.7%) 3.97 42.86 116.72 64.34 37.26
CIGSe/Al,03-PC (83%) 3.80 33.46 187.01 107.37 28.55
CIGSe/Al,03-PC (77%) 3.03 29.82 157.40 99.18 26.10
CIGSe/Al,03-PC (60.6%) 3.04 32.67 14469 82381 28.52
3.7 Summary

In this chapter, a low temperature method is designed for producing monodispersed CdS
nanospheres. The nanospheres are formed from the constitution of small nanocrystallites
by the mechanism of the Ostwald ripening process [84]. The obtained particles, using
precursors cadmium acetate and thiourea, show a hexagonal phase and have radii of
45 nm and 60 nm. The size is dependent on the temperature of the water bath, and it
decreases as the temperature goes down. The growth rate of particles was dependent on
the initial concentration of thiourea. The roughness of the CIGSe surface is another factor
which in uences the ordering of CdS NP's on the CIGSe surface. A maximum of 40%
coverage area, the parameter of interest concerning point contacts, is calculated using

XPS—realising any value beyond that may enhance agglomeration.

The size of the CdS particles is suited as a masking template for creating nano-point con-
tacts on CIGSe surface . For realizing point contacts, 5 nm, 10 nm and 15 nm of Al,O3
are deposited using atomic layer deposition. A thickness beyond 15 nm is not chosen as
it can work against the etching process of CdS NP's and also, this could increase the
series resistance when the whole device is fabricated. Using 5% HCI solution, a suitable
etching process was devised for removing CdS NP's and hence the point contacts are fab-
ricated. Moreover, the density of the point contacts is varied and correspondingly different
passivated coverage areas are attained, making the technology suitable for even CIGSe
samples with low diffusion length. Further, TRPL measurements on these samples showed

an increase and a dependence of coverage area on the charge carrier lifetime.






Simulation of point contact junctions at the
CIGSe/buffer or Mo/CIGSe interface

In a hetero-junction solar cell like CIGSe, introducing point junction contact at CIGSe inter-
faces (CIGSe/buffer of 2 m thick or Mo/CIGSe interfaces of thinner absorbers) in uences
a set of parameters — starting from electronic properties of the passivation layer, interface
properties like band alignment, interface recombination, defect density, passivation layer
thickness, surface recombination velocity, coverage area of passivation, point contact junc-
tion radius— determines the conversion ef ciency. Attempting to tune any one of these,
keeping the other parameters constant, perturbs the whole system, which sways the de-
vice performance positively or negatively. Controlling all these elements in an experiment
will be dif cult; on the other hand, studies employing computer simulation give an extra
degree of freedom to change the parameters and to visualise their effects on the device
performance. In this chapter, we theoretically monitor the effect of the passivation layer and
point contact junctions at the CIGSe interfaces in order to understand their prospects and

limitations on the device performance.

To address this problem, we took the help of two nite element method (FEM) based
softwares: SCAPS, developed at the university of Gent [86], a one-dimensional soft-
ware exquisitely used for simulating CIGSe solar cells and the two/three-dimensional
WIAS-TESCA [87], developed at the Weierstrass-Institute fir Angewandte Analysis und
Stochastik. The simulated solutions of point contact junctions are the topic of discussion of

this chapter.

39
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4.1 Simulation model and input parameters for CIGSe devices

The transport of charge carriers in a p-n junction is described by a system of drift-diffusion
equations. A real solution to these kind of partial differential equations (PDE's) is often
unattainable by analytical methods. In these scenarios, a useful mathematical tool is the
nite element analysis. The philosophical approach of FEM is rather simple. Instead of
taking the problem as whole, FEM divides the problem into smaller fragments, and ap-
proximate equations are modelled for them and then they are assembled into a larger set
of equations that models the entire problem [88]. Finally, using calculus of variations and
by minimising the error function, an approximate solution is reached. SCAPS and WIAS-

TESCA take advantage of FEM to solve the system of drift-diffusion equations.

SCAPS is a custom based open source software used extensively in thin- Im solar cells
research [86]. It is equipped with a wide range of simulation options for CIGSe solar cells.
One can include absorption pro les of the materials, spectra, contact properties, interface
recombination, series and shunt resistance that the WIAS-TESCA software is unable to

handle. However, its application is restricted to one-dimensional problems.

