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Abstract

In this thesis, we model and characterize defects in thin-�lm Cu(In,Ga)Se2 (CIGS) solar cells and

study the passivation e�ect of two atomic layer deposited dielectric materials (AlOx and HfOx) at the

CIGS/CdS (front) and the CdS/TCO (window) interfaces, along with the in�uence of post-deposition

annealing. We use admittance spectroscopy (AS) on simulated and experimental CIGS solar cells to

deeply characterize electronic defects in terms of characteristic frequency ft, activation energy EA
and capture cross section σ. This method is also applied to study other loss mechanisms, such as

parasitic resistances and interface barriers. The AS theory is completed with an innovative graphical

representation called loss map, enabling to identify the signatures of these loss mechanisms. On top

of this, optical experiments are conducted to evaluate relevant CIGS absorbers properties. This large

panel of measurements allows to interpret the evolution of solar cells performance. In particular, we

show that post-deposition annealing at 150°C has a positive impact on low performance solar cells,

leading to a 10% Voc improvement and to an absolute increase of 1.2% e�ciency. These cells are further

enhanced when a 1nm AlOx passivation layer is introduced, resulting in a 30% Voc improvement and

to an absolute increase of 4% e�ciency compared to the reference. Opposite trends are observed

for higher performance cells passivated with a 1nm layer of AlOx or HfOx. In these structures, we

highlight the presence of a N1-type interface defect that is widely observed in the literature, and we

extract its characteristic energy EA ∼ 0.1eV and capture cross section σ ∼ 10−18cm−3. In the case

of front passivation, the N1 defect exhibits a higher response that is probably responsible for the

reduced performance and is possibly explained by Fermi level pinning. For window passivation, the

N1 defect density is reduced but this positive e�ect is neutralized by the barrier-induced roll-over that

negatively a�ects the e�ciency. Eventually, we also highlight the limitations of these characterization

methods and discuss the need for further investigations using more advanced techniques.

ii



List of acronyms

Acronym Signi�cation

ALD Atomic layer deposition
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CdS Cadmium Sul�de
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IV Current-Voltage

PL Photoluminescence
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SCAPS Solar cell capacitance simulator

SLG Soda-Lime glass

SR Spectral response

SRH Shockley-Read-Hall

TCO Transparent conducting oxide

TEMAH Tetrakis(ethylmethylamino)hafnium (used for ALD of HfOx)

TMA Trimethylaluminium (used for ALD of AlOx)

TRPL Time-resolved photoluminescence
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1 Introduction

1.1 Context

On the 4th of April 2022, the IPPC (Intergovernmental Panel on Climate Change) published the

�nal part of its sixth evaluation report [1]. In this report, the most recent and advanced knowledge

on climate change is presented. The responsibility of humans activity is extensively discussed and

acknowledged. An emphasis is put on the vital necessity to quickly, deeply and durably change our

living habits as well as the way our society works. Greenhouse gas (GhG) emissions are found to

be largely responsible for the global warming, and therefore need to be strongly reduced in the near

following years.

In 2019, the energy industry was responsible for 24.1% of the total GhG emissions in Europe (�g-

ure 1.1.1). From this knowledge, and from the data presented in reference [1], it appears that a

clean "green" energy and electricity production is key to reducing the global emissions. The avail-

ability of green energy could furthermore positively impact other sectors such as transportation and

manufacturing industries, which are also largely responsible for the total GhG emissions.

Figure 1.1.1: Shares of CO2 emission per activity sector in 2019, from [2]

In the past few years, solar PV technology has shown to be very suitable to achieve clean electricity
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1.2. TOPIC OVERVIEW

production. Photovoltaic panels are cheap, reliable, durable and also easy to integrate at household

scale. Despite these advantages, some signi�cant limitations subsist, among which the intermittence

of solar production, the ecological footprint of the production process or the e�ciency that is not yet

high enough to meet the global demand. To tackle these limitations, e�cient and sustainable storage

solutions are needed, as well as new technological breakthroughs in PV technology.

In this context, thin-�lm PV has emerged as a promising technology to both enhance the e�ciency of

solar panels and to reduce their ecological footprint by reducing the quantity of raw material needed

[3]. Due to their reduced thickness, these solar cells could also be mounted on �exible substrate to fur-

ther improve their urban integration. In thin-�lm PV, there is one particular technology that catches

a lot of attention: CIGS solar cells. The name is the one of the absorber material, Cu(In,Ga)Se2,

that presents very good light absorption characteristics and is thus well suited to the making of solar

cells. For this technology to reach its full potential, some challenges still need to be faced, the most

complex one being the high quantity of defects that constitutes a major limitation to performance

[4].

1.2 Topic overview

Contrarily to Silicon technology that mostly relies on Silicon-based materials, CIGS solar cells are a

little more complex. A schematic representation of a CIGS solar cell is represented in �gure 1.2.1.

On the very bottom, Soda-lime glass (SLG) is used as a mechanical substrate for the solar cell. In

some cells, it can also be replaced by steel to make the cell �exible. Directly on top, a Molybdenum

(Mo) layer is deposited to act as back electrical contact. On top of the Mo layer, the CIGS/CdS

heterojunction is responsible for the absorption of light photons and the generation of the electrical

charges. Finally, the window layer and the front electrical contact, generally made of Indium (In) or

Silver (Ag), complete the cell structure.

Figure 1.2.1: Schematic representation of a CIGS solar cell (arbitrary scale)

The di�erent interfaces between these materials generally present a signi�cant defect density. More-

2



1.3. OBJECTIVES

over, the polycrystalline nature of CIGS is also responsible for a signi�cant concentration of bulk

defects inside the material. These defects are responsible for a consequential reduction of electrical

charge generation and thus of overall cell e�ciency. Therefore, the study of these defects and their

action on the solar cell is key to improving its overall performance.

To mitigate the action of defects at the di�erent interfaces, a technique called interface passivation

can be used. In CIGS solar cells, interface passivation is very well documented, especially at the rear

interface [5, 6, 7]. Generally, a dielectric layer is inserted between the CIGS and Molybdenum layers.

It can either be ultra-thin, about 1nm, or thicker and patterned in order to let the electrical current

through. In these references, promising results are shown, with a decreased interface defect density [5],

increased current [6] or even increased overall cell e�ciency [7]. In this work, the concept of passivation

that is already mastered at the back interface is extended to the front interface (CIGS/CdS) and the

window interface (CdS/TCO).

1.3 Objectives

This work focuses on the modelling and characterization of defects in CIGS solar cells, as well as on

the impact of front and window passivation on these defects and on the cell performance. For this

purpose, di�erent leads are investigated.

� Di�erent CIGS absorbers are used, to try to understand how the quality and structure of

the absorber in�uences the performance and the presence of defects. Their in�uence on the

e�ectiveness of passivation is also studied.

� Passivation is attempted at two interfaces, to see which would help the best with increasing the

performance and reducing the in�uence of defects.

� Two di�erent materials are used for the passivation layer: aluminium oxide (AlOx) and hafnium

oxide (HfOx). Due to their di�erent bandgap and �xed charge, but also due to their di�erent

lattice structure, they should act di�erently on the solar cell.

For all of these leads, di�erent steps and measurements are undertaken:

� The processing is adapted. This mainly means that the standard processing of a CIGS solar

cell is modi�ed to integrate the passivation layers.

� The sample is characterized thoroughly. This means performing numerous measurements such

as IV, CV, PL, EQE and others. The aim is to gather various data on the samples and to

extract the main �gures of merit related to each one of these.

� Using CVf measurements performed on the samples, admittance spectroscopy is used to char-

acterize defects in the structures. This very powerful technique is �rst developed theoretically

in chapter 2 and then put in application in the practical part of this work.

3



1.4. STRUCTURE

� Simulations are carried out using the SCAPS [8] software and confronted to experimental mea-

surements. The purpose of these simulations is both to predict trends that are then confronted

to reality and to help in the interpretation of the experimental observations.

1.4 Structure

The second chapter of this work, after the present introduction, is dedicated to a comprehensive

theoretical background on solar cells, the particular case of CIGS and admittance spectroscopy. After

that, the methodology of this work is presented, along with the experimental setup and the di�erent

techniques that are used. In the fourth chapter, SCAPS simulations are presented for a reference

CIGS solar cell. The �fth chapter details the complete characterization process of three experimental

CIGS solar cells. There, a performance analysis is �rst carried out using IV measurements and the

defects are then analyzed in more details using admittance spectroscopy. The two following chapters

make use of this same characterization process for front and window passivated cells. Finally, the last

chapter concludes the discussion and points towards future developments.

4



2 Theoretical background

This chapter aims at giving a thorough presentation of all the theoretical aspects used in this work,

mainly related to solar cells and their characterization. It starts with a general presentation of solar

cells, giving a �rst insight about their operation and faced challenges. After that, the particularities

of CIGS solar cells are detailed. The third section is dedicated to a very comprehensive presentation

of admittance spectroscopy (AS), a method used for characterizing loss mechanisms in thin-�lm

solar cells. Finally, the last section focuses on ways to mitigate the presented loss mechanisms, and

introduces the concept of passivation that is key to this work.

2.1 General theory of solar cells

In this section, a general introduction to solar cells is given. First, the theory behind standard PN

junctions is brie�y introduced. Then, ideal solar cells are presented, along with their �gures of merit.

Finally, some details are given about the main loss mechanisms in real solar cells.

2.1.1 PN junctions

The PN junction is one of the most basic and most important building blocks behind modern tech-

nology. Its working principle and characteristics are extensively detailed in various reference books,

two of which are largely used in this section [9, 10].

A PN junction is built by putting in contact a n-type semiconductor, doped with donor atoms, with

a p-type semiconductor, doped with acceptor atoms. This is represented in �gure 2.1.1.

Figure 2.1.1: Schematic representation of a PN junction

5



2.1. GENERAL THEORY OF SOLAR CELLS

The doping of the two semiconductors is ND [cm−3] and NA [cm−3] respectively. Because the n-type

region is poor in holes but rich in electrons and the p-type region is poor in electrons but rich in

holes, a mechanism of di�usion at the junction takes place, leaving only ionized doping atoms in the

middle. As a �rst approximation, it is thus possible to consider that there is an absence of charges

in this region. For this reason, it is called the depletion region. The electrical parameters of an ideal

abrupt PN junction can be computed for the n- and p-side using the 1D Poisson equation:

d2Φ(x)

dx2
= − q

εs
(p− n+ND −NA) (2.1.1)

where Φ(x) is the potential at the junction and p and n are the concentration in holes and electrons

derived from the Boltzmann relations. This equation is based on the so-called "depletion approxima-

tion" where all doping atoms are ionized in the depletion region [9]. From this equation, the junction

potential at equilibrium is computed:

Φ0 =
kT

q
ln

(
NAND

n2i

)
(2.1.2)

When a bias voltage Va is applied to the junction, the junction potential (also called internal potential)

changes and is simply equal to:

Φ = Φ0 − Va (2.1.3)

Positive bias voltage is applied at the p-side of the junction. This equation is based on the assumption

that the potential drop across the quasi-neutral regions, that are not in depletion, is negligible. The

result of this equation is that the potential barrier at the junction is reduced for positive biases.

After solving the Poisson equation, and by following Gauss' law stating that the electrical �eld must

be continuous at the junction, it is possible to derive the width of the depletion region:

wD =

√
2εs
q

(Φ0 − Va)
NA

(2.1.4)

This equation is an approximation accounting for the fact that ND � NA which is the case in CIGS

solar cells. The result of this equation is that the depletion width decreases for a positive bias. Also,

the depletion layer capacitance can be derived:

CD =
dQD
dV

=
εs
wD

(2.1.5)

The analysis of this depletion capacitance is very useful for the characterization of solar cells, as

detailed in section 2.3. Finally, by combining the results of the Poisson equation with the charges

drift and di�usion equations, it is possible to write the equation for the current density in a PN

junction:

J = Js

(
exp

(
qVa
kT

)
− 1

)
(2.1.6)

where Js is the reverse saturation current density.
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2.1. GENERAL THEORY OF SOLAR CELLS

The current density in an ideal PN junction in function of bias voltage is represented in �gure 2.1.2.
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Figure 2.1.2: IV characteristic of a PN junction using equation (2.1.6) and with Js = 10−5 mA/cm2.

2.1.2 Ideal solar cells

An ideal solar cell is essentially a PN junction that is illuminated. For understanding its working

principle, it is �rst necessary to present the action of light on semiconductors. This is linked to the

charges generation/recombination principle that is presented hereafter.

Charges generation and recombination

In an undoped semiconductor at thermodynamic equilibrium, the valence band is completely popu-

lated with electrons, and the conduction band is an empty state. When a su�cient amount of energy

is transferred to an electron of the valence band, it can be promoted to the conduction band. In that

circumstances, it leaves an unoccupied state which is called a hole. Together they form a so-called

electron/hole pair (e−/h+). Because the conduction band is originally an empty state, an electron

that would be promoted there can move freely. The same is valid for a hole in the valence band.

These particles are commonly called "free (charge) carriers" [9]. This situation of a generated e−/h+

pair after transfer of energy is represented in �gure 2.1.3a.

(a) Generation of e−/h+ pair (b) Recombination of e−/h+ pair

Figure 2.1.3: Schematic representation of the generation/recombination mechanism

After a certain amount of time, if there is no physical mechanism preventing it, the electron returns to

its low energy state, releasing that same energy that was absorbed before. This mechanism is called

recombination and is depicted in �gure 2.1.3b.
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2.1. GENERAL THEORY OF SOLAR CELLS

Illuminated PN junction: the ideal solar cell

A particular case of generation/recombination applies when a PN junction is illuminated. There, the

energy transferred to the e−/h+ pair comes from the sun, with value E = hν. PN junctions present

a physical barrier to recombination: the electrical �eld in the depletion region. It drives the electrons

towards the n-type layer and the holes towards the p-type layer, as represented in �gure 2.1.4. When

they are kept separated, the generated e− and h+ contribute to a so-called "photo-generated current".

Figure 2.1.4: Schematic representation of an illuminated PN junction, with a generated e−/h+ pair
pulled away from each other due to the electrical �eld.

A PN junction under illumination can be represented using the 1-diode model from �gure 2.1.5.

Iph

Ij

I

+

−

V

Figure 2.1.5: 1-diode model of solar cell

The photo-generated current Iph depends on the irradiance, the area of the cell and the capability

of absorption of the p-type material. It induces an increase in voltage across the PN junction which

results in an increased di�usion current Ij . Using the model and equation (2.1.6), the total current

in the cell is written as:

I = Iph − Ij = Iph − Is
(

exp

(
qV

kT

)
− 1

)
(2.1.7)

The current density in an ideal solar cell is represented aside of the current in dark conditions in

�gure 2.1.6a. It is interesting to note that this representation is not the same as for conventional

PN junctions. Here, because the solar cell generates power, the active sign convention is used. It is

simply obtained by considering that the I·V product should yield a positive power. This is the case

when considering the grey quadrant in the �gure, which is also the operation regime of the solar cell.

The solar cell under dark condition can also be represented that way, enabling an easier comparison

between the two.
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Figure 2.1.6: IV of illuminated ideal solar cell using the SCAPS model from appendix B.1.

Figures of merits of solar cells

Important �gures of merit for characterizing the solar cell performance are extracted from the IV

curve under light. These are represented in �gure 2.1.6b and are the following:

� The open-circuit voltage Voc. This is the voltage at which the current is null.

� The short-circuit current Jsc. This is the current at which the voltage is null.

� The maximum power point (Vmpp, Jmpp) which is the point of highest generated power.

� The �ll-factor FF =
Vmpp · Jmpp
Voc · Jsc

. It is a measure of ideality for the solar cell.

� The e�ciency of the cell η =
Vmpp · Jmpp

G
= FF · Voc · Jsc

G
. It depends on the solar irradiance

G which is known from the solar cell testing procedure.