On the contrary, WIAS-TESCA can solve the equations with two space variables as well as
three dimensional models with the aid of a cylindrical symmetry [87]. The research code is
written in Fortan and features less options compared to SCAPS, for example, the surface
recombination is simulated using thin layers with high volumetric defects. In addition to
this, the meshing is controlled by the users which could create convergence problems
and at the same time gives the benet of de ning the area of particular interest in the
simulation for better accuracy of the solution [87]. In the simulation, as we are interested
in the developments close to the interface, meshing is made considerably denser in this
region, about 3000/10000 points.

For simulating the bulk and interface recombination, we followed the recombination model
(recombination of electrons and holes through the mechanism of trapping in the forbidden
energy gap) formulated by Shockley, W. T. Read and R. N. Hall [40] (refer to Egs., (2.2),
(2.3) and (2.4)).
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Due to the limitation in WIAS-TESCA to add the AM 1.5 spectrum to the computation,
current density (J-V) graphs are executed with a single wavelength of 650 nm with its cor-
responding intensity, 83.1 mW/cm?. Since two applications are employed in this work, a
calibration between them was done to reduce the error in the simulation. We achieved this
target by setting the SCAPS as the baseline for the WIAS-TESCA, by matching results
with a cell without a passivation layer (PaL). Having said that, we would like to point out
some factors we didn't take into consideration; neither re ection losses nor optical losses
by the cell with and without the PaL, assuming that the high band gap PaL will not absorb
any light. In addition, the series resistance of the PaL is also not taken into account. Now,
the question is what happens if the PaL covers grain boundaries, since there were several
reports on grain boundary assisted photo-current collection in CIGSe solar cells [89, 90].
Theoretically this is a valid question, but when realising point contacts in reality, it is impos-
sible to control whether the PalL covers it or not, because point contacts are created by a
random arrangement of particles in the sub-micrometer scale, as demonstrated in Figure
3.12.

4.2 Point contacts at CIGSe/buffer interface

Figure 4.1: Three-dimensional diagram of a point-contact CIGSe solar cell: is the variable point-
contact radius, variable, represents the cell radius, which is constant at 500 nm. (a) Three-
dimensional overview, (b) two-dimensional cross-section and (c) Interface charges/defects at the
CIGSe/PaL
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For simulating point contacts at the CIGSe/buffer interface, a three-dimensional cylindrical
symmetry with the rotation axis xed at the centre of the contact junction is designed
using WIAS-TESCA. This is illustrated in Figure 4.1. The contact radius, de ned as , is
varied throughout the simulation, while the cell radius =500 nm is kept constant. When

= 0, a complete coverage of the PaL is achieved, while no PaL is on the top of the
CIGSe when = 500 nm. The typical thickness of 2 m (average thickness of standard
absorbers made at the PVcomB) is adopted for the CIGSe absorber with a band gap
energy of 1.15 eV. The thickness of the PaL was chosen to be 15 nm, after noticing that it
is not in uencing the solar cell performance: a probable reason is the negligence of series
resistance in the simulation. The CdS/zZn(0O,S) buffer layer is xed at 50 nm at the contact
junction, whereas only a thickness of 40 nm is applied on regions with PaL. Table 4.1 gives

a detailed information about the most signi cant parameters used in the simulation.

Now, focusing the attention to the interfaces, to have an equivalent recombination model
with a certain density of surface defects Ng, very thin surface layers, 2 nm each (for CIGSe
and PalL surface), are modelled with a high density of volumetric defects, Ny, because
of the software limitation to include any surface charges. Using this arrangement, surface
densities can be achieved using the equation: Ns [cm?] =2 10 7 Ny [cm®]. The in-
troduction of these layers, on the bottom of the PaL and top of the CIGSe, creates three

interfaces:

CdS/PaL interface — assumed to be free of defects.
junction interface (CIGSe/CdS) including CIGSe surface layer

passivated interface (CIGS/PaL) including CIGSe surface layer and passivation layer

surface layer.

While discussing surface or interface recombination, it is noteworthy to consider the
schemes of passivation: chemical and eld-effect passivation. The former works under
the principle of reduction of interface or surface defects [91], while the latter works on the
reduction of either electrons or holes at the interface [92, 93]. The reduction of defects is
directly related to the surface recombination velocity, S;ec; for modelling the same, a high
density of neutral defects NY is placed at the mid-band gap of the CIGSe, inducing Siec
from 10* to 10’ cm/s.
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Table 4.1: Simulation input parameters. d : thickness, Np-a : donor/acceptor doping, Eg : band gap,
: electron af nity, Nc/Ny : density of states, : mobility, : bulk lifetime, NJ / EY : Neutral defects'
density and energetic level below CIGSe conduction band, N? / EP / N2 / E4 : same for donor and

acceptor traps. (a) CBO variation, (b) S variation, (c) defects' energetic position and (d) defects'
density variation

Layer properties CIGSe buffer (CdS or Zn(0O,S)) i-ZnO n-ZnO
d m 2 0.05 0.05 0.2
Np-a cm 8 Na : 106 Np:4 10 Np:10¥ Np:1:.01 10
= 136 13.6 13.6 9 9
E; eV 1.15 24 3.3 34
ev 45 4.4/4.6 (a) 4.4 4.4
Ne cm 3 7 107 4 108 4 108 4 10
Ny cm 3 15 10 9 10%® 9 10%® 9 10%®
n o cm?v 1s 1 100 100 100 100
p cm?v 1s ! 25 25 25 25
n NS 50 33 10 10
p hs 50 0.033 0.01 0.01
vi, cms 1 107 10 10 10
Interface CIGSe/buffer CIGSe/PaL CIGSE/PaL
properties Donor Donor/Acceptor
NN cm 2 5 10%2=2 103 (b) 5 10%=2 10 (b) 5 10%=2 10 (b)
Eé\' eV 0.55 0.55 0.55
N2 cm 2 0 2 10°0=2 10%2=2 10 (d) 2 1018
EdD eV 0 0:08 013-0:33 (c)
N cm 2 0 0 2 10%
E} eV 0 0 0:08=0:28 (c)

We structured the scheme of the simulation in a way to decouple the effects of chemi-
cal passivation and band bending assisted eld-effect passivation. At the start, an ideal
CIGSe/CdS solar cell with = 500 nm, i.e., without the PaL is designed; no defects are
introduced at the interface. And then, to change the quality of the interface, the lifetime of
the charge carriers and CIGSe/CdS band offsets (cliff or a spike) is altered. Following this,
a porous PaL is applied in between the absorber and the buffer, and its effect on device
performance is investigated. In addition to the electronic properties of the PaL, its geome-
try is also a parameter considered in this model. The contact area radius, , is varied from
2 nm to 400 nm, while the distance between them is xed constant, which is valued to be

2 =1 m. Thus the percentage of covered area by PaL is givenby: =1 2= 2,
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To create surface charges at the passivated interface, we used either donor/acceptor pairs
or donor defects and their densities, and energetic positions are also varied in a precise
pattern. The neutral defects can't be ionised and are independent of the trap energy level if
they are situated close to the mid-band gap. In short, our simulation model includes shallow
and deep defect charges, surface recombination inducing neutral defects over the whole

area consisting of the PaL and the contact interfaces.

4.3 Impact of passivation schemes on device performance

In the beginning, a non-passivated ( = 500 nm) standard cell with an ideal CIGSe/CdS
interface is simulated and set as the baseline. The baseline solar cell had a low density of
neutral defects over the CIGSe surface layer and an ef ciency of 22.45%, which is close
to the record CIGSe solar cell [1]. Following, a surface limited solar cell is designed out
from the baseline. This is done by increasing the neutral defects over the CIGSe surface
and placing donor defects energetically close to the CIGSe mid-band gap, along with two
conduction band offsets (CBO), a cliff or spike ( Ec  0.1), at the CIGSe/CdS interface;
the donor trap models are equivalent to (In,Ga)c, defects near the CIGSe surface [94].
By their combined effect, the ef ciency drops to 14.52% for a cliff based device due to a
reduction in V¢ (188 mV) and FF (10%).

Now, to answer the question whether a perforated PalL can recover the losses encountered,
we introduced it between the CIGSe/CdS interface, enabling the contact junction formation
through the openings. Initially, the nano-contact opening, is selected to be 50 nm —
close to the radius of nano-openings through Al,O3 described in Figure 3.4 — leading to a
PalL coverage area of 96% on the CIGSe surface; this structure is set to address two types

of passivation schemes: chemical passivation and surface charge induced band bending.