This short description of the main �gures of merits concludes the presentation of ideal solar cells.

The next section steps away of the ideal case, by introducing the main loss mechanisms existing in

real solar cells.

2.1.3 Loss mechanisms in solar cells

First, the 1-diode model of solar cells is adapted, allowing to present the action of external losses.

Secondly, SRH recombination and defects are introduced, along with their impact on charges recom-

bination.

An important mention is that this work focuses on the electrical characterization of solar cells. For

this reason, optical considerations are mostly not taken into account. Optical losses, even though

they are not detailed here, are also a big part of solar cells losses. In this section and the rest of this

work, all references to losses only consider their electrical part.
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2.1. GENERAL THEORY OF SOLAR CELLS

External losses

The 1-diode model is very commonly used for modelling of solar cells [11]. It gives an easy repre-

sentation of the currents and voltages inside it, decoupled from the external electrical losses. The

adapted 1-diode model, taking these losses into account, is represented in �gure 2.1.7.

Iph

+

−

Vj

Ij

Rs I

Rsh

Ish

+

−

V

Figure 2.1.7: Adapted 1-diode model for solar cells, taking into account the e�ect of series resistance
and shunt resistance. Rs is the series resistance, Rsh is the shunt resistance and Vj and Ij are the

junction voltage and current.

Using this model, the external measured current can be separated into its di�erent parts using the

following equations: 
I = Iph − Ij − Ish
V = Vj −Rs · I

Ij = Is ·
(

exp

(
qVj
kT

)
− 1

) (2.1.8)

Putting it all together, this leads to:

I = Iph − Is ·
(

exp

(
q(V + IRs)

kT

)
− 1

)
− V + IRs

Rsh
(2.1.9)

This 1-diode model puts into light the two main sources of external electrical losses: series resistance

and shunt resistance. Series resistance, as for many electronic devices, mainly comes from the electrical

contacts at the front and rear side of the device. Shunt resistance, on the contrary, has a very di�erent

origin depending on the technology of solar cell that is used. Their origin is developed in more details

further, in the context of CIGS solar cells.

SRH recombination and defects

In section 2.1.2, the principle of recombination is introduced. It is mentioned that recombination

is the action of an electron returning from the conduction band to the valence band, emitting a

previously absorbed photon in the process. Because recombination reduces the amount of carriers

contributing to the photo-generated current, its action is critical for cell performance. In that section,

band-to-band recombination is presented, but this mechanism can be facilitated in a process that is

called Shockley-Read-Hall (SRH) recombination [9].
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2.1. GENERAL THEORY OF SOLAR CELLS

Instead of having an electron directly go from the conduction band to the valence band, it passes by

an intermediate energy state (a so-called "trap") located somewhere in the bandgap. This situation

is represented along with the band-to-band recombination mechanism in �gure 2.1.8.

(a) Band-to-band recombination of e−/h+ pair (b) SRH recombination of e−/h+ pair

Figure 2.1.8: Schematic representation of the band-to-band and SRH recombination mechanism

The electron is �rst captured by the trap, going from the conduction band to an intermediate energy

state Et. It is then reemitted from that state into the valence band where it recombines with a hole.

This process is the predominant recombination process in solar cells.

For SRH recombination to take place, the trap state needs to be able to capture and emit charges,

interacting with both the conduction and valence band. This is the case of defects which have their

energy level inside the bandgap. They can capture and emit charges, therefore acting as intermediate

states for recombination. This mechanism is described in section 2.3.1.

Two di�erent types of defects exist: bulk defects and interface defects. Bulk defects are present

inside a material, depending on the quality and the nature of the material. Interface defects are

present between di�erent layers, originating from the fabrication process and the potential lattice

incompatibility between the di�erent layers. Lattice incompatibilities can result in vacancies or dan-

gling bonds that act as recombination centers. In CIGS solar cells, defects have a particularly great

impact on performance. This is introduced in the next section, and extensively discussed in this work.

Mathematically, the SRH recombination rate is expressed as [9]:

U =
pn− n2i

τ0

(
p+ n+ 2ni · cosh

(
Et − Ei
kT

)) (2.1.10)

where τ0 is the minority carrier lifetime given by:

τ0 =
1

σ0 · vT ·N
(2.1.11)

with σ0 [cm2] the capture cross section, which is in this case assumed to be the same for electrons

and holes, vT [cm/s] the thermal velocity and N [cm−3] the total density of states available, among

which the ones of the defects. Qualitatively, it makes sense that the lifetime of the carrier depends
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2.1. GENERAL THEORY OF SOLAR CELLS

on these parameters. The lifetime of a carrier would be high if

(a) σ0, a measure of how close a carrier must be to the trap for being captured, is small.

(b) vT , the speed of the charge in the lattice, is small.

(c) N , the number of available states for the charge to occupy, is small.

In equation (2.1.10), the recombination rate is lower for a higher carrier lifetime. Moreover, the re-

combination rate also depends on the position of the trap state in the bandgap, and more precisely

on the di�erence (Et − Ei). The closer the trap is to the centre of the bandgap, the higher the re-

combination rate is. Physically, this can be explained knowing that SRH recombination is a two-step

process: �rst a charge must be captured from one band and then it needs to be re-emitted to the

other. For both steps to be the most likely and the fastest, the intermediate state must be close to

each of the two bands it is exchanging charges with, hence be close to the centre of the bandgap.

Defects and non-radiative recombination in general also have an impact on the IV characteristic of

the solar cell. The introduction of SRH recombination leads to a modi�ed current in the solar cell.

Also from [9], the junction current of the solar cell becomes:

Is ·
(

exp

(
q(V )

mkT

)
− 1

)
(2.1.12)

with m the junction ideality factor. When no SRH recombination is considered, m = 1. When

recombination currents are introduced, m = 2.

In this section, a general theory of solar cells was presented. Because the focus of this work is the

study of CIGS solar cells, the next section presents their main characteristics, and the necessary

adaptation to the general theory.
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2.2. CIGS SOLAR CELLS

2.2 CIGS solar cells

The structure of CIGS solar cells was introduced before in section 1.2. They fundamentally work in

the same way as basic solar cells. In a �rst section, the main particularities of CIGS solar cells are

described. In a second section, loss mechanisms are adapted to the CIGS case.

2.2.1 CIGS/CdS heterojunction

The main di�erence between CIGS solar cells and the more traditional cells is that the PN junction

is not a homojunction. These are composed of two layers of the same material, that are doped with

di�erent impurities to constitute a p- and n-type layer. In an heterojunction, such as the CIGS/CdS

junction, two di�erent materials are used.

The CIGS layer is a p-type semiconductor and is called the absorber, because it is the layer where the

charge carriers are generated. The CdS layer is a n-type semiconductor and is called the bu�er layer.

Together, these two layers create a depletion region at their interface, and thus also an electrical �eld

that is responsible for charge separation. As mentioned in section 2.1.1, the doping of the n-type

layer ND is much greater than the doping of the p-type layer NA. For this reason, equations (2.1.4)

and (2.1.5) are also valid for CIGS solar cells.

As presented in [9], the main particularity of an heterojunction compared to a standard PN homo-

junction is the di�erence of bandgap between the two materials. The bandstructure of the junction is

di�erent, with a barrier present at the interface between the two layers. The complete bandstructure

of a CIGS solar cell is represented in �gure 2.2.1.
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Figure 2.2.1: Simulated bandstructure of a CIGS reference solar cell using the SCAPS model from
appendix B.2.

The CIGS/CdS barrier alters the behaviour of charges at the interface between the two materials,
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compared to an homojunction where there is no discontinuity in the bands. The barrier and its

impact on the solar cell is developed in section 2.3.8 and 2.4.3.

2.2.2 Bandgap grading

Another very particular aspect of the CIGS layer is that its bandgap is not uniform over the entire

thickness, as explained in [12]. This is called bandgap grading, and it is realized by changing the

Ga/(In+Ga) ratio over the thickness of the CIGS layer. Di�erent possibilities of grading exist, such as

normal grading with the bandgap increased at the back or double grading with a minimum bandgap

at a certain place in the layer and higher bandgap at the edges.

The light spectrum being constituted of higher and lower energy light, depending on its frequency,

it is important that the bandgap of CIGS is not too high. Indeed, increasing the bandgap increases

the energy necessary to promote electrons to the conduction band, reducing the range of photons

that can be absorbed. On the �ip side, a great bene�t from a higher bandgap at the back is the

improvement of charges separation, thanks to the additional generated electrical �eld. Moreover, the

bandgap close to the edges also has a big in�uence on the interface structure, with the CdS at the

front and the Molybdenum at the back, which can also help with increasing the e�ciency of the cell.

Bandgap grading is an important feature of CIGS solar cells and must therefore be carefully designed

and executed. The action of bandgap grading on cell performance is discussed in section 2.4.2.

2.2.3 Electrical losses

External losses

Series and shunt resistances are also present in CIGS solar cells, and their presence can also signi�-

cantly impact the performance. They are brie�y introduced here and discussed in more details further

in this work.

Series resistance is mostly related to the front and rear contacts, as in other PV technologies. At the

front, the Schottky contact that is formed at the interface between the metallic grid and the ZnO layer

is associated with a certain non-negligible resistance [9]. A metal that has a work function adapted

to the ZnO layer is thus essential to lower this resistance. At the rear side, the CIGS and Molyb-

denum layer form together another Schottky contact that must be correctly engineered. On top of

this, oxidation of the grid also plays a role and can increase the series resistance contribution with time.

Shunt resistance is related to the inherent roughness of CIGS absorbers [13]. Because they do not

have a �at surface, the coverage of the absorber when depositing the thin CdS and ZnO layers on

top is generally not uniform. When depositing the front electrical contacts afterwards, there can

be places where a direct connection between the front contact and the CIGS exists. This results in

current leakages.
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2.2. CIGS SOLAR CELLS

Bulk and interface defects

The main challenge and limiting factor in terms of performance for modern thin-�lm, and more

speci�cally, CIGS solar cells is the high quantity of defects in the device [3, 4]. In particular, the

high number of defect states at the di�erent interfaces as well as a high bulk defects concentration in

the absorber layer lead to an increased recombination rate and reduction of cell performance. Two

di�erent types of defects can be present: bulk and interface defects.

Bulk defects inside the CIGS layer can cause very signi�cant performance loss, because charges are

capable of recombining directly where they are generated. The presence of these defects is partly

linked to the polycrystalline nature of CIGS. It is constituted of grains of various shapes, sizes and

crystallographic arrangements. In function of the growth process and conditions that are used, the

overall structure can vary greatly, leading to a very di�erent concentration in bulk defects [4].

The most signi�cant recombination losses in high e�ciency CIGS cells happens at the di�erent in-

terfaces [3]. At the front interface (CIGS/CdS), the di�erent lattice constants of the materials as

well as the fabrication process are mostly responsible for increased defect density [14]. At the rear

interface (Mo/CIGS), the bandgap grading in CIGS induces strain in the lattice leading to point

defects, dislocations and lower absorber quality overall that enhances recombination [4].

Overall, the mitigation of these defects in CIGS is a very important research aspect in this �eld.

Di�erent ways of reducing the action of these defects are presented in section 2.4. In order to

identify them, a characterization methodology is needed. The technique used in this work, admittance

spectroscopy, is presented in details in the next section.
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2.3 Admittance spectroscopy for defects characterization

It is underlined in the previous section that defects play an predominant role in the reduction of

performance in thin-�lm PV cells. This is why a method for characterizing these defects is necessary.

More precisely, it would be of interest to know the nature of the defect (bulk, interface), its activation

energy EA and capture cross-section σ as well as other parameters that are presented further.

One particularly powerful method that can be used for this characterization is the analysis of ad-

mittance measurements. Because defects capture and release electrons, their charge state vary. This

has a direct in�uence on the total admittance of the device and more particularly on its capacitive

part. By measuring the device under di�erent voltage biases, at di�erent frequencies and at di�erent

temperatures, the parameters of interest can be extracted. The development of this method is greatly

inspired by [15, 16] and is completed by [17].

For the presentation and the illustration of this method, a SCAPS [8] solar cell model is used. Its

characteristics are detailed in appendix B.2 and it is simply described throughout this entire section

as the "reference CIGS model".

2.3.1 Charge state of defects

There are two types of defects, donors and acceptors. Each of these can be either ionized, i.e. carrying

a positive or negative charge, or neutral. For an acceptor defect (A), the ionization equation is:

A0 ⇔ A− + h+ (2.3.1)

Where A0 is the neutral acceptor atom and A− is the negatively charged acceptor ion. The acceptor

defects considered in this work are typically exchanging holes with the valence band. The charge state

of the impurities is deduced from the probability of occupancy of the acceptor level, which follows the

Fermi-Dirac distribution as explained in [9]. The statistics is adapted by using the acceptor energy

level Ea and using a degeneration factor of 1/2. This accounts for the fact that the acceptor energy

level can only host one electron and not two as stated by the Pauli exclusion principle, leading to the

following Fermi-Dirac distribution:

f (Ea) =
1

1 + 1
2 exp [(EF − Ea) /kT ]

(2.3.2)

where EF is the energy of the Fermi level. Since this distribution gives the probability for the defect

state to be occupied, it also is the complementary of the probability for the defect to be ionized. The

direct consequence of (2.3.2) is that for a certain value of Ea, the probability of ionization is either

very close to 0 (for Ea > EF ) or very close to 1 (for Ea < EF ). This is also visible in �gure 2.3.1a.
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Figure 2.3.1: Probability of ionization of a defect (complementary of Fermi-Dirac distribution)

The same reasoning applies to a donor defect (D) for which the ionization equation is:

D0 ⇔ D+ + e− (2.3.3)

Where D0 is the neutral donor atom and D+ is the positively charged donor ion. The donor defects

considered in this work are typically exchanging electrons with the conduction band. Following the

same reasoning as hereabove and with an energy level Ed, its probability of occupancy is:

f (Ed) =
1

1 + 1
2 exp [(Ed − EF ) /kT ]

(2.3.4)

Again, the probability for the defect to be ionized is the complementary of the probability of occu-

pation of the state. It is either very close to 0 (for Ed < EF ) or very close to 1 (for Ed > EF ). This

is also visible in �gure 2.3.1b.

At this point, the impact of temperature on the probability of ionization of the defect must be shortly

discussed. Its impact is clearly visible in �gure 2.3.1. It is negligible when the Fermi level is far

from the energy state of the level, but more important when the Fermi level is closer. For the sake

of simplicity, the rest of this section considers defects to be either ionized or not, disregarding the

probability function, even though this is not exactly correct and impacts the actual defects response.

A summary of the di�erent possible charge states of the defects, depending on the position of the

Fermi level, is presented in �gure 2.3.2. Acceptor defects are ionized when the Fermi level is above

them (EF −Ea > 0) and donor defects are ionized when the Fermi level is below them (Ed−EF > 0).

The concept of charge state of the defects is really fundamental to understand the concept of AS.

Indeed, because defects only contribute to the total capacitance when they are ionized, a change of

�xed charge is observed when the Fermi level moves across the defect state. The next section focuses

on defects time constant, a metric of the kinetics of charge capture and release.
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(a) Neutral acceptor defect (b) Ionized acceptor defect

(c) Neutral donor defect (d) Ionized donor defect

Figure 2.3.2: Possible charge states of defects depending on EF

2.3.2 Time constant of defects

Defect change their charge state through two di�erent processes: capture and emission. Charge cap-

ture happens when an ionized defect attracts a charge. Charge emission happens when a neutral

defect gives away its charge. The type of carrier involved depends on the type of defect: a hole for

an acceptor defect and an electron for a donor defect. Each of these two phenomena are linked to a

di�erent time constant, as developed further.