4.3.1 Chemical passivation of the blocking layer

In chemical passivation, the density of active defects, impurities or dangling bonds on a
surface get reduced by the application of a PaL [91]; one can argue about an identical
case in CIGSe with alkali uoride post-deposition treatment [1, 2]. A pragmatic treatment

of this type of passivation scheme is tackled in the simulation by reducing the defects at
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Figure 4.2: (a) Simulated open-circuit voltages and (b) corresponding ef ciencies for point contact
solar cell under chemical passivation scheme at the CIGSe/PaL interface. 2 [10;400]

the CIGSe/PaL interface and unchanging its concentration at the point contact junction, i.e.
at the CIGSe/CdS interface. To encompass different interface properties, two conduction
band-offsets at the CIGSe/CdS interface are chosen: a spike and a cliff ( Ec  0.1). A
realistic value of S;ec — 5 10* cm/s — is set at the CIGSe/PaL interface, reckoning that
the PaL can't reduce the defect density at the CIGSe/PaL interface to zero. The thickness
of the PaL is chosen from the experimental values of the ALD-deposited Al,O3; hence

is set to be 5 nm, 10 nm, 15 nm and 20 nm. However, we didn't observe a dependence of
solar cell performance on — possibly due to the drawback of WIAS-TESCA to include
series resistances of the layers. Similarly, the experimental values of the contact radii of
point contact junctions, , — 45 nm and 60 nm — are also considered, but the simulation
is not limited to these values, instead, is varied from a low value of 10 nm to 500 nm,

where 500 nm corresponds to an un-passivated solar cell.

The simulation mainly focuses on the interface between CIGSe/CdS and CIGSe/PaL, and
therefore, Voc and  will be the solar cell parameters of concern; while the former is directly
related to the interface quality. Figure 4.2 illustrates the simulated Vo and of a cliff and

spike based CIGSe/buffer system with point contacts through a PaL. The performance of
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both interface limited solar cells (Srec =2  10° cm/s) starts to improve as the passivated
area grows. Also, it can be noted that the rates of increase of both parameters for the
two CBO are entirely different. For Ec = + 0.1eV, the growth rate is slower and reaches
a maximum of 21.8% and a V. of 620 mV. Note that for the baseline solar cell, for
a spike, and Vc are 22.45% and 645 meV respectively; whereas for a cliff, Vo and
accounted to be 502 meV and 16.17%. It is obvious that the PaL tends to improve solar cell
parameters, but for Ec = + 0.1 eV, the CIGSe layer was not able to achieve the baseline
device performance, whereas Ec = - 0.1 eV surpass its corresponding baseline cell and
Voc and climbed to 616.85 meV and 21.57% respectively.

The surge in the performance for the interface limited Ec = - 0.1 eV can be ascribed
to the impact of PaL, which raises the effective interface band gap and reduces band to
band gap and cross recombination channels. But for Ec = +0.1 eV, these loss channels
are already impeded, and the impact of PaL is ineffective compared to the cliff condition,

Ec = - 0.1 eV. For both CBOs an ideal value of is reached for 50 nm and the V.
remained constant thereafter, while the ef ciency began to drop. This can be attributed to
the jamming of electrons as the only current path in the absorber is limited through the
contact opening, leading to an increased series resistance at these points. At the other
extreme, when ! , the device approached the surface limited case. When guring
out the best con guration, it should be a balance between and . An ef cient point
contact structure should be of very low radius — in our case this lies between the openings
50 100nm corresponding to a passivated area of 98 — 94%, and 2 should be less than
the diffusion length of CIGSe.

4.3.2 Field-effect passivation of the blocking layer

Another way to achieve low Syec or higher -, is to reduce one type of charge carriers
close to the interface via an electric eld induced by a PaL at the interface. In case of a
p-type absorber like CIGSe, since minority carriers are moving towards the front contact,
a high density of positive charge at the interface is required to generate an inversion at the
CIGSe surface. We tested some possible PaL candidates (Al,O3, ZnS, SiO,) which can
generate positive charges and Al,O3 is kept as the PaL for the rest of the studies as we

saw a strong increase in the photo-luminescence from these layers on top of CIGSe (refer
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to appendix Figure 8.5). Other possible candidates that could provide positive charges
found in the literature are HfO, layers or stacks of SiO,/HfO,/Al,O3 [95]. In the simulation,
we replicated this scenario by placing a high density of donor charges close to the CIGSe
conduction band, equivalent to positive charges in a PaL. They will not ionize and contribute

to parasitic recombination.