Charge capture is a relatively straightforward process as the carrier goes from a high energy level

state to a lower energy level state, with the release of a photon in the process. For this reason, the

associated time constant τc, as explained in [9], is simply the carrier lifetime τ0 from equation (2.1.11):

τc =
1

2πfc
= τ0 (2.3.5)

In CIGS, τ0 is generally in the order of 1-100ns. Typical values σ0 = 10−15 cm2 ; vT = 10−7 cm/s ; Nc =

10−18 cm−3 give τ0 = 10 ns. Admittance measurements on solar cells are generally done in the 1 kHz

- 1 MHz range, for reasons that are detailed in section 2.3.6. This implies that the charge capture

mechanism, that has a response frequency in the order of GHz, is too fast to be observed.

Charge emission on the other hand, is a slower process because it requires energy absorption from

the lattice. The time constant τe has an added term corresponding to the thermal activation of the

process. It leads to:

τe =
1

2πfe
= τ0 · exp

(
EA
kT

)
(2.3.6)

with EA the activation energy of the defect. It is de�ned as the di�erence between the defect's energy

state, previously called Ea for an acceptor and Ed for a donor, and the band it is exchanging charges

with, EV or EC . The exponential term in equation (2.3.6) is always greater than one because EA is

always taken positive. This implies that τe > τc.
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Following this development, it appears that the emission process mostly determines the defect time

response τt, and thus its characteristic frequency ft. This leads to the following equation:

ft =
1

2πτt
= σ · vT ·N · exp

(
−EA
kT

)
(2.3.7)

It depends on two parameters that vary from one defect to the other: EA and σ, as well as on one

external parameter: the temperature. EA and σ are unknown and can hopefully be extracted from

admittance measurements. The temperature can be used as a variable of adjustment on the measure-

ment (section 2.3.7).

With the value τ0 = 10ns taken at room temperature, it is possible to make a plot of the response

frequency versus the activation energy EA for defects in CIGS, as shown in �gure 2.3.3. There, it ap-

pears that some defects have indeed a response frequency in the range of the admittance measurement.

This further motivates the use of this technique.
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Figure 2.3.3: Response frequency of defects with usual values for CIGS, inspired from [16]

2.3.3 Shallow and deep defects

Before developing the AS method, the notion of defects depth in the bandgap must be introduced.

In the previous section, the importance of EA, which is linked to the defect position in the bandgap,

is underlined. This enables another classi�cation for defects: shallow defects that are close to the

bandgap edges, and deep defects that are closer to the middle of the bandgap. Shallow defects have

a small EA and thus respond to higher frequency excitations. Deep defects have a great EA and thus

respond to lower frequency excitations.

Quantitatively, the limit between shallow and deep defects is set at EA = 40 meV. Because kT ≈ 26

meV at room temperature, the position of the quasi-Fermi level for these defects is such as they are

permanently ionized. Therefore, these shallow defects are often considered to act as doping elements.

Their contribution to the total charge is constant and thus not relevant to AS measurements. On

the contrary, deep defects are ionized at room temperature only if the position of the quasi-Fermi

level is modi�ed, for example when applying a bias. Because of this, they sometimes cause a change
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of �xed charge in the device, which is detected with AS. The region for shallow and deep defects is

represented in �gure 2.3.4.

(a) Shallow defects region (b) Deep defects region

Figure 2.3.4: Type of defect vs their position in the bandgap, inspired from [16] (not to scale)

2.3.4 Admittance measurement

Admittance measurements are used in numerous applications and �elds of research. This section aims

at presenting its use in the context of solar cells characterization and more precisely to justify how it

helps detecting defects and other loss mechanisms.

An admittance Y (ω) is an electrical quantity representing the parallel connection of a capacitance

and a conductance, that both depend on the measurement frequency [17]. It is expressed as:

Y (ω) = G(ω) + jωC(ω) (2.3.8)

The two parts of this admittance, the conductance G(ω) and the capacitance C(ω), are linked to

each other through the Kramers-Kronig relations. These prove mathematically that the analysis of

the two quantities is equivalent [18]. In this work and in the literature [15, 17, 19], the focus is typi-

cally put on capacitance measurements because they are less a�ected by parasitic conductive elements.

Intuitively, the capacitance of an ideal solar cell is linked with the charge separation in the depletion

region of the PN junction. For an ideal PN junction, the depletion capacitance, that is derived in

section 2.1.1 is the following:

Cd =
εs
wd

=

√
2qεs ·

NA

(Φ0 − Va)
(2.3.9)

An example of the evolution of Cd in function of the voltage is represented in �gure 2.3.5a. When

the voltage is increased in forward bias, the depletion width decreases, resulting in an increased

capacitance. Moreover, the value of capacitance at a certain bias point does not vary with frequency,

as shown in �gure 2.3.5b. This is normal since the depletion length is independent from frequency.
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Figure 2.3.5: Behaviour of the depletion capacitance for a reference PN junction (SCAPS)

In real solar cells, because of the presence of multiple other contributors to the total capacitance

such as defects, the total capacitance becomes frequency dependent. These contributions all have a

characteristic frequency beyond which they do not not contribute to the capacitance anymore.

Suppose a defect in a solar cell, the energy state of which would be the same as the Fermi level. If

an AC voltage is applied, the defect state successively charges and discharges as the Fermi level is

moving across it. A condition for this to happen is that the carriers are fast enough to follow the

AC signal. It is possible to establish that there is a certain frequency, the response frequency of the

defect, above which it does not contribute to the capacitance anymore. Indeed, at high frequencies,

the emission process is not fast enough for the carriers to follow the AC signal anymore. This is

represented in �gure 2.3.6a, where a bulk defect is responsible for an increased capacitance at low

frequency and stops contributing at higher frequency.
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Figure 2.3.6: Total capacitance and its derivative, at 0V bias and for a reference CIGS model where
an acceptor bulk defect has been added (SCAPS)

The response frequency of the acceptor defect ft is computed using the parameters of the defect from
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appendix B.2 and equation (2.3.6):

ft =
1

2π
· σ0 · vT ·Nv · exp

(
−EA
kT

)
(2.3.10)

=
1

2π
· 10−15 · 107 · 1.8 · 1019 · exp

(
−0.326

0.35

)
≈ 100 kHz

This is the frequency at which the step occurs in �gure 2.3.6a. Another way of representing the defect

response is to take the opposite of the capacitance derivative with respect to frequency, multiplied by

the frequency (−fdC/df). This is done in �gure 2.3.6b and results in a peak at the frequency response
of the defect. This representation isolates the change in capacitance, allowing an easy extraction of

the response frequency of the defect.

In this development, it is shown that capacitance measurements can yield interesting information

about defects frequency response and contribution to the device total charge. In the presented exam-

ple, only one single bulk defect is added to the structure. In a real solar cell, the total capacitance

is the sum of the di�erent contributions (defects, series resistance, barriers at interfaces, ...), which

results in a frequency response that generally is much harder to interpret. This is discussed further

in section 4.2.

2.3.5 Voltage dependency

In the previous section, only the frequency dependence of defects is taken into account. A 0V bias

voltage is considered and the added defect has an energy level that is crossed by the Fermi level at

that bias point. This section introduces another dimension in the measurement, with the variation

in bias voltage.

From the PN junction theory, it is known that the quasi-Fermi level for holes and electrons can be

moved by changing the bias voltage [9, 10]. The e�ect of di�erent voltages on the bandstructure is

represented in �gure 2.3.7.

At zero bias voltage (�gure 2.3.7b), the Fermi level crosses the energy state of the defect which then

becomes ionized and contributes to the total charge. This situation is the same as in �gure 2.3.6.

When changing the bias voltage, the Fermi level splits into two quasi-Fermi levels, for holes and

electrons. Here, because the defect is an acceptor, its behaviour is determined by Fp, the quasi-Fermi

level for holes. When it is above the defect level, the defect is ionized and contributes to the total

capacitance (�gure 2.3.7a & 2.3.7b). On the contrary, when it is below the defect level, the defect

stays neutral and does not contribute to the total capacitance (�gure 2.3.7c & 2.3.7d).
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(c) Band diagram at 0.8V
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(d) Band diagram at 1V

Figure 2.3.7: Band diagram for a reference CIGS model with the same acceptor bulk defect as in
previous section, at di�erent voltage biases (SCAPS).

This contribution to the total capacitance is visible when looking at the Cf characteristic at di�erent

voltage biases, in �gure 2.3.8a. For the sake of clarity, the normalized capacitance curves are shown.
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Figure 2.3.8: Total capacitance in function of frequency, at di�erent biases and for a reference CIGS
model where a bulk acceptor defect has been added (SCAPS).
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For V = -1V & V = 0V, there is a step in capacitance due to the action of the ionized defect that

contributes only at low frequencies. On the contrary, for V = 0.8V & V = 1V, the capacitance is

constant which suggest an inactive (neutral) defect. The response of the defect is also visible when

considering the −fdC/df characteristic such as in �gure 2.3.8b. A peak in capacitance indicates an

active defect. On the contrary, an inactive defect results in a constant capacitance with frequency,

and thus a derivative equal to zero.

In this section, the impact of voltage bias on the defects and the way they contribute to the total

capacitance is shown. Two di�erent parameters, the frequency and the voltage, can be changed to

try characterize the defect. Next section goes one step further, by proposing a visual representation

that helps with defects characterization.

2.3.6 CVf loss maps

It is now established that the derivative of capacitance with respect to frequency (−fdC/df) is an
e�cient way of representing the response of defects. This is also suggested in [15]. Using this metric,

is also possible to represent an entire voltage sweep from -1V to 1V , such as in �gure 2.3.9a.
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(b) CVf loss map

Figure 2.3.9: -fdC/df in function of V & f for a reference CIGS model where a bulk acceptor defect
has been added (SCAPS).

By looking closely, it is possible to see that the contribution in capacitance increases from -1V to reach

a maximum around 0.5V and then decreases to �nally have no contribution anymore at 1V. Also,

the defect response is localized at higher frequencies. Even though the defect's peak is clearly visible,

this representation is not yet the most easy to read and to interpret. The same information can be

represented di�erently on a so-called "loss map" [15], such as in �gure 2.3.9b, where the response

of the defect appears in a more visual way. The name of this representation comes from the fact

that every signature corresponds to a charge loss event. The present defect has a large signature in

voltage bias, coming from the fact that the Fermi level is crossing the defect state at many di�erent

biases. In the frequency range, it is mostly concentrated around the 100kHz response frequency that

characterizes the defect.
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An important limitation to the interpretation of these loss maps is the conductive behaviour of solar

cells in forward bias [17]. Because a solar cell is a PN junction, there are high current that �ow

through the device beyond the threshold voltage. Capacitance is typically measured with a LCR

meter (see section 3.3.2), whose accuracy is only preserved when the amplitudes of the capacitive and

conductive parts of admittance have similar orders of magnitude. This can be monitored through the

dissipation factor D de�ned as [20]:

D =
Gm

2πfCm
(2.3.11)

where Gm and Cm are the measured values of conductance and capacitance, and f is the measurement

frequency. This factor must typically be lower than 10 in order for the measurement to be accurate

[21]. In �gure 2.3.10, the dissipation factor from an experimental measurement is represented.
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Figure 2.3.10: Dissipation factor in function of V & f for a CIGS cell (experimental data).

In forward bias, the dissipation factor is large due to the high DC current. The measurement accuracy

is poor in that region. For negative bias and low frequencies, the dissipation factor also increases due

to reverse leakage current. The best measurement, over an entire range of frequencies, occurs around

0V when there is no current. This dissipation factor is commonly used to determine the regions of

the loss map where the capacitance data are reliable and accurate [15].

Another restriction in the AS method is the usable frequency range for the measurement. This range

is mostly determined by the accuracy of the measurement that is done on the capacitance. For high

frequencies, the measurement is limited due to the action of the series resistance that plays an im-

portant role in the total measured capacitance [22]. This is detailed in section 2.3.8. For this reason,

admittance measurements are generally not performed above 1MHz. At low frequencies, there is no

real physical limitation preventing the measurement, but the capacitance extraction can become more

di�cult due to the tool sensitivity to noise that is more important [21]. For this reason, admittance

measurements are generally not performed below 100Hz, or 1kHz in the case of this work.

Even tough they o�er a very visual representation, loss maps are not so easy to interpret. Very

di�erent contributions could have a similar e�ect on the capacitance and result in a very similar
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signature. In order to facilitate the interpretation of these measurements, SCAPS simulations are

often used as a sensitivity analysis tool to understand the impact of the di�erent contributions to the

capacitance on the loss map. This is done in section 4.2.

2.3.7 Temperature dependency

In a previous section, it was pointed out that the frequency response of defects depends on two

parameters: the capture cross-section σ and the activation energy EA. Unfortunately, using room

temperature measurements, it is impossible to extract these two parameters independently from each

other. For this reason, a new dimension is introduced: the variation of the measurement temperature.

The kinetics of a thermally activated process is commonly described by the Arrhenius equation [23]:

k = k0 · exp

(
−EA
RT

)
(2.3.12)

where k is the kinetic reaction rate, k0 is the pre-exponential factor, EA is the activation energy, R

is a thermodynamic constant and T is the absolute temperature. In the case of the charge emission

rate et from a certain energy level, here the defect level, the equation is rewritten as [24]:

et = 2πft = ξ0T
2 · exp

(
−EA
kT

)
(2.3.13)

with ft the trap characteristic frequency as de�ned before, and ξ0T 2 the pre-exponential factor. This

can directly be related to equation (2.3.7) deriving the expression of ft. By association:

ξ0T
2 = σ ·N0 · vT,0 (2.3.14)

The T 2 contribution here comes from the temperature dependency of both the thermal velocity

(vT = T 1/2 · vT,0) and the density of states (N = T 3/2 ·N0) Finally, the Arrhenius equation is derived

in the two following ways:

ωt
T 2

= σ · vT,0 ·N0 · exp

(
−EA
kT

)
(2.3.15)

log
( ωt
T 2

)
= log(σ · vT,0 ·N0)−

EA
1000k

· 1000

T
(2.3.16)

Equation 2.3.16 is usually preferred because it puts in evidence the two parameters used for graphical

representation, in blue. By using admittance measurements versus bias and frequency, di�erent

characteristic frequencies can be extracted for each measurement temperature. These points are then

plotted on the so-called Arrhenius plot, such as in �gure 2.3.11.
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Figure 2.3.11: Arrhenius plot made from low temperature experimental data.

The raw data is then �tted to a linear model that allows the extraction of σ and EA as follows:σ =
eb

vT,0 ·N0

EA = −a · 1000k

(2.3.17)

This methodology enables an almost full characterization of the defect. The last defect's parameter,

the defect density, could also be extracted but this requires a more complex and thorough analysis

that is beyond the scope of this work.

The complete characterization of defects using AS was presented. The two next sections focus on

additional considerations: the extension of this method to other loss mechanisms and the use of

admittance measurement to compute the apparent doping of the CIGS layer.

2.3.8 Other loss mechanisms

Besides defects, other loss mechanisms contribute to the total measured capacitance. Two mechanisms

that are well documented for solar cells are the e�ect of series resistance Rs at high frequencies, and

the presence of a barrier at the interface between two layers. These two mechanisms and their impact

on room temperature admittance measurements are presented in this section.

Series resistance

It is well known, also from the MOS theory, that series resistance plays a big role in devices frequency

response. Solar cells are no exception and the impact of Rs is very often visible in admittance

measurements. A simple electrical model for the solar cell that takes the series resistance into account

was presented in [22] and is represented in �gure 2.3.12. This model considers that the cell is placed

in depletion regime and that there is a single capacitance, the depletion capacitance.
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C

Rs

r

Figure 2.3.12: Model for the solar cell, taking into account the e�ect of series resistance. Rs is the
series resistance, C is the depletion capacitance, and r = 1/G is the inverse of the conductance.