The simulation is started with an = 100 nm, correspondingto a = 96% and N? in the
range 10 10 cm?. For NP >10'?, we observed a surge in the ef ciency, surpassing
even the baseline solar cell; the ef ciency climbed up to 23.2% along with an upgrade in
Voc 10 665 mV.

Figure 4.3: Simulated potential (color scale) and electron current (arrows) for contact junction
radius, =50 nm.z =0 m corresponds to the CIGSe front interface.

The strong rise in the  prompted us to zoom near interfaces — CIGSe/CdS and
CIGSe/PaL — of the simulated solar cell under illumination. The zoomed-in version of the
potential diagram is displayed in Figure 4.3. The potential diagram exhibits a gradient in
the electric eld close to the interfaces. Compared to the CIGSe/CdS interface, the rate of
change in potential was higher at the CIGSe/PaL interface, depicted by the colour change
from blue to red. This is expected, but what was more interesting is the extension of the
eld gradient into the CIGSe/CdS interface. It is guaranteed that the change in potential
in these regions will bring a change in CBO and VBO. A crude estimation of these offsets
can be calculated using Anderson's rule [96], even though this model does not account for

interface charges.
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CBO = c(cigse  cdsipaL
4.1)

VBO = Eg.cds=paL.  Eg;cicse

To see the modi cation of the electronic properties brought by the PaL, we checked the
band alignment and band bending near the interface. It is experimentally evident that a
spike at the CIGSe/CdS interface is favourable for CIGSe based solar cells [97, 98]. The
band diagram close to the interface at z=0 as a function of the perpendicular distance
to the interface is shown in the Figure 4.4. The bands were plotted by taking two vertical
cross sections bisecting the CIGSe/CdS interface and CIGSe/PaL interface on the potential

diagram.

Figure 4.4: Simulated band diagram for a point-contacted solar cell (  Ec =-0.1 eV). Cross-section
along the z-axis close to the interface before the application of point contacts (blue dashed lines),
after the introduction of point contact: at the contact (blue curve) and on the passivation layer (red
curve). =50nmandS = Spha=2 10° cm/s.

As anticipated, a big spike is visible at the interface on the conduction band showing the
current blocking behaviour of the PaL. Moreover, a strong inversion is generated at the
CIGSe/PaL interface. Comparing the band bending at both junctions, the inversion at the
PaL interface accounted to be 0.2 eV more than at the contact junction, drawing the con-
duction band closer to the Fermi level near the CIGSe/PaL interface, altering the charge

carrier transport and their environment.
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In this context, quantifying the position of the Fermi-level at the interface can give a better
understanding of the band bending at the interface. As discussed in the last paragraph, the
band bending at the interface and the point contact junction can be calculated by taking a
horizontal cross-section of the valence band across them, followed by taking the difference
between the valence band energetic level in the bulk (Eypyx = 0:19%V) and at the rst

discontinuity at the CIGSe/PaL interface.

PaL = EVbuk EVpaL
(4.2)

c = Evouk Evc

Note that the simulated CIGSe solar cell under discussion has a cliff type band alignment
at the CIGSe/CdS interface with =100 nm and > 96% and an inversion is witnessed
at the contact junction in uenced by the PaL. This motivated us to look further into the

effect of the band bending at the contact junction if < 100nmor > 96%

Figure 4.5 shows the effect of the passivated area or the contact radius on the band bend-
ing at the contact junction, along with potential diagrams for =10 nm, 50 nm and 100 nm.
As  began to grow (shrinking), the transition of the band bending at the contact junc-
tion, ¢, began to rise and a maximum impact is reached whenlim | ¢ ¢ = pa, =10
nm. Between the two extremes of , the value of 200 meV in band bending is calculated
from the Figure 4.5. Even if the passivated area is smaller, 250 nm < < 400 nm, a
bene cial effect is always visible. However, a signi cant in uence ensued when it crosses
the threshold value, =100 nm with = 96%. Here, is greater than the experimental
calculated using XPS measurements in Table 3.2 (despite considering errors from the
guantitative analysis), where the openings are achieved by random arrangement of CdS
NP's. A possible way to simulate the real case scenario is to generate random openings

using a random distribution.

As shown in Table 4.2 (the band bending values at the point junction are calculated from
Figure 4.5), an optimal con guration for a band bending assisted passivation is reached
foracellwith =10nmand > 96%. The ef ciency is increased by almost 1.69% from
the baseline cell and V¢ climbs up to 677 mV. Also, a relaxation in  is observed (modest

changes in cell performance when < 100 nm) compared to the chemical passivation.
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Figure 4.5: Simulated potential (color scale) and electron current (arrows) for contact junction
radius, :(a)-(c) =10, 50, 100 nm respectively. z =0 m corresponds to the CIGSe front interface.
(d) Distance from the valence band to the Fermi-level 2 nm below the CIGS front interface. 2
[10; 400] PaL defect structure, interface recombination velocity and CBO at CIGSe/CdS interface
and CIGSe/PaL interface is same as in Figure 4.4; the semiconductor parameters are listed in the
default Table 4.1.

Yet, losses appear when reaches 99%. A possible explanation is the gradual increase
in series resistance seen by the charge carriers. However, the mechanism of the transport
of the carriers is entirely different from the chemical passivation. Here, the electrons are
driven to the passivated surface and the holes are repelled from the interface by the electric
eld generated from interface charges. Thus, the lifetime of the charge carriers at the inter-
face and at the junction is enhanced, and the jamming of charge carriers in comparison to
the chemical passivation is considerably diminished. And on reaching a new equilibrium,
the diffusion assisted transport mechanism comes into act and the electrons are directed

to the nano-contacts.

In the previous analysis, we used a CIGSe/CdS standard solar cell with donor defects
lying close to the mid-band-gap and witnessed a recovery in  and V. This motivated us

to extend this approach further to CIGSe cells with different interface qualities. We handled
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Table 4.2: Band bendings calculated for the simulated cell in Figure 4.5. is the percentage of
passivated area, ¢ is the band bending at the contact center, p, at the passivation layer

c PaL

(nm) (%) (eV) (eV)
10 > 99 0.82 0.85
50 99 0.81 0.85
100 96 0.68 0.85
250 75 0.61 0.85
400 36 0.60 0.85

four types of solar cells for this purpose, with different conduction band offset ( 1) and Syec.
Introducing a cliff at the CIGSe/CdS interface minimises the effective band gap seen by the
numerous interface recombination sites [37]. And if a passivation layer can annihilate these

defects, this would give more options for the selection of buffer layers.

Table 4.3: Matrix showing the four types of investigated solar cells. CBO refers to conduction band
offset at CIGS/CdS. S refers to interface recombination velocity. S; and S, denotes high and low
recombination velocity, and C; and C, represents spike and cliff respectively.

CBO and Syec | S1(5 10%cm:s 1) Sy(2 10°cm:s 1)
C1(0:1 eV (spike)) [97-99] 1 0
Co( 0:1 eV (cliff)) [100, 101] 0 1

Taking this into account, we designed four baseline standard cells for the four cases as
described in Table 4.3 (1) S;1 C1(2) S, C1 (3) S1 C, (4) S2 C, and followed the same

route as in the previous analysis.

Figures 4.6 (a) and (b) show the simulated Vo and corresponding for values of from 10
nm to 500 nm, and Figure 4.8 shows the simulated J V curves for =50 nm including all
types of devices considered. We chose V. as the parameter to be investigated because it
gives the direct information about recombination. The ndings were similar to the previous
case, but we noticed a rapid recovery in the case of a cliff, S, C», in comparison with
high quality surface cell, S; Cj. In both cases the passivation had positive effects on the
solar cell. As started to get smaller, Vo rose independently of the quality of interfaces
considered at the beginning and converged to the same limit for all the solar cells. The

same trend was followed by the ef ciency. The effect of an increase in series resistance
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Figure 4.6: (a) Simulated open-circuit voltages, and (b) corresponding ef ciencies for different
values of under eld effect passivation scheme: 2 [10;500] S; C1,S; C1,S; Cr,andS; C;
take the values as described in Table 4.3.

and FF losses was noticed below = 10 nm. These results indicate which kind of CIGSe
interfaces will get a bene ciary effect from a point contact structure; a high defective sur-
face would be able to exploit the point contact structure, while it brings gentle effects on
high quality surfaces. Adding to this, a complete elimination of the negative in uence of the
cliff at the CIGSe/CdS can challenge the role of a buffer layer; the main feature of which is
to align the band between the absorber and the window layer. However, the modelling of
Srec through a thin layer with high Ny could be the reason for these results, which doesn't

reckon the tunnelling recombination between charge carriers coming from different layers.