From the previous model, the complex admittance is derived as:

Y (jω) = Z−1(jω) =

(
Rs +

r · (jωC)−1

r + (jωC)−1

)−1

(2.3.18)

The measured capacitance Cm and conductance Gm of the device are isolated by separating equation

(2.3.18) into its real and imaginary part. Here, only the capacitance is considered:

Cm(jω) = ={Y (jω)} = C · 1

(1 + λ)2 + (ωRsC)2
, with λ =

Rs
r

(2.3.19)

The ratio of resistances λ is supposed to be � 1, which is a reasonable assumption since the series

resistance is small (about 1Ω · cm2) and the conductance even smaller (about 1mS · cm2 so r =

1kΩ · cm2). In that case, it is possible to write:

Cm(jω) = C ·

1, if ω is small

1/(ωRsC)2, if ω is large
(2.3.20)

This implies that for large measurement frequencies, the series resistance acts together with the de-

pletion capacitance as a low-pass �lter. On the other hand, for small measurement frequencies, the

measured capacitance is simply equal to the depletion capacitance, with no e�ect of Rs.

It is important to note that this model stays valid when other loss mechanism of the solar cell add up

to the capacitance, if the assumption is made that these contributions are purely capacitive. In that

case, C that was used in previous equations is a combination of these contributions. Typically, this

is the case when combining a series resistance with defects. Additional loss mechanisms that are not

only purely capacitive necessitate a more complex model that depends on the type of contribution,

but this is beyond the scope of this analysis.

Barrier at the CIGS/CdS interface

Another mechanism that contributes to losses in CIGS solar cells is the presence of a barrier at the

CIGS/CdS interface. The parameter that has an in�uence on the barrier height is mainly the mag-

nitude of the conduction band o�set [25]. It changes when the electron a�nity of the two materials

are altered, which is itself impacted by the processing and the stoichiometry of the materials.
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The barrier height has an impact on the charge �ow at the interface. It is interesting to note that

this phenomenon can be detrimental, such as presented in this section, or bene�cial when the barrier

modi�cation is done to promote separation of charges and carrier lifetime in the solar cell. This

bene�cial aspect is discussed in section 2.4.3 dedicated to mitigation of loss mechanisms.

A closer view of the CIGS/CdS interface is presented in �gure 2.3.13a. In this �gure, a barrier

limiting the electron �ow from the CIGS to the CdS is visible. The barrier height can be increased by

changing the electron a�nity of the CdS and the ZnO such as in �gure 2.3.13b. The electron a�nity

increased from 0.3 eV and as a consequence, the barrier increases from 0.3 eV. Charges accumulate

behind the barrier which constitutes a contribution in capacitance, but also in conductance since it

becomes more complicated for the charges to �ow through the barrier [17].
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Figure 2.3.13: Bandstructure of the CIGS/CdS interface at 0V, for two di�erent electron a�nities of
CdS, simulated with the reference CIGS model (SCAPS).

2.3.9 Apparent doping

The AS method already makes extensive use of the CVf measurements to characterize loss mecha-

nisms in the solar cell. Still, other information can be extracted from such data, one of which is the

analysis of the apparent doping pro�le described in this section.

The doping of a semiconductor layer can be deduced from CV measurements using a standard tech-

nique called "capacitance-voltage pro�ling" [26]. For an ideal solar cell, when considering that the

device is in depletion regime, the charge density at the edge of the depletion region is written as:

NA(w) =
2

q · εsε0 ·A2
·
(
d(1/C2)

dV

)−1

(2.3.21)

where w is the width of the depletion region and A is the area of the junction capacitance. This
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doping pro�le is usually plotted against w which is itself derived from the measured capacitance as:

w(V ) =
εsε0A

C(V )
(2.3.22)

In the case of real solar cells, the same technique and equations can be used, but the doping pro�le

that is extracted has additional contributions [27]. These contributions come from the impact of

defects and other loss mechanisms on the total capacitance. Therefore, the extracted doping pro�le

constitutes an upper bound of the real doping and is then called "apparent doping pro�le".

In �gure 2.3.14, the doping pro�le of the reference CIGS model was presented, along with the doping

pro�le when a bulk defect is added.
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Figure 2.3.14: Doping pro�le extracted from CV data at f = 10kHz for the reference CIGS model
with and without bulk defect added (SCAPS).

As anticipated, the overall doping pro�le when a bulk defect is present in the structure is higher than

when there is no defect. This con�rms the idea that the doping pro�le extracted from CV measure-

ments is a higher bound of the actual doping of the CIGS layer.

If the actual doping of the CIGS layer needs to be extracted, another technique called DLCP should

be used. Measurements extracted from this technique are independent from the defects action. More-

over, the comparison between DLCP result and apparent doping pro�le can yield some interesting

information about defects [27]. This is not developed further, as this is not the focus of this work.

This part concludes the use of admittance spectroscopy, and more generally CVf measurements, as

a technique to characterize loss mechanisms in CIGS solar cells. The next section presents di�erent

mitigation mechanisms that can be used to improve solar cells e�ciency.
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2.4 Strategies for recombination mitigation

In section 2.2.3, the di�erent loss mechanisms in CIGS solar cells are presented. As underlined, most

of these losses have as a main e�ect to increase recombination at the cell interfaces and in the ab-

sorber, which itself results in reduced performance. Acting against recombination is thus essential in

many ways, and this is the focus of this section.

Four general ways of reducing recombination are presented. For the �rst three, annealing, bandgap

grading and modi�cation of the interface barrier, the structure of the solar cell remains unchanged

and care is taken about the engineering of the di�erent layers. For the last one, interface passivation,

additional layers are introduced in the device for improving interface recombination in particular.

2.4.1 Post-deposition annealing

As presented before, CIGS is a polycrystalline material that is constituted of grains of various sizes,

shapes and crystallographic orientations. It is known from theory that grain boundaries are the pre-

dominant place where defects appear [14]. There is thus a direct correlation between the proportion

of grain boundaries and the bulk defect density. Moreover, the bigger the grains in the CIGS, the

less boundaries there are overall in the layer. In order to have a high quality absorber with low defect

density, the focus must thus be put on increasing the grain size in the CIGS.

The impact of grain size on cell performance is also mathematically established, by considering the

di�usion length of minority carriers in CIGS. The relation between the di�usion length for polycrys-

talline and monocrystalline material is given by [28]:

1

(LpolyD )2
=

1

(LmonoD )2
+

2Sg
Dng

(2.4.1)

where (LpolyD )2 and (LmonoD )2 are the minority carriers di�usion length of the polycrystalline and

monocrystalline materials respectively, Dn is the di�usion constant of electrons and Sg is the recom-

bination velocity at the boundaries of grains with size g. This equation shows that for lower grain

size, the di�usion length is also lower. The di�usion length is itself directly related to the minority

carriers lifetime, through [10]:

LD =
√
Dnτ0 (2.4.2)

A decreased di�usion length thus induces a reduced minority carrier lifetime and according to section

2.1.3 thus reduces solar cell performance.

Absorber annealing was introduced in early stages of CIGS solar cells development [3]. In [29], the

impact of annealing temperature is investigated. It appears that grain growth is improved when

annealing is performed, and when the temperature is increased. The impact of annealing is also vali-

dated by the experimental work of this thesis. To underline this, scanning electron microscope (SEM)

pictures of a bare CIGS absorber are taken before and after annealing. This is depicted in �gure 2.4.1.
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(a) Before annealing (b) After annealing

Figure 2.4.1: SEM pictures of a bare CIGS absorber, before and after annealing (150°C during 15
minutes). The bigger grains are underlined for each picture.

It appears from this picture that annealing does indeed have a positive impact on grain size. Moreover,

in the present case, the annealing temperature is not very high compared to temperatures presented

in [29]. It is possible that the grain size would increase even more with further annealing of the

absorber. The impact of annealing on performance is presented further in this work, in chapter 5.

Even though annealing has a positive impact on performance, by increasing grain size, the temperature

cannot be increased inde�nitely. Indeed, when the temperature is too high, selenium vacancies appear

in the CIGS which increases the recombination rate of free carriers [29]. Particular care must thus be

taken for choosing the most appropriate annealing temperature, duration and environment.

2.4.2 Bandgap grading

Bandgap grading was already mentioned in section 2.2, as a tool for reducing recombination at the

front and the back interfaces of the CIGS layer. The bandgap in the CIGS layer is altered by changing

the Ga/(In+Ga) ratio during fabrication. One main e�ect results from this bandgap grading [12].

In the region where the bandgap is increased, an additional electrical �eld ξA is created [30]:

ξA =
d∆Eg
dx

(2.4.3)

where ∆Eg is the bandgap variation over the distance x due to the bandgap grading. Usually, this

is done at the rear interface of CIGS. Physically, the explanation is quite straightforward. When
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increasing the bandgap at the rear, the conduction band is bent. This situation is represented in

�gure 2.4.2.
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Figure 2.4.2: Bandstructure of the CIGS reference model at 0V (SCAPS). The conduction band
bending at the rear contact (x=0) and the direction of the additional electrical �eld ξA are shown.

As a result of the band-bending, the photo-generated electrons are pushed away from the high energy

zone towards the lower energy zone(green arrow) where they should be collected. Moreover, holes

must be extracted at the rear side of the device which is easier in the absence of electrons with whom

they would recombine. This is shown in equation (2.1.10) where U decreases when n is reduced

compared to p.

Bandgap grading can also be used at the front interface, between CIGS and CdS. This is usually done

through double grading, in order to preserve the bene�cial characteristics from the back grading. This

grading impacts the barrier at the CIGS/CdS interface which is detailed just below.

2.4.3 Interface barrier modi�cation

As presented before, one particularity of CIGS solar cells is that there is a barrier present in the

conduction band at the CIGS/CdS interface. This barrier limits the electron �ow from the CIGS to

the CdS, which limits the photo-generated current and results in an accumulation of charges at this

interface. The e�ect of this barrier can be altered in di�erent ways.

First, the height of the barrier can be altered such as in section 2.3.8 by changing the electron a�nity

of the CIGS or the CdS. An increased barrier height leads to a lower electron �ow and a higher

accumulation of charges at the interface, thus reduced performance.

Secondly, bandgap grading can be used, as mentioned hereabove. It consists in increasing the CIGS

bandgap close to the interface. The grading then acts in the same way as at the back interface, by

bending the conduction band upwards. This decreases the barrier height at the interface, which helps

with the extraction of electrons and reduces recombination with holes.

Another possibility is to change the doping in either the CIGS or the CdS layer. This modi�es the

33



2.4. STRATEGIES FOR RECOMBINATION MITIGATION

Fermi level position, such as represented in �gure 2.4.3.

With a higher CIGS doping than in the base case (�gure 2.4.3a), the Fermi level crosses the interface

at a very low position in the bandgap. This enables the charge and discharge of deep defects that

heavily contribute to the SRH recombination [17]. With a higher CdS doping than in the base case

(�gure 2.4.3b), the Fermi level is pulled in a very high position at the interface. This has a positive

impact since the Fermi level ability to move across deeper defects is limited and their impact is then

also reduced.
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Figure 2.4.3: Bandstructure of the CIGS/CdS interface at 0V, when changing the CIGS & CdS
doping, simulated with the SCAPS standard CIGS model.

The CIGS/CdS interface is very critical in terms of performance. As explained, its barrier has a direct

impact on charge transport, but also on defects inside the bandgap. For optimized performance,

changing only the internal parameters of the CIGS solar cell might not be enough. It might be

necessary to introduce other layers whose purpose are to optimize the interfaces: a passivation layer.

This is detailed in the next section.

2.4.4 Interface passivation

Interface passivation in solar cells is a concept that is nor new nor limited to CIGS applications, as

it is already quite extensively used in crystalline silicon technology [31, 32]. The goal of solar cell

passivation is to reduce the SRH recombination at the interfaces of the solar cell. This can be done

in two ways:

1. Field-e�ect passivation. For reducing SRH recombination in solar cells, it is su�cient to

strongly reduce the surface concentration of either e− or h+. By imposing an electrical �eld

directly at the interface, it is possible to repel one of the two types of carriers and therefore

reduce the recombination. This electrical �eld is generally built using an added �xed charge of

value Qf .

2. Chemical passivation. For SRH recombination to take place, the density of defects must
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be su�ciently large. If the density of traps Dit at the interface is reduced, then the SRH

recombination is also reduced.

It is possible to pursue these two goals at the same time, and this is generally done using an additional

thin dielectric layer at the interface that needs to be passivated. This dielectric layer has:

1. A �xed charge of density Qf . The material can have a positive or negative charge and is chosen

depending on the type of carrier that must be repelled from the interface.

2. An adequate Dit, that makes it compatible with both materials of the interface and makes it

suitable for reducing the density of defects.

The choice of material for the passivation layer is very crucial [33]. AlOx and HfOx are very popular

materials, because they allow to reach a very low Dit. SiOx is also interesting because it can have

either a positive or negative Qf , depending on x. This means it can be used either for hole or electron

passivation. Generally, a metal-insulator-semiconductor (MIS) structure is used for choosing the right

passivation material. This structure enables the same growth of dielectric layer as for solar cells, but

in a much simpler structure [34]. From CV measurements, it is then possible to extract Qf and Dit

to estimate if the layer would be a good candidate for passivation of the solar cell, such as shown in [35].

In this work, passivation of CIGS solar cells is investigated. Because passivation at the rear interface

(CIGS/Mo) is already extensively discussed in the litterature, passivation is tried at the front interface

(CIGS/CdS) and at the interface with the window layer (CdS/TCO). Two materials are investigated:

AlOx and HfOx. These materials both present a very low Dit [34]. Unfortunately, it is likely that

their �xed charge is not adapted for front interface passivation. Indeed, at the front of the solar cells

e− must be extracted, which would be increased with a positive �xed charge at the interface. AlOx

and HfOx both have a negative �xed charge [34] which makes them less suitable on that standpoint.

Still, they could act as chemical passivation layers. This is investigated further in the experimental

part of this work.
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3 Methodology

A great methodology is important when performing experimental work. It enables an e�cient coordi-

nation of the di�erent experimentation aspects, which is essential to produce meaningful conclusions

in the end. The methodology used in this work is presented in �gure 3.0.1.

Figure 3.0.1: Work methodology

Simulation & theoretical predictions are the starting point in this work. Mainly, SCAPS sim-

ulations are undergone in order to predict the behaviour of the cells. After that, the processing of

the cells is performed. The purpose of the actual solar cells is to validate the theoretical predictions

using real-life data. Multiple characterization tools are used on the processed cells, to try to obtain

as much data as possible, and extract the important �gures of merit. By comparing the exper-

imental data with the data from SCAPS, it is then possible to make educated guesses about

the mechanisms at play inside the cells. Particular care must be taken when making the comparison,

because these simulations are often not entirely trustworthy. Finally the conclusions drawn from the

previous steps are submitted to discussion, in order to receive feedback and input on the quality

of the analysis. From this feedback and the previous conclusions, the work�ow is restarted from the

beginning with a new set of experiments.

In this chapter, the di�erent parts of the methodology and the setup used at each step is detailed.
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3.1 SCAPS simulations

In this section, the SCAPS [8] software is introduced as a simulation setup for the modelization of

solar cells. First, SCAPS is presented along with its main characteristics. Secondly, the motivations

behind the use of this software in this work are detailed. The CIGS solar cell model is also explained.

Finally, the limitations of SCAPS are discussed.

3.1.1 Presentation

SCAPS is a 1D solar cell simulator, that is developed at the Department of Electronics and Infor-

mation Systems (ELIS) of the University of Gent, Belgium [8]. It enables the electrical simulation

of solar cells, among which CIGS solar cells. Several types of simulations can be performed, such as

bandstructure analysis, IV, CV and Cf. Furthermore, it integrates several non-idealities such as bulk

and interface defects as well as series and shunt resistances, accounting for non ideal solar cells.