Unlike in the case of the cliff and spike, when S;¢. is taken into consideration, the results
didn't have substantial changes; even with an ideal PaL, Voc and didn't climb up to the
same level. An explanation for this behaviour can be given by the partial passivation of
defects as assumed in the model. And concerning the retrieval of the performance, a better
performance was shown with devices having low S;¢c, showing what kind of devices would
get bene ted from point contacts con guration. Still, a slight improvement was observed

for all devices with high S;ec when > 250nm — in these devices the ef ciency is limited
by the recombination in the quasi-neutral region. Figure 4.7 (a) shows the impact of charge

density on the V¢ of the four devices considered. It can be observed that all devices V.
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Figure 4.7: (a) Simulated open-circuit voltage as a function of charge density in the passivation
layer for four types of solar cells considered in Table 4.3. (b) Minimum and maximum ef ciency for
different values of and defect structures studied as described in Table 4.1; the simulated data
follows the same set of parameters used in Figure 4.6

converged to the same point when interface charge density is close to 10'* cm 2. And the
effect of band-offsets became insigni cant when it crossed 3 102 cm 2. The boundaries
of ef ciencies of four solar cells is illustrated in Figure 4.7 (b). The shaded part shows the
range of that can be bene cial for a point contact structure. Combining Figures 4.6, 4.7
and 4.8, we summarised the limits of ef ciency that can be achieved by CIGSe devices with

a point contact structure, and this could be used as a framework for future experiments.

Until now, for all the cases considered , a strong n-type inversion at the CIGSe/PaL inter-
face is the deciding parameter attenuating the in uence of interface recombination. Exper-
imentally, it can be activated by the diffusion of atomic elements into the Cu vacancies in
a Cu-poor CIGSe absorber, similar to Zn diffusion from a ZnS passivation layer [102] or
the removal of Cu from the interface and occupation of potassium with the KF treatment
[47]. Since these are found to be advantageous for CIGSe absorbers, their energetic level
should lie closer to the CIGSe conduction band. Furthermore, we examined what happens
if they turn into deep defects and modelled it by changing the defect energy level closer to
the mid band gap and plotted as a function of band bending they induced. These results

are displayed in Figures 4.9 (a) and (b).
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Figure 4.8: Simulated current-voltage curves for unpassivated (dotted lines) and passivated solar
cells (solid lines) for =50 nm for different type of solar cells considered in the table 4.3. The PaL
has a charge density N> =2 10'%=cm? and rest of the semiconductor parameters follows table
4.1.

Figures 4.9 (a) and (b) show that the band bending at the passivation layer, p,_ is not
controlled by S;ec and CBO, and from the Table 4.2, it can be concluded that p, is

independent of . Summing up the three,

% = @PaL = @PaL :o
@ @so

rec

(4.3)

Hence, p,. is considered as the deciding parameter. It has signi cant in uence on V.
and , and independent of S;ec and CBO values at CIGSe/CdS, Voc( pa) and ( pg) are
monotonically increasing functions. But, a closer look will decipher the parasitic behaviour
of the defects depending upon their positions in the band gap. In these cases, they play
a double agent role: in uencing band bending and enhancing recombination. Therefore,
the position of these defects and their density should be the factors to be reckoned, while
considering a point contact structure. Leaving aside these negatives, when = 100 nm,

paL > 0.85 eV and for each value of S;¢c and CBO, a PaL signi cantly enhances the

device performance by at least 10%.
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Figure 4.9: Impact of band bending at the passivation layer, pa on the V.. and ef ciency of
solar cells studied (the values of S;; S,; C1; and C, are tabulated in Table 4.3) for =50 nm. Semi-
conductor parameters follows the default values in Table 4.1. Horizontal dotted lines represent the
unpassivated device performance in each category mentioned in Table 4.3.