A solar cell model in SCAPS is built layer by layer. The di�erent layers composing the cell are

added, along with their speci�c characteristics: electrical properties, thickness, possible bulk defects,

recombination model. The di�erent interfaces between the layers can be customized, and interface

defects in particular can be added. Finally, the work functions of the electrical contact can be adjusted.

For the electrical simulation part, numerous parameters are available. A static working point in

temperature, voltage and frequency is �rst set. Series and shunt resistances are then added to the

model. After that, the choice is made between the simulation of the solar cell in dark or illuminated

conditions, with broad customization of the light spectrum. Finally, the measurement type is adjusted,

with its various parameters: voltage bias range, frequency bias range and number of points. The next

section focuses on the use that is made of SCAPS in this work.

3.1.2 Sensitivity analysis

The structure used in the SCAPS model is represented in �gure 3.1.1. This base model of a CIGS

cell is �rst composed of a CIGS absorber layer, with integrated bandgap grading. On top of it, a CdS

bu�er layer and a ZnO window layer are added. Finally, the front contact is simulated. The positive

back contact represented at the bottom has its metal work function aligned with the adjacent CIGS.

This is done for convergence reasons, as explained further. All the parameters used for the di�erent

materials are detailed in appendix B.2.
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Figure 3.1.1: SCAPS model of the reference CIGS cell.

Because of the great customizability of the SCAPS model, it is a perfectly suited tool for sensitivity

analysis. The di�erent parameters are changed one by one, in order to identify their impact on the

solar cell behaviour. Two main objectives are pursued with this sensitivity analysis:

� Predicting experimental trends. This includes the e�ect of the doping, bandgap, presence of

defects and many others. It is simulated through IV and CVf measurements, but also through

analysis of the bandstructure.

� Interpreting experimental observations. This is more speci�c to admittance measurements for

which it is sometimes tricky to interpret the obtained signature. The purpose of SCAPS sim-

ulations here is to try to understand which loss mechanisms could correspond to a certain

experimental observation.

For this second objective, defects that are not present in the ideal CIGS cell are introduced. It can

be a bulk defect in the CIGS layer, or a defect present at one of the di�erent interfaces, generally

between CIGS & CdS. The AS method can also be used in SCAPS, as presented before in section

2.3.

SCAPS is thus mainly used as a way of validating the analysis of experimental data, and gather some

intuition about the physical phenomena at play. Naturally, because it is a 1D simulation of a very

complex device, there are some important limitations that are detailed in the next section.

3.1.3 Limitations

The �rst main limitation is linked to the intrinsic nature of SCAPS, as a simulation software. All

the parameters that need to be introduced in the model are often based on educated guesses because

of the empirical methods used to obtain them. Typical examples are the bandgap and the doping.

Because the bandgap is graded, the general pro�le should be extracted, which is not straightforward.

Generally, only a single value close to the CdS interface can be extracted [36]. In similar fashion, the

doping of the CIGS layer can be deduced from CV measurements (section 2.3.9), but the value is
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impacted by the presence of defects. This emphasises the fact that theoretical or simulation models

are not always a perfect representation of reality, which justi�es why they should not be used as

absolute references to compare with experimental data.

Another big limitation of SCAPS is the mathematical convergence of the model. It impacts the ability

to modify some parameters and to simulate some speci�c aspects of solar cells such as dielectric layers.

Two main phenomena can cause convergence failures:

� The Fermi level moving outside of the bandgap. This is typically observed when the metal work

function of a contact is too di�erent from the one of the adjacent layer. It is the reason why a

real work function is not used for the back contact. Problems with the position of the Fermi

level also occur when too high values of doping are used in one of the layers.

� The absence of non-negligible currents in one of the layers. This is a major limitation for the

simulation of dielectric layers in SCAPS, because they only let low currents through them. One

way to �x this issue is to increase the defect density in the layer, inducing more recombination

current.

To act against convergence issues under speci�c circumstances, workarounds are generally used in

the simulation of the cell. This has the obvious disadvantage of going even further away from the

experimental cell, sometimes making the interpretation of simulations even more complicated. Some

of these workarounds were used in this work, and are detailed further.

Finally, a last limitation of SCAPS is the interpretation of some parameters inside the model itself.

Their e�ect on the model is not always easy to understand and to interpret physically, and it would

need further investigation for them to be used for sensitivity analysis.

From this introduction, it appears that even though SCAPS is not perfect in terms of simulation of

solar cells, its great customizability and functionalities makes it very suitable to be used in this work.

If a more precise and accurate model of the solar cell is needed, it would be interesting to use a more

sophisticated software. SCAPS probably o�ers a good compromise between accuracy of the model

and simplicity of use.
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3.2 Samples processing and overview

In this section, the processing of a reference CIGS solar cell is �rst presented. Secondly, modi�cations

to the processing for including the passivation layers is detailed. Finally, the di�erent samples used

in this work are presented.

3.2.1 Processing of reference samples

Standard CIGS solar cells are made of several stacked layers, detailed from top to bottom in table 3.2.1.

Layer Material thickness Deposition technique

Front contact NiAgNi 200 nm Sputtering

Window (TCO) IZnO & ITO 200 nm Sputtering

Bu�er CdS 50 nm CBD

Absorber CIGS 1.6 µm Sputtering/Co-evaporation

Back contact Mo 300 nm Sputtering

Substrate SLG 2-3 mm /

Table 3.2.1: Composition of the reference (baseline) solar cell from EnergyVille

Absorber The �rst step in the processing of a CIGS cell, after deposition of the back-contact, is the

making of the absorber. Two di�erent techniques can be used, either co-evaporation or sputtering.

In co-evaporation, the di�erent elements (Cu, In, Ga, Se) are placed in separate e�usion cells. Each

cell is heated at a certain temperature for precise control of the evaporation rate. Typically, this

process is made of 2 or 3 stages during which di�erent elements are evaporated concurrently on the

sample. In sputtering, 3 di�erent targets are used for making the absorber: CuIn, CuGa and Se. The

targets are �rst hit by an ion beam that ejects particles onto the sample. After that, selenization and

sulfurization is performed to complete the absorber. In both cases, as mentioned before, the ratio of

Ga/(In+Ga) is adjusted during the process for realizing the bandgap grading.

Cleaning of the absorber Before deposing the CdS layer, the substrate is cleaned using a (NH4)2S

solution. This allows the removal of the CuxSe2 secondary phase that forms at the surface of the

absorber after the deposition process [37]. It must be removed because it negatively impacts perfor-

mance.

CdS deposition The CdS deposition is performed using CDB. The samples are dipped in a heated

solution. The deposition time depends on the thickness, in this case about 50nm. At the end of the

process, the sample is rinsed in a de-ionized water bath and dried using a nitrogen gun.

Sputtering of window and grids The window layer and the grids are deposited one after the

other by sputtering. In the standard process, a stack made of i-ZnO and ITO is used for the window
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layer and a combination of Ni and Ag is used for the contacts. The use of Ni in this case is important

for limiting the oxidation of the contacts with time.

Scribing and back-contact The last step in the processing is the scribing and making of the back

contact. At the end of processing, the di�erent cells are not separated. This is why the scribing is

performed, to isolate the 0.5cm2 cells from each other. Because this is done by hand, the real area

of the cell generally varies a little bit, which can have consequences on the extracted value of Jsc, as

explained further. After scribing, the back-contact is made by removing part of the stack to reach

the Mo layer. A metal, generally Ag or In, is then deposited on top of this Mo to prevent oxidation

while ensuring a good electrical contact.

Final cell The structure and a picture of the �nal solar cell are presented in �gure 3.2.1.

(a) Structure of a reference CIGS cell (b) Picture of two reference CIGS cells

Figure 3.2.1: Structure and picture of a reference CIGS cell

3.2.2 Processing of passivated samples

In this work, passivation of CIGS solar cells is investigated. It requires to add additional layers to

the reference cell design. In practice, this means that the standard processing steps are interrupted

before addition of the layer, and �nished after that. This is described hereafter.

Front passivation Here, the passivation layer is introduced between the CIGS and the CdS layer.

The process is interrupted after the substrate cleaning, then the passivation layer is deposited and

�nally the rest of the process is performed, starting with the CdS deposition.

Window passivation Here, the passivation layer is introduced between the CdS and the TCO

layer. The process is interrupted after the CdS deposition, then the passivation layer is deposited and

�nally the rest of the process is performed, starting with the TCO deposition.

Passivation layer deposition Two di�erent dielectric materials are used as passivation layers:

AlOx and HfOx. They both are 1nm thick, to allow current to �ow via electrical tunnelling, and
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deposited using ALD. This step is performed in the imec cleanrooms in Leuven. ALD is a processing

technique that enables the deposition of very thin oxide layers. It is a sequential technique in which

atomic layers are deposited one by one. Two chemicals (precursors) are used in the process: water

and TMA or TEMAH, for AlOx and HfOx respectively. The sample is placed in a vacuum pumped

chamber, which is then heated to stimulate the reaction. After that, the two precursors are sequen-

tially pulsed into the chamber, and chemically react one after the other with the atoms present at

the surface of the wafer. At this stage, a unique layer of atoms is present on the surface. The process

is then repeated until a 1nm layer is grown.

Structure of passivated samples The structure of the front and window passivated samples is

represented in �gure 3.2.2.

(a) Structure of a front passivated CIGS cell (b) Structure of a window passivated CIGS cells

Figure 3.2.2: Structure of passivated CIGS cells. The passivation layers are represented in pink, and
can either be AlOx or HfOx 1nm layers.

3.2.3 Overview of the samples

For the reader to have a global view of the samples used in this work, this section makes a comprehen-

sive list of the di�erent processed samples that are then used in the experimental characterization part.

The samples are classi�ed by the type of absorber. In total, 3 di�erent absorbers are used:

� Absorber 1: Research-level CIGS, made by sputtering

� Absorber 2: Commercially available high quality CIGS made by co-evaporation

� Absorber 3: Commercially available high quality CIGS made by chalcogenization of metal

precursor layers.

Three di�erent structures are investigated: Reference (�gure 3.2.1a), front passivation (�gure 3.2.2a)

and window passivation (�gure 3.2.2b). On top of these 3 structures, 2 di�erent passivation materials

are used: AlOx and HfOx. All the di�erent samples are presented in table 3.2.2.
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Absorber Sample name Type of cell Annealing [°C] Passivation layer

1 Reference 1 Reference / /

1 Reference 1A Annealed reference 150 /

1 FP1 Front passivation 150 AlOx

1 WP1 Window passivation 150 AlOx

2 Reference 2 Reference / /

2 Reference 2A Annealed reference 150 /

2 FP2-AlOx Front passivation 150 AlOx

2 WP2-AlOx Window passivation 150 AlOx

2 FP2-HfOx Front passivation 300 HfOx

2 WP2-HfOx Window passivation 300 HfOx

3 Reference 3 Reference / /

3 Reference 3A Annealed reference 150 /

3 FP3-AlOx Front passivation 150 AlOx

3 WP3-AlOx Window passivation 150 AlOx

3 FP3-HfOx Front passivation 300 HfOx

3 WP3-HfOx Window passivation 300 HfOx

Table 3.2.2: Processed samples, with type of cell, annealing temperature (taking into account the
annealing during ALD processing) and passivation layer

The presentation of these samples concludes the section about cells processing and overview. This

large set of samples then allows to study the impact of passivation layers as compared to unpassivated

references, while including the e�ect of absorber processing and quality. The next section focuses on

solar cells characterization.
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3.3 Experimental characterization

In this section, the experimental characterization techniques used in this work are presented. Three

aspects are covered for each technique:

� Description of the experimental setup and limitations

� Description of the experiments performed on the setup

� Analysis of the data from the experimentation

Four di�erent techniques are detailed: IV, CV, PL and EQE.

3.3.1 IV

IV measurement is generally the �rst characterization step that is performed after processing of

the samples. The goal is to have an overview of each sample performance. Two di�erent types of

measurements are performed: IV in the dark and under light conditions.

Experimental setup

For measuring the sample, a Keithley 2401 sourceMeter® is used, along with the Rera Solutions

Tracer software for data acquisition. In order to avoid parasitic series resistance from the setup, four

point probes are used. The two high potential probes are placed on the Mo back-contact, and the

two low potential probes are placed on the NiAgNi front-contact.

For measurements in the dark, a back cloth is placed on top of the sample, ensuring as little light

reaching the sample as possible. The data acquisition software is placed in "dark measurement"

mode, which is important for data processing and analysis afterwards.

For measurements under light, an Oriel solar simulator is used. It simulates the action of sun il-

lumination, following the AM 1.5G spectrum. This is considered in most research �elds to be the

standard for solar irradiation [38]. The tool is calibrated using a calibrated reference cell for an ir-

radiance G = 100mW/cm2. The data acquisition software is placed in "light measurement" mode,

which is again important for data processing and analysis afterwards.

The main limitation does not come from the experimental setup, but rather from the use of IV as

a performance analysis tool. As mentioned before, variations due to the scribing step can a�ect the

current that is read and thus a�ect the extracted Jsc. This also impacts the e�ciency of the cell that

is based on the assumption that every cell has an area of 0.5cm2. Correction to these values must be

made, and this is discussed in more details further in section 3.3.4.
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Description of experiments

For each sample, three di�erent cells are measured, and for each cell three measurements are done

both in the dark and under light. This methodology allows to have a real understanding of the per-

formance of the cell, as well as put process variations in evidence.

First, the measurement in the dark is performed. The contacts is done between the cell and the

probes, and the black cloth is put on top. The measurement is performed in the range [-1V, 1V]

and the IV curve is plotted directly in the software, in log-scale. From this measurement in the

dark, the curve should look like the one of a PN junction. Typical parameters that are extracted are

Rs and Rsh, using the dJ/dV vs V characteristic [39]. This is usually not done in light condition,

because the derivative is in that case much noisier, making the extraction more complicated. From

measurement in the dark, it is also theoretically possible to extract J0 and m. In CIGS, it is generally

complicated and not very reliable due to the high recombination currents coming from the defects [40].

In a second moment, measurements under light are performed. The black cloth is removed and the

solar simulator is activated. The measurement is also done in the range [-1V, 1V] and the IV curve is

plotted directly in the software using the active sign convention. From this measurement, the other

parameters of performance are extracted: Jsc, Voc, FF and η. This enables to have a �rst insight

about the performance of the cell, directly after measurement. Bad cells can be put in evidence and

then discarded from the analysis.

Data analysis

Data from the measurement is extracted in a single �le, compiling experiments in the dark and under

light. They are �agged di�erently, which is understood by the routine used for analysing the data

and extracting the parameters. Di�erent plots are made from the extracted data:

� IV curves of the dark and light measurements.

� Corrected IV curves, removing the e�ect of Rs and Rsh extracted from the measurement in the

dark. This is done using the 1-diode model presented in section 2.1.3.

� Boxplots for each of the important �gures of merit. This highlights the cell-to-cell variation in

one sample, which is very important to control the quality of the process and the accuracy of

the measurement procedure.

Overall, the IV data is mainly used for evaluation of the solar cell performance. If more detail is

needed about the mechanisms happening inside the cell, IV curves are not su�cient. For this, CV

and PL measurements are mainly used, as described further.

3.3.2 CV

The purpose of CV measurements is to try to understand the loss mechanisms at play inside the solar

cell. CV measurements can be performed both at room temperature and low temperature.
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Experimental setup

For measuring the sample, a Agilent E4980A LCR meter is used. It is controlled using a Labview®

routine, in which the parameters of voltage bias, frequency and AC amplitude are set. The widest

frequency measurement range is [20Hz, 2MHz]. Since the 4 point probes do not work with this setup,

a simpler 2 probes con�guration is used.

Low temperature measurements are performed using liquid nitrogen and a temperature controller,

linked to a thermocouple and a resistive heater. The sample is placed on a thermally conductive stand,

in a box �lled with liquid nitrogen. The temperature is read by the controller using the thermocouple,

and the heater is used for adapting it in function of the requested setpoint. The measurement can be

performed down to 133K. The data acquisition is carried out by the same setup as before.