Summarising the results from the simulation, a point contact structure through a pasivation

layer is bene cial when it meets the following conditions:

paL > 0:85eV, i.e. suf cient band bending is generated by the PaL

99%> > 95% i.e. more than 95% of the interface is passivated. In our case, this

corresponds to 50nm

The rst factor depends on the defect structure at the interface or in other words the inter-
face charges. The density of these interface charges should be suf cient to induce a favor-
able band bending. This also includes donor defects introduced to the absorber through
diffusion; however, a distinction between the two is not executed in the simulations. In the
eld-effect passivation, the main parameter that describes the in uence of the PaL is the

band bending it induces at both interfaces. For a good inversion at the CIGSe/CdS in-
terface, in addition to the interface charges, the passivation area should lie between 95
— 99%. Also, another important thing we noticed is that the relaxation of requirements in

case of the eld-effect passivation as compared to the chemical passivation. In the lower
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regime of the contact junction openings, the ef ciency almost stayed constant. Field-effect
passivation could also relax the diffusion length parameter. A perfect example for this is
the passivated emitted rear CIGSe ultra-thin solar cells, where even with the pitch width of
2 m[103] and 10 m [54], an improvement is reported; the same can be applied to the

front-end passivation, thus challenging the diffusion length requirement.

The PaL is more bene cial to a poor interface quality absorber (a cliff at CIGS/CdS and
a high S;ec). An optimum buffer layer, in addition to an appropriate band line-up, should
also generate shallow defects at the interface carrying the required positive charge. The
standard CdS buffer layer might do so via ionised Cd within the Cu-free surface recon-
struction of CIGSe [104]. As our model includes charged defects only at the PaL but not
at the contact interface, it may be argued that the bene t of the PaL layer is exaggerated.
However, additional calculations (not shown here) suggest that a cell with full area contact
even with charged defects will still be worse than the point contact cell, in particular with
the cliff-type band alignment. If nothing else, using two different materials (contact, PaL) to
ful | one requirement (band line-up, positive charge) each should provide more exibility in

designing the best possible interface.

The results highlight the fact that the most ef cient passivation layer works through the
eld-induced passivation. Instead of looking at the defect density or the defect energetic
level, the surface charge density at CIGS/PaL should be investigated for improving ef -
ciency. Correlating experimental results from chapter 3 — refer to Figures 3.4, 3.12 and
Table 3.2) — and simulation results, it can be seen that the contact radius condition is sat-
is ed, while the coverage area is marginally less; yet, PaL and point contact is a promising
aspect to implement in tangible CIGSe devices. The results also give insights on the fac-
tors that should be addressed while creating an innovative point contact technology on the

CIGSe surface.

4.4 Point contacts at the Mo/CIGSe interface

An incomplete absorption and back contact recombination are the main limiting factors in
achieving high ef ciency ultra-thin CIGSe solar cells. With the aid of 2D simulations Nerat

[105] showed that localized point contacts at the back interface have the potential to boost



4.4. Point contacts at the Mo/CIGSe interface | 57

Figure 4.10: Simulated absorption plot as a function of CIGSe absorber thickness.

the performance of absorbers by 15% compared to the standard CIGSe solar cell with
whole back contacts. In this simulation work, we tried to get a qualitative understanding of
the optical and electrical in uence of the point contacts at the back interface of thinner ab-
sorbers using SCAPS. Since the recombination velocity at the back contact in uences the
diode current and photo-current, we varied the back contact recombination velocity over a
wide range from 10° cm/s to 10’ cm/s, equalling the electron thermal velocity. Also, SCAPS
gives the option to study the effect of re ection at the back interface; the lowest re ection

at the Mo back contact is chosen to be 20%, as reported in the literature [106]. The semi-
conductor parameters used in this simulation follow the values in the Table 4.1, to which

variation of absorber thickness and re ection at the back contact are to be considered.

Figure 4.10 demonstrates the in uence of absorption as a function of CIGSe absorber
thickness. Optical losses in thinner CIGSe occur mainly in the infra-red region and are
expected due to the material reduction. The signi cant drop in the absorption starts at 1
m, which is also the limiting absorber thickness. Also, it should be noted that the para-
sitic absorption at the back contact is increasing with decreasing absorber thickness and
converges to the absorption value for a 100 nm CIGSe layer, which is evidently due to
poor Mo re ectivity. Figure 4.11 covers the electrical in uence for a range of interface re-
combination velocities and re ection at the back contact in relation to absorber thickness.
The enhancement in the rear contact recombination, at the CIGSe/Mo interface, occurs
when the absorber thickness is comparable to the diffusion length of the carriers. It can be

seen that the V. is negligibly affected by the change in re ection at the back contact, but