This setup has two main limitations. First, the fact that a 2 probes setup must be used induces a

parasitic series resistance. An additional Rs = 1Ω is added to the measurement. This particularly

impacts the CV measurement at high frequencies, as detailed in section 2.3.8. Secondly, low tem-

perature measurements are performed in open air. The very low temperature of the sample and its

surroundings leads to the formation of ice on the probes and on the sample. The measurement proce-

dure can become more complex, and the sample can be degraded when the ice melts. For this reason,

low temperature CV measurements are generally performed at the very end of the characterization

process, to not impact other measurements.

Description of experiments

For each sample, two informations are concurrently measured: the parallel capacitance Cp and the

parallel conductance Gp. As previously mentioned, mainly Cp is used in the analysis. For each sam-

ple, only one cell is measured, as it takes time to do a sweep over di�erent voltage and frequency

biases. The cell is chosen using the IV measurement, as the one that has median performance.

For room temperature measurements, the sample is placed on a stand and contact is made between

the probes and the cell. In the same way as for IV measurements, the high potential probe is placed

on the back-contact and the low potential probe is placed on the front-contact. The measurement is

generally done in the [-1V, 1V] voltage range with 41 measurement points, and in the [1kHz, 1MHz]

frequency range with 31 measurements points. A 50mV AC voltage is applied during the entire mea-

surement. To obtain these 41x31 measurement points, the tool measures from the lowest frequency to

the highest, doing an entire voltage sweep at each frequency. There is a 2 seconds delay between each

measurement point, to enable the cell to return to equilibrium when switching from one voltage bias to

the other. The data is plotted on 4 graphs, CV, Cf, GV and Gf which allows to control if the measure-

ment is successful or not. From there, it is possible to export the data in a text �le for further analysis.

For low temperature measurements, the same procedure described just before is applied, with the

exception that no waiting time is used between each measurement point. Before going to low temper-
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ature, a �rst room temperature measurement is done to ensure the setup is performing properly and

also to have a comparison with low temperature data. After that, the setup is brought at the lowest

temperature, 133K, and a �rst measurement is made. After each measurement, the data is saved and

the temperature is risen by 20K. The last one is made just below 273K, temperature after which the

ice formed on the sample melts, rendering any further measurement impossible.

Data analysis

One �le is created for each measurement. A Python routine is used for analysis of the data, and in

particular the following plots are made:

� CV, Cf, GV and Gf for a �rst general analysis of the cell behaviour.

� −fdC/df vs frequency and voltage, in the form of a loss map for understanding the e�ect of

the di�erent loss mechanisms.

� Apparent doping vs w, to visualize in another way the action of defects.

� Arrhenius plots from low temperature measurements, to extract the activation energy and

capture cross section of the defects.

3.3.3 PL and TRPL

PL and TRPL measurements are purely optical measurements, in which the sample is illuminated

with very fast laser pulses. In the �rst one, the steady-state behaviour of the sample is analyzed. In

the second one, the transient response of the sample is studied.

Experimental setup

The setup used for PL and TRPL is a Picoquant Fluotime 300, described as a "high performance

�uorescence lifetime and steady state spectrometer". It is essentially composed of two parts: an

emitter and a receiver. The emitter is composed of a laser source of wavelength λ = 532nm, a lens

decomposing the light source into di�erent wavelength and an adjustable monochromator that can

let only one selected wavelength through. This light is then emitted on the sample, and re�ected

back into the system where it is captured by the receiver. The laser light is pulsed at 3MHz, and the

purpose of the detector is to count the number of times the light is reemitted per second.

The main limitation of PL and TRPL is linked to their nature of optical measurements. When going

through and re�ecting on the sample, the light follows a very complex path. The light signal is altered

by interferences and contributions from the di�erent layers. For this reason, PL data can be very

tricky to interpret, as a lot of very di�erent informations are hidden inside it. Moreover, the PL

signal is very much subject to layers deterioration and ageing, as these directly impacts the way light

is transmitted and re�ected. Finally, due to the impact of the very high energy laser light, the sample

degrades over time, which leads to two successive runs possibly yielding a di�erent result.
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Description of experiments

For PL steady-state measurements, the sample is �rst placed under the light source. Before starting

the measurement, the focal point must be adapted. An arbitrary wavelength, estimated to be close

to the one yielding a maximal response, is chosen and the sample response over time is shown. The

height of the sample with respect to the light source is then changed, until a maximum in response

is reached which means that the correct focal point is set. After that, the steady-state measurement

can be performed. The wavelength is swept in the range [950nm, 1350nm]. This measurement should

result in a peak around the maximum absorption wavelength of the sample.

For the TRPL measurements, the sample is maintained in the same conditions as previously. The

wavelength is �xed to be the one that shows the highest response in the steady-state measurement.

The very fast laser pulse is exploited to measure the decay of the light re-emission with time, which

is then recorded by the software.

Data analysis

Data from PL and TRPL measurements is captured by the software of the manufacturer. It can then

be extracted in the form of a text �le, and further analyzed. Two important informations are deduced

from PL measurements. The optical bandgap can be extracted from the steady-state measurement,

and the lifetime of the carriers can be extracted from the time-resolved measurement.

From the charges generation/recombination theory detailed in section 2.1.2, it is known that the

energy emitted by an electron going from the conduction band to the valence band is equal to Eg.

In the case of a solar cell, this energy is emitted under the form of light, whose wavelength is then

related to Eg through Eg = hc/λ. Following this reasoning, a peak in PL intensity should lead to the

value of the bandgap. Indeed, the peak indicates the wavelength for which the light absorption and

re-emission is maximal, and thus for which the charge generation/recombination is maximal. This is

the case when the energy of the light is the same as the energy of the bandgap. It is important to

mention that this bandgap is not the actual bandgap of the device, which is why it is called "optical

bandgap". Considering that there is a bandgap grading in the absorber, the extracted bandgap is

usually a lower bound of the real bandgap [36]. Furthermore, it integrates the phenomenon of optical

interference, whose impact is usually complex to evaluate.

In TRPL measurements, the light re-emission with time is measured. This should directly be linked

to carrier lifetime, since re-emission of the light happens during the recombination process. In an ideal

case, the PL decay is exponential with time [41]. In reality, because the recombination is mostly non-

radiative due to the action of defects, the decay has a double exponential shape [42]. The intensity

of the PL response with time can be modelled as:

IPL(t) = C1e
−t/τ1 + C2e

−t/τ2 (3.3.1)

48



3.3. EXPERIMENTAL CHARACTERIZATION

where τ1 and τ2 are the decay times corresponding to the two parts of the PL response. In an ideal

case, where there is only radiative recombination happening, τ1 = τ0 and τ2 = 0 [43]. This is also

valid when there is low defect density. For high defect density, the correlation between τ1,τ2 and τ0
can no longer be easily established. There is an impact of the type of defect, its distribution, the

intensity of the laser pulse, the mobility of the carriers and others. Some models like the one presented

in [44] try to predict the value of τ0 from TRPL measurements, but this is beyond the scope of this

work. Instead, τ1 and τ2 are used here as e�ective lifetime of carriers. They overall give information

about an apparent recombination rate. A high PL lifetime is the sign of good performance, because

it indicates a low recombination rate and thus a low density of defects.

3.3.4 EQE

The last characterization tool that is used for the sample analysis is the EQE (external quantum

e�ciency) tool. EQE is used to quantify the absorption of light and carrier extraction over a range

of wavelength. In this measurement, a light source with varying λ is used and the generated current

is monitored. This does not directly yield the EQE of the cell, but rather the spectral response (SR)

from which it can be computed, as explained further.

Experimental setup

The tool used for EQE measurements is the Bentham PV300 spectral response tool. It can be used

in two con�gurations: for re�ection/transmission measurements (not used in this work) and for EQE

measurements. It has a xenon-quartz tungsten halogen dual light source that allows to sweep λ in the

[300nm, 2500nm] range. This light passes through a monochromator that let a speci�c wavelength

through and then is redirected onto the sample using lenses and mirrors. The sample is placed in a

black-box, to ensure no other light reaching the sample. The photo-current is measured using two-

point probes and is recorded through the software.

The main limitation of this setup is that it has to be recalibrated each time it is used, and that a

30 minutes heating process is needed each time. Moreover, the ageing lamp that was present at the

time of measurement sometimes resulted in a drift of data accuracy with time, meaning that a second

calibration was needed after a few measurements.

Description of experiments

For each sample, di�erent cells are measured. These cells are selected on basis of the IV curves,

typically when an unexpected value of Jsc is obtained, requiring further analysis.

Before starting the cell measurement, the setup is calibrated using two reference cells. A Si reference

cell is measured over the [300nm, 1100nm] wavelength range, and a Ge reference cell is measured over

the [800nm, 1200nm] range. These two are then combined and the data is passed to the software,

to be used as calibration for correcting the experimental data. After that, the cell is placed into the

black box and under the light source. Contact is made with the probes. The cell SR is then measured
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in the range [300nm, 1200nm] which is the typical absorption range of CIGS solar cells. SR data is

recorded into the software and converted into EQE data which is then extracted for further analysis.

Data analysis

As explained previously, the photo-generated current is recorded with respect to the wavelength of

the light. Several steps are needed in order to obtain the EQE information, as detailed in [45]. First,

SR [A/W] is obtained as the ratio between the generated current and the power of the incident light.

From this, the external quantum e�ciency is computed using the relation:

EQE(λ) =
hc

qλ
· SR(λ) (3.3.2)

An interesting point, also highlighted in [45], is that the SR and EQE value are directly related to

Jsc by the following relation:

Jsc =

∫ λmax

λmin

SR(λ) · h(λ) dλ (3.3.3)

=

∫ λmax

λmin

EQE(λ) · h(λ) · qλ
hc

dλ (3.3.4)

where h(λ) is the spectral irradiance of AM 1.5G spectrum. This relation is very useful, because

it enables the validation of Jsc using data that is independent of the cell area and thus of scribing

process variation.

This concludes the chapter about the work methodology. In the next chapters, it is put into appli-

cation, starting with the SCAPS simulations, and continuing with the analysis of the experimental

data for the reference and passivated cells.
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4 SCAPS sensitivity analysis

In this chapter, SCAPS is used as a sensitivity analysis tool for evaluating the e�ect of the di�erent

loss mechanisms on the solar cell parameters. As a reminder from the previous chapter, the role of

these simulations is twofold:

1. Predict experimental trends.

2. Interpret experimental observations.

The SCAPS solar cell model that is used is the same that is presented in section 3.1.2. Its character-

istics are detailed in appendix B.2.

In the �rst section, IV curves are used to understand the impact of losses on both performance and

the main �gures of merits of the solar cell. In the second section, the impact of these same losses

is investigated on CVf loss maps to try to understand their signature and be able to identify them

further in the experimental work.
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4.1 Performance evaluation

4.1.1 External losses

In this �rst section, the impact of Rs and Rsh is studied. In SCAPS, external losses are modelled

using the 1-diode model from section 2.1.3. As a reminder, the equation for the current in this model

is given by:

J = Jph − Js ·
(

exp

(
q(V + JRs)

mkT

)
− 1

)
− V + JRs

Rsh
(4.1.1)

The particular consequence of this model is that the e�ect of the resistances is completely decoupled

from the simulation of the solar cell internal structure. In practice, this is not the case since part of

the action of Rs and Rsh is intrinsic to the solar cell. Results must thus be taken with care, as for all

simulation predictions.

Series resistance Rs

The contribution of Rs for a dark and illuminated solar cell is represented in �gure 4.1.1.
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Figure 4.1.1: E�ect of Rs on a solar cell IV curve (SCAPS)

It appears that the main contribution of the series resistance happens at high voltage biases. This

is quite straightforward from equation (4.1.1), in which the action of Rs is coupled to the total cur-

rent. At low voltage bias, the current is low and the impact of the resistance is thus limited. On

the contrary, at high voltage bias, the current increases exponentially, which increases the impact of

Rs and �nally leads to a saturation of the current. This is also known from the general theory of diodes.

By looking at the IV curve under light, it is possible to deduce the e�ect of Rs on the di�erent �gures

of merit of the solar cell. It appears that Jsc and Voc are not a�ected by Rs. For Jsc, it is explained

with the reasoning hereabove, since it is computed at 0V and the e�ect of the resistance only a�ects

higher biases. Concerning Voc, since it is computed when no current is passing through the cell, there

cannot be any impact of Rs because every J ·Rs term in the equation is null.
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On the contrary, FF and thus also η are negatively a�ected by an increased Rs. This comes from the

change in the exponential slope at high voltages induced by Rs, leading to a reduction of both Vmpp
and Impp. Qualitatively, it makes sense that the e�ciency would be reduced, because more energy is

dissipated through Rs while the energy supplied to the solar cell is still identical.

Shunt resistance Rsh

The contributions of Rsh for a dark and illuminated solar cells are represented in �gure 4.1.2.
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Figure 4.1.2: E�ect of Rsh on the solar cell IV curve (SCAPS)

Contrarily to series resistance, it appears that the contribution of the shunt resistance happens at low

and reverse voltage bias, when the current is low. Looking again at equation (4.1.1), this is justi�ed

by the fact that Rsh only in�uences the linear term. The total current is dominated by the linear

term at lower biases, hence increasing the e�ect of Rsh.

Similarly to Rs, Rsh does not impact Jsc and Voc. For the latter, this comes from the fact that Rsh has

no impact at higher voltage bias, and thus Voc that is very close to this regime remains unchanged.

Concerning Jsc, the external voltage is null, meaning that in absence of Rs, the voltage across Rsh is

also null and there is no contribution of this resistance.

The reduction of Rsh has a negative impact on FF and η. This comes from the impact of Rsh on the

sub-threshold slope of the IV curve. A steeper slope reduces the maximal power point and thus also

FF and η. Again, it qualitatively makes sense that a reduced Rsh impacts negatively the performance

because more power is dissipated through it.

4.1.2 Contribution of defects

In this section, two di�erent defects are added to the reference structure, and their impact on the

solar cell performance is studied. First, a bulk defect in the CIGS layer is added. Then, it is replaced

by an interface defect between the CIGS and the CdS layer.
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Bulk defect in CIGS

The contribution of a bulk defect for a dark and illuminated solar cell is represented in �gure 4.1.3.
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Figure 4.1.3: E�ect of a bulk defect in CIGS on the solar cell IV curve using SCAPS. The bulk
defect parameters are: EA = 0.35eV, σ = 10−15cm2, NA = 1016cm−3 and Nt is varied.

As explained in section 2.1.3, defects have a negative impact on recombination in the device. In-

creasing the density of defects increases the SRH recombination rate and thus also the recombination

current. This has a impact on both Voc and Jsc, as explained hereafter.

From the 1-diode equation (4.1.1) and by removing external losses, Voc is expressed as:

Voc =
kT

q
· ln
(
Jph
Js

)
(4.1.2)

In this equation, Voc is impacted by two parameters of the solar cell: Js the reverse saturation current

and Jph the photo-generated current. When Is increases, such as in �gure 4.1.3a, Voc decreases, such

as in �gure 4.1.3b. This current has two main contribution: one that is related to di�usion of minority

carriers and one that is related to the recombination current. When the last one increases due to

the action of the bulk defect, it leads to a higher Js and a lower Voc. The recombination rate does

not a�ect much Iph. Indeed, the value of Iph is mostly determined by the illumination and as �rst

approximation it is considered to be constant at constant irradiation. A higher Js is thus mostly

responsible for the Voc lowering.

From equation (4.1.1) and by removing external losses, Jsc is simply expressed as:

Jsc = Jph − Js (4.1.3)

Where Jsc reduces when Js increases, as explained just before. Due to the reduction in Voc and Jsc,

the maximum power point is negatively a�ected and η is also reduced. On the contrary, FF seems to

not be much impacted by the presence of defects as shown in �gure 4.1.3b.
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Interface defect

The contribution of an interface defect for a dark and illuminated solar cell is represented in �gure

4.1.4.
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Figure 4.1.4: E�ect of an interface defect on the solar cell IV curve using SCAPS. The interface
defect parameters are: EA = 0.35eV, σ = 10−15cm2, NA = 1016cm−3 and Nt is varied.

From this �gure, the impact of interface defects seems to be similar to the impact of bulk defects,

even though the changes are very small. Interface defects also mainly a�ect recombination in the

device. Voc, Jsc and η are reduced, while FF remains the same. The smaller parameter change than

for bulk defects is probably coming from the simulation in SCAPS, since it is clear from literature

that interface defects can have a very signi�cant impact on performance [3, 4]. It is possible that the

parameters chosen for this interface defect are not optimal for seeing real changes in the �gures of

merit. Other parameters were tried, but did not lead to conclusive results either.

4.1.3 Other contributions

In section 2.2.1 about the peculiarities of CIGS solar cells, it is underlined that the presence of a

barrier at the CIGS/CdS interface can greatly in�uence the performance of the solar cell. In spite

of that, the simulation of the solar cell IV curve on SCAPS with di�erent barrier heights does not

give meaningful results. This shows one of the limitations of SCAPS. Nevertheless, from the theory,

it is expected that this barrier should impact the current �ow as well as increase recombination by

blocking the electron �ow towards the CdS layer. This would result in a decreased Jsc, Voc and η.

55



4.2. ADMITTANCE SPECTROSCOPY

4.2 Admittance spectroscopy

In this section, simulations of admittance measurements are used to understand the e�ect of the

di�erent loss mechanisms on CVf loss maps. This should yield some insight on how to interpret these

maps when they are used with experimental data in the next chapters.

As already mentioned before (section 2.3.6), high dissipation factors in the positive bias range make

the interpretation of loss maps above 0.5V and at high frequencies di�cult. This is generally not

an issue in SCAPS. Nevertheless, in this high forward bias region, the total capacitance is not only

composed of the depletion contribution anymore. Indeed, the junction capacitance becomes also

signi�cant above 0.5V, making the physical analysis much more complex [15]. For this reason, the

SCAPS measurements are only analyzed for the the bias range [-1V, 0.5V].

4.2.1 External losses

Two external losses are presented in section 4.1, Rs and Rsh. As underlined in [15], the shunt re-

sistance has no in�uence on the loss map, because its action is not frequency dependent. Its only

contribution on the device admittance is to increase the dissipation factor, which makes the measure-

ment less accurate. This stresses the importance of monitoring the dissipation factor when performing

CVf measurements, in order to validate the measurement reliability.

The series resistance, on the contrary, does have an impact on the CVf map, as presented in section

2.3.8. It is possible to simulate it on the loss map using SCAPS, such as in �gure 4.2.1.
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(b) Rs = 5 Ω·cm2
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(c) Rs = 50 Ω·cm2

Figure 4.2.1: reference CIGS model with added series resistance (SCAPS).

The change in capacitance happens at high frequencies and is constant with respect to voltage bias.

This is normal since there is no direct relation between the bias voltage and Rs other than through

the capacitance itself (equation (2.3.20)). Moreover, when Rs is increased, the signature is lowered

in frequency. This also makes sense since Rs and C act together as a low-pass �lter in which an

increased resistance results in a reduced cut-o� frequency.
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4.2.2 Contribution of defects

At �rst, a bulk defect is introduced and its di�erent parameters are varied. In a second time, it is

replaced by an interface defect placed at the CIGS/CdS interface, and its parameters are also varied.

These defects are the same as in section 4.1.

Acceptor bulk defect

The di�erent parameters of interest in the case of a bulk defect in SCAPS are:

� The defect type: acceptor or donor. In this case, a single acceptor defect is considered.

� The defect capture cross section σ [cm2]. It may di�er for holes and electrons but is kept equal

for both in this model.

� The defect activation energy EA [eV]. It is taken as the di�erence between the energy level of

the defect and the valence band; EA = Et − Ev.

� The defect density Nt [cm−3].

� The doping of the CIGS NA [cm−3].

The other SCAPS parameters have a lower in�uence on the response of bulk defects and are thus not

studied here. It is also worth mentioning that because convergence in SCAPS can sometimes be an

issue, it is a limiting factor in the choice of the studied range of values for each parameter.

First, the activation energy of the defect is varied. This is represented in �gure 4.2.2. When EA

changes, the response moves in frequency. This makes sense since EA is directly linked to the frequency

response of the defect. When EA is higher, the defect is deeper in the bandgap, and its characteristic

frequency is lower. This moves down the signature of the defect.
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(a) EA = 0.35 eV
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(b) EA = 0.365 eV
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(c) EA = 0.4 eV

Figure 4.2.2: Bulk defect with EA changed. The other parameters that are kept constant are:
σ = 10−15cm2, Nt = 1016cm−3, NA = 1016cm−3 (SCAPS).

Secondly, the capture cross section of the defect is varied. This is represented in �gure 4.2.3.
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(a) σ = 10−15cm2
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(b) σ = 10−16cm2
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(c) σ = 10−17cm2

Figure 4.2.3: Bulk defect with σ changed. The other parameters that are kept constant are:
EA = 0.4 eV, Nt = 1016cm−3, NA = 1016cm−3 (SCAPS).

When σ changes, the response also moves in frequency. Again, σ is directly linked to the charac-

teristic frequency of the defect. When σ decreases, the probability for electrons to be trapped also

decreases and the characteristic frequency decreases. On �gure 4.2.3c, the response is almost not vis-

ible anymore, because it has moved to very low frequencies. The signature visible at higher biases, as

previously mentioned, is probably linked to the junction capacitance and is more di�cult to interpret.

Thirdly, the defect density is varied. This is represented in �gure 4.2.4.
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(a) Nt = 5 · 1015cm−3

1.00 0.75 0.50 0.25 0.00 0.25 0.50 0.75 1.00
Voltage [V]

103

104

105

106

fre
qu

en
cy

 [H
z]

0

2

4

6

8

10

-fd
C/

df
 [n

F/
cm

2 ]

(b) Nt = 1016cm−3
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(c) Nt = 2.5 · 1016cm−3

Figure 4.2.4: Bulk defect with Nt changed. The other parameters that are kept constant are:
EA = 0.4 eV,σ = 10−15cm2, NA = 1016cm−3 (SCAPS).

Changing Nt mainly a�ects the amplitude of the defect response. For a higher defect density, more

charges enter the capture/release process and the contribution to the capacitance is increased. The

same applies to the capacitance variation on the loss map, leading to a larger peak height. Another

consequence of increasing Nt is the defect response slightly moving up in frequency. This can be

explained by the carriers having more energy states where they can be trapped, and the defect time

constant therefore being reduced.

Finally, the doping of the CIGS layer is varied. This is represented in �gure 4.2.5.
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(a) NA = 1015cm−3
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(b) NA = 1016cm−3
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(c) NA = 1017cm−3

Figure 4.2.5: Bulk defect with NA changed. The other parameters that are kept constant are:
EA = 0.4 eV,σ = 10−15cm2, Nt = 1016cm−3 (SCAPS.)

The �rst impact of a variation of NA is the change in the response amplitude (the scale of �gure 4.2.5c

had to be reduced or the signature would not have been visible). It appears that when the doping

density becomes higher than the defect density (�gure 4.2.5c), the defect response is much lower in

amplitude. Indeed, for NA > Nt, the total capacitance is dominated by the frequency-independent

�xed charge of doping atoms, rather than by ionized defect states. Thus, the capacitance derivative is

mostly equal to zero, except for the smaller bulk defect response. The second impact of a variation of

NA is the little shift of the response in voltage. Looking at equation (2.1.4), it appears that increasing

the doping reduces the depletion width. This results in a di�erent band bending and in the Fermi

level crossing the defect state at di�erent voltage biases.

As a conclusion, bulk defects have a generally broad signature on the loss map. In the voltage range,

it comes from the defect energy level following the band alignment, as seen previously in �gure 2.3.7,

therefore leading to the Fermi level crossing it at various biases. In the frequency range, the position

of the response is governed by the characteristic frequency of the defect.

Donor defect at CIGS/CdS interface

The di�erent parameters of interest for interface defects in SCAPS are :

� The defect type: acceptor or donor. In this case, a donor defect is considered.

� The defect capture cross section σ [cm2]. It is equal for holes and electrons.

� The defect activation energy EA [eV]. It is taken as the di�erence between the conduction band

and the energy level of the defect; EA = Ec − Et.

� The defect density Nt [cm−2]. Here, as an interface defect is considered, it makes sense to use

the sheet density rather than the volume density.

In this study, the doping of the CIGS and the CdS are not altered, because the focus is on the response

of the interface defect itself. The change of these parameters has also an impact on the response that

is investigated more in detail in section 2.3.8. It is worth mentioning that a trace coming from another

interface defect than the one considered is also visible on the map. It is vertical and with a small

59



4.2. ADMITTANCE SPECTROSCOPY

signature around the 0.5V bias range. The presence of this defect was necessary for the convergence

of the SCAPS model. More precisely, it is an acceptor defect with EA = 0.2 eV, σ = 10−15cm−2

and Nt = 1010 cm−2. Due to its low density, it is very likely that its impact on performance is limited.

First, the activation energy of the donor defect is varied. This is represented in �gure 4.2.6.
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(a) EA = 0.3 eV
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(b) EA = 0.4 eV
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(c) EA = 0.5 eV

Figure 4.2.6: Interface donor defect with EA changed. The other parameters that are kept constant
are: σ = 10−15cm2, Nt = 1011cm−2 (SCAPS).

Changing the activation energy of an interface defect has the same e�ect as for a bulk defect. The

characteristic frequency decreases when the activation energy increases, which is directly derived from

equation (2.3.7). From these �gures, it is also possible to deduce that the response of an interface

defect is typically very narrow in voltage and broad in frequency. This broadness in frequency is

generally less pronounced in the experimental work.

Secondly, the capture cross section of the defect is varied. This is represented in �gure 4.2.7. Changing

the capture cross section for an interface defect yields the same frequency dependency as for bulk

defects. Indeed, when σ is higher, there is an increased probability for electrons to be captured

and the defect has thus a higher frequency response. For interface defects, the frequency response

is broader when σ is large. The explanation of this phenomenon is less straightforward, especially

that the very broad frequency dependence for high σ does not seem to be supported by experimental

work. A hypothesis is that a higher σ allows the capture of charge carriers with various lifetimes

which increases the frequency response.
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(a) σ = 10−14cm2
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(b) σ = 10−15cm2
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(c) σ = 10−16cm2

Figure 4.2.7: Interface defect with σ changed. The other parameters that are kept constant are:
EA = 0.3 eV, Nt = 1011cm−2 (SCAPS).
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Finally, the defect density is varied. This is represented in �gure 4.2.8.
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(a) Nt = 1010cm−2
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(b) Nt = 1011cm−2
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(c) Nt = 1012cm−2

Figure 4.2.8: Interface defect with Nt changed. The other parameters that are kept constant are:
EA = 0.3 eV, σ = 10−15cm2 (SCAPS).

The action of the defect density change is a little more complex than for bulk defects. Below a certain

density, generally between 1011− 1012cm−2, the behaviour is similar to bulk defects in the sense that

an increased density corresponds to a greater signature on the map (�gure 4.2.8a & 4.2.8b). This is

because more charges enter the capture/release process of the defect. The response in voltage stays

in that case very localized, due to the the Fermi level crossing that takes place at a very particular

voltage bias point.

For higher trap densities, there is another phenomenon that enters into play. In that case, the re-

sponse in voltage that is normally very localized becomes broader (�gure 4.2.8c). The exact physics

behind this is not entirely certain, but a good hypothesis is that it is linked to Fermi level pinning

[15]. This hypothesis states that when the defect density is very high, the Fermi level gets stuck when

crossing the interface defect level, which is why the response also extends at di�erent biases.

In conclusion, contrarily to bulk defects, interface defects have a very localized response in voltage

bias. They may also present a broader response in frequency, as well as an ability to extend their

response in voltage bias when they have a very high density.

4.2.3 Other contributions

Interface barrier

Another contribution to CVf measurements that is presented in section 2.3.8 is the action of the

barrier at the CIGS/CdS interface. The main parameter in�uencing the signature in that case is the

height of the barrier. This can also be modelled on SCAPS, such as in �gure 4.2.9.

Since the �ow of charges through a barrier is a thermally activated process, it makes sense that the

signature on the map is frequency dependent. When the barrier is higher, in the same way as when

a defect is deeper in the bandgap, more energy is needed for the charges to move across the barrier

and thus the characteristic frequency of the response is lower.
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(a) Barrier height = 0.5 eV
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(b) Barrier height = 0.525 eV
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(c) Barrier height = 0.55 eV

Figure 4.2.9: reference CIGS model with an added barrier at CIGS/CdS interface (SCAPS).

Simultaneous contribution of multiple losses

As a conclusion to this section about simulation of admittance measurements on SCAPS, it is of

particular interest to consider the e�ect of multiple losses on one map. This is typically what happens

in real solar cells, where a series resistance can, by example, be coupled with a bulk or an interface

defect. This was done in �gure 4.2.10. It appears that the di�erent loss mechanisms have their

signature that is simply added on top one of another, which is con�rmed in the literature [15, 17, 46].

In function of the loss mechanisms the map can quickly become more complex, which is a well known

limitation of loss maps.
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(a) Bulk defect combined with Rs = 2Ω · cm2

1.00 0.75 0.50 0.25 0.00 0.25 0.50 0.75 1.00
Voltage [V]

103

104

105

106

fre
qu

en
cy

 [H
z]

0

2

4

6

8

10

-fd
C/

df
 [n

F/
cm

2 ]

(b) Interface defect combined with Rs = 2Ω · cm2

Figure 4.2.10: Multiple contributions to the capacitance. The bulk defect is the same as in �gure
4.2.2c with σ changed to 10−16cm2. The interface defect is the same as in �gure 4.2.7b (SCAPS).
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4.3 Conclusion

In this chapter, SCAPS simulations are performed in order to try to understand the impact of several

loss mechanisms on the solar cell characteristics.

In a �rst section, the impact of losses on the solar cell performance and �gures of merit is studied.

There, it appears that external losses mainly in�uence FF and η, while other �gures of merits remain

unchanged. This must be interpreted with care, as SCAPS makes use of the 1-diode model for mod-

elling the external losses, which is not completely in line with the reality. As expected, an increased

Rs and a decreased Rsh are both detrimental to the performance. The impact of internal losses is

also studied, by adding both a bulk and an interface defect in the device. These two have a negative

impact on Voc and on Jsc. This comes from the increased recombination induced by the defects, that

in�uences Js and Jph. Because of the reduced Voc and Jsc, η is also reduced. Contrarily to external

losses, it appears that FF remains mostly una�ected by the presence of defects. This is probably only

true for the defects simulated in this work and not general to all types of defects [17].

In a second section, the impact of these di�erent losses on the CVf loss maps is investigated. The goal

is to identify their signature to be able to recognize them in real measurements in the next chapters.

Only one of the two external losses has an impact on the loss map: Rs. As already explained in

the theory, it acts together with the depletion capacitance as a low-pass �lter and presents a clear

trace at high frequencies, which is not bias dependant. Bulk defects have a very broad response in

voltage bias. Their frequency response changes with EA and σ while the intensity of the response

changes with Nt. Interface defects have a very narrow response in voltage bias, that comes from the

Fermi level crossing the state of the defect at a very particular point. Their frequency response also

changes with EA and σ. When their concentration Nt increases, the response amplitude on the map

also increases. For very high Nt, the signature on the map is broader in the voltage bias range, which

could indicate Fermi level pinning. Finally, it is shown that when combining several loss mechanisms

in one structure, their signature simply add up on the map.
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5 Base case study: Reference CIGS cell

This chapter and the following aim at making a thorough analysis of the real CIGS solar cells pre-

sented before. In this �rst experimental chapter, the characterization methodology is used for the �rst

time with reference solar cells. It is then repeated in the next two chapters, with front and window

passivated solar cells respectively.

Six di�erent samples are analyzed in this chapter (table 5.0.1). They all have the structure of a

standard CIGS solar cell shown in �gure 5.0.1. Three di�erent absorbers are used, and for each one a

reference and an annealed version is made. In a �rst section, the comparison is made on a performance

standpoint, with analysis of the IV curves and EQE measurements. After that, the cells are analyzed

in detail, using the AS method and PL measurements.

Figure 5.0.1: Schematic representation of the reference CIGS cell.

Absorber Sample name Type of cell Annealing temperature [°C] Passivation layer

1 Reference 1 Reference / /

1 Reference 1A Annealed reference 150 /

2 Reference 2 Reference / /

2 Reference 2A Annealed reference 150 /

3 Reference 3 Reference / /

3 Reference 3A Annealed reference 150 /

Table 5.0.1: Samples used in this chapter
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5.1 Performance evaluation

In this section, performance of the reference samples are �rst presented and analyzed. The impact of

external losses on performance is then discussed. After that, the limitations of performance character-

ization in real solar cells are detailed. EQE measurements are then presented as a way to counteract

part of these limitations. Finally, the e�ect of annealing on performance is discussed.

5.1.1 Samples performance

The IV curve in the dark and under light for the champion cell1 of each reference sample are repre-

sented in �gure 5.1.1.
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(a) IV of dark solar cell

1.00 0.75 0.50 0.25 0.00 0.25 0.50 0.75 1.00
Voltage [V]

60

40

20

0

20

40

60
Cu

rre
nt

 d
en

sit
y 

[m
A/

cm
2 ]

Reference 1 -- = 5.65 %
Reference 2 -- = 14.09 %
Reference 3 -- = 12.49 %

(b) IV of illuminated solar cell

Figure 5.1.1: IV curve of the three di�erent references

At �rst glance, it is directly noticeable that the same cell structure with di�erent absorbers can yield

very di�erent results in terms of performance. In �gure 5.1.1b, reference 2 & 3 have a high e�ciency

while reference 1 has a much lower e�ciency.

The main �gures of merit of each sample are directly extracted from �gure 5.1.1b.

� Jsc is extracted by looking at the value of the current at zero voltage bias.

� Voc is extracted by looking at the value of the voltage at zero current.

� η is computed by taking the maximal power divided by the irradiance, which is 100mW/cm2.

� FF is computed by taking the ratio between the maximal power and the product Jsc · Voc.

These extracted �gures of merit are presented in table 5.1.1.

1The champion cell in a sample is the cell that provides the best performance, after removal of the outliers. More
detail about this is given in section 5.1.3
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Parameter Reference 1 Reference 2 Reference 3

Jsc [mA/cm2] 31.28 29.24 34.1

Voc [mV] 476.8 719.9 663.3

η [%] 5.65 14.09 12.49

FF [%] 37.9 66.5 55.2

Table 5.1.1: Figures of merit for the three di�erent samples

The best cell in this case is reference 2. Despite having a lower Jsc than the two others, it has better

e�ciency both thanks to its high Voc and FF. Reference 1, the worst performing cell, has these two

parameters much lower than reference 2 & 3, which explains why it is performing poorly. It is known

from the theory and also from SCAPS simulations that these parameters vary due to the presence of

losses inside the solar cell, both extrinsic and intrinsic. The �rst step in the loss analysis, using the

IV measurement, is to extract the external losses Rs and Rsh.

5.1.2 External losses

From the SCAPS simulations in section 4.1.1, it is known that Rs and Rsh negatively a�ect the

e�ciency of the cell through a reduction of FF. It is often interesting to be able to understand the

impact of these external losses but also to decorrelate them from the internal losses, as presented

in [39]. For this purpose, the values of Rs and Rsh are extracted from the IV measurements, and a

corrected version of the curve is then made using the 1-diode model.

Extraction of Rsh In order to extract the shunt resistance, a plot of dV/dJ vs V is made [39].

For this purpose, the data in dark conditions is used in order to avoid parasitic e�ects of Iph on the

extracted value. In the case of an ideal solar cell with shunt resistance, this representation should

yield a constant line in the negative voltage bias range, whose value is the one of Rsh. In reverse bias,

there are three main current contributions in the solar cell: the shunt current, the di�usion current

of the minority carriers and the SRH recombination current originating from the action of defects.

When the defect density is low, the reverse bias current �owing through the shunt resistance should

normally be dominant over the other two.

The dV/dJ vs V characteristic is represented for the reference cells in �gure 5.1.2a. In this �gure,

the behaviour in reverse bias is not exactly constant as expected, but the general trend is still linear

in average. Typically, noise induced by the measurement makes derivatives like the dV/dJ presented

here a little noisy. For reference 1, this is less the case than for the two others. This comes from the

lower shunt resistance, and thus from the higher reverse current �owing through the device that is

easier to measure accurately. The value of Rsh is extracted from �gure 5.1.2a by taking an average

value over a small range of voltages, generally around 0V. These extracted values of Rsh are presented

further in the completed table of performance (table 5.1.2).
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(a) Extraction of Rsh
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(b) IV corrected for Rsh

Figure 5.1.2: Extraction of shunt resistance and correction of the IV curve

After extraction of Rsh, the IV curve is corrected using the 1-diode model equations, leading to �gure

5.1.2b. There, it is possible to see that the impact of Rsh has completely disappeared for reference 2

& 3, leading to a completely �at curve in reverse bias. For reference 1, the extraction of Rsh is not

properly done, which leads to a wrong correction and a negative slope in the reverse bias range. This

highlights the complexity of extracting Rsh. In the case of reference 1, the value of Rsh changes quite

a lot between dark and light condition, leading to this overestimation of Rsh.

Extraction of Rs For the extraction of the series resistance, the data corrected for the shunt

resistance is used as starting point [39]. The derivative dV/dJ is plotted as a function of (J + Jsc)
−1.

This is chosen from equation 4.1.1, and by considering Jph = Jsc, leading to:

Rs(J) =
dV

dJ
= Rs +

q

mkT
(J + Jsc)

−1 (5.1.1)

Plotting dV/dJ as a function of (J+Jsc)
−1 should thus ideally yield a straight line intercepting the y-

axis at the value of Rs. Due to the photo-generated current not being constant with voltage, from the

action of defects and other intrinsic losses, this is not the case in practice. Therefore, a linear �t to the

data at low (J+Jsc)
−1 is performed, and the intercept of this �t with the y-axis gives the value of Rs.

The dV/dJ vs (J + Jsc)
−1 characteristic is represented for the reference cells in �gure 5.1.3a. As

expected, the derivative is not directly a straight line and the linear �t is therefore used for extracting

Rs at the intersection with the y-axis. These extracted values of Rs are also presented further in the

completed table of performance (table 5.1.2). Here, Reference 1 & 2 both present a rather low Rs

while it is higher for reference 3.
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(b) IV corrected for Rs & Rsh

Figure 5.1.3: Extraction of series resistance and correction of the IV curve. The linear �ts are
represented in dashed lines.

Using the 1-diode model equation, it is also possible to correct the IV curve to remove the action of

Rs. This is done in �gure 5.1.3b. The correction is not as good as for the shunt resistance, and this

is a well know problem of IV measurements on solar cells: the extraction of the series resistance is

quite di�cult. This is due to the extraction process being a�ected by the intrinsic losses of the solar

cell [39]. Nevertheless, the correction does work to a certain extend, certainly for reference 2 & 3.

Corrected values of FF and η Using the IV curve corrected for Rs & Rsh, new values of FF and

η can be computed. These are supposedly independent from the external losses. In �gure 5.1.4, the

corrected vs non-corrected IV curve is represented for reference 1. There, it clearly appears that the

external losses are responsible for a big reduction in FF of about 10%. Their removal constitutes a

big improvement in terms of performance. The values of corrected FFc & ηc for the three references

are presented in the completed table of performance (table 5.1.2).
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Figure 5.1.4: Correction of the IV curve for extraction of intrinsic FFc and ηc (Reference 1)
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Completed table of performance The complete summary of performance for the three reference

cells is presented in table 5.1.2. The important �gures of merit are presented, as well as the external

losses Rs and Rsh.

Parameter Reference 1 Reference 2 Reference 3

Jsc [mA/cm2] 31.28 29.24 34.1

Voc [mV] 476.8 719.9 663.3

η [%] 5.65 14.09 12.49

FF [%] 37.9 66.5 55.2

Rsh [Ω·cm2] 558.49 10865.3 3717.7

Rs [Ω·cm2] 0.42 0.42 2.06

ηc [%] 8.15 14.83 13.99

FFc [%] 47.92 70.07 62.49

Table 5.1.2: Updated table of performance, after extraction of the external losses and correction of
the IV curve.

From this table, the impact of external losses is deduced. It appears to be very small for reference 2.

It has a very low series resistance as well as a very high shunt resistance. Also, there is little di�erence

between the real values of FF & η and the corrected values of FF & η for reference 2. This is the sign

that Rs and Rsh do not have much impact on the e�ciency, only about 0.74%.

The impact of external losses is the greatest for reference 1. There, the low Rsh is responsible for a

big e�ciency drop of about 2.5%. The lower quality of absorber is probably at the origin of these

shunt losses. When looking at absorber 1 under a SEM microscope, it presents a rougher surface

than absorber 2 and 3. This greater roughness might be responsible for the shunt losses, as explained

previously in section 2.2.3. An increased roughness leads to a worse coverage and homogeneity when

deposing the CdS and ZnO layers, which leads to direct paths for the current between the front

contact and the absorber and might explain this lower shunt resistance. In this case, removing the

external losses signi�cantly improves FF & η, a sign that they are indeed signi�cant.

For reference 3, the higher series resistance is in that case responsible for the reduced performance.

The impact on performance is not as important as for reference 1, but there is still 1.5% e�ciency

drop due to non-ideal Rs and Rsh.

IV measurements are quite useful to easily quantify the impact of external losses. Nevertheless, as

mentioned hereabove, the extraction techniques are not perfect and the results must thus be taken

with care as well as completed with other types of measurements for validation. This is especially

true when considering cells that are measured at di�erent times and ageing stage. The next section

goes into more details about the limitations of performance evaluation in real solar cells.
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5.1.3 Limitations to sample performance evaluation

An easy extraction of the most important �gures of merit makes IV measurements very suitable for

performance analysis. Nevertheless, there are a few points that need to be taken into account in order

to correctly interpret the results. The three important limitations that are presented here are Jsc
variation, varying Rs due to contacts and performance homogeneity over the whole sample.

Jsc variation This �rst limitation is inherent to the use of IV as performance evaluation tool, and

also speci�c to the setup used in this work. As a reminder, an Oriel solar simulator is used to sim-

ulate the action of the sun illumination, following the AM 1.5G spectrum at G = 100mW/cm2. In

order for this value to be correct, the tool must be calibrated. The irradiance directly in�uences the

photo-generated current and thus also Jsc. Hence, if the tool is not calibrated properly, the extracted

value of Jsc is incorrect. In the context of this work, the tool is not calibrated every time an IV

measurement is done. This means that the value of Jsc for some of the cells may vary with respect

to the actual value. For this reason, EQE measurements are performed in order to validate the value

of Jsc. This is developed in the next section.

On top of calibration, another parameter has an impact on the extracted value of Jsc: the solar cells

area. For computing the current density J , the current through the device is measured and is then

divided by the area of the cell: A = 0.5cm2. In the computation of J , it is assumed that this value of

A is the same for every cell. This is in practice not correct, due to the scribing process that is done

by hand (section 3.2.1). It is thus possible that the value of Jsc varies virtually quite a lot on one

sample, only because the actual value of A is di�erent from the one that is used for computing J .

This is illustrated in �gure 5.1.5a.
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Figure 5.1.5: Boxplot of Jsc & η measured for di�erent cells of each of the three reference samples

In this �gure, an important increase of Jsc is visible for some cells of reference 1. Because the highest

value, above 40 mA/cm2, is much higher than the median value, around 32 mA/cm2, and also higher

than the best performing cells on the market, it is very unlikely. Here, this high value of Jsc is prob-

ably coming from a scribing error, which is con�rmed when performing a visual check on the sample.
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This very high value of Jsc has also an impact on η, as illustrated in �gure 5.1.5b. For reference 1,

it is very probable that the high value of η for some of the samples comes from the virtually high

current density. For this reason, the outlier value of Jsc must be discarded, and another cell should

be considered as champion cell for this sample.

In opposition, the values of reference 2 are very much concentrated around 30 mA/cm2. This indicates

that the scribing process yielded cells of even area, but does not yet con�rm the median value of Jsc.

Indeed, as all the data is coming from one measurement batch, it is still possible that the tool was

not calibrated properly at the time of measurement. The value should thus be con�rmed using EQE

measurements. It must be noted, when looking at �gure 5.1.5b, that for reference 2 the variation in

e�ciency between the di�erent samples does not come from a variation in current. It must thus be

further interpreted by looking at other �gures of merit.

Variation of Rs due to contacts As explained in section 3.2.1, at the end of processing, part of

the cell is removed for exposing the Mo back contact. At this moment, a metal is deposited on top

of the Mo for preventing its oxidation with time. In the scope of this work, In is always used, except

for reference 3 where Ag and In are both tried. The series resistance for reference 3 with In and Ag

contacts is represented in �gure 5.1.6a.
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Figure 5.1.6: Boxplot of Rs & η measured for di�erent cells of reference 3

The impact of the contact material on the series resistance is visible. When using the Ag contact, the

series resistance is much higher and there is also more variation for the di�erent cells of the sample.

This directly results, in �gure 5.1.6b, in a reduction of the e�ciency of the cell. The reason why Ag

contacts are performing poorly is probably due to the fact that a conductive paint containing Ag is

used, which is less reliable in terms of homogeneity and performance than pure metal such as In. This

result also illustrates the importance of a good contact on the value of Rs, and more generally on the

solar cell performance. If the contact is not chosen properly or if it oxidizes with time, the reduction

in e�ciency can be dramatic.
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Performance homogeneity on the sample In addition to Jsc and Rs, the other �gures of merit

can vary in di�erent cells of one sample. Their variation is more di�cult to precisely interpret, but it

overall leads to the conclusion that performance are not homogeneous over the entire sample. This is

due to the processing and the deposition techniques. This variation is illustrated for the main �gures

of merit in �gure 5.1.7.
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Figure 5.1.7: Boxplot of the �gures of merit measured for di�erent cells of each of the three
reference samples

Even though the exact phenomenon behind each of the variations in these boxplots is not always

clear, it generally can provide some insight about the quality of the processing. For example, in

�gure 5.1.7f, reference 2 presents a great variation in Rsh. Because it is linked to the coverage of the

absorber with the CdS layer, it is likely in this case that the coverage is not optimal over the entire

sample. Some cells present a very high Rsh, sign of a good cell stack, while some other cells have a

much lower Rsh. This leads to the hypothesis that maybe the CdS and ZnO/ITO deposition is not

optimal over the whole sample. In this precise case, the impact on the performance is not dramatic,

as it can be deduced from �gure 5.1.7c.

Selection of the champion cell As a conclusion on the sample performance evaluation, it appears

that having an overview of not only the performance of one cell but also multiple cells on one sample is

important. While the selection of one champion cell is useful for comparing the cells between them, it

is also important to look at the variations to be able to fully characterize the sample performance and

to obtain a potentially reproducible or even up-scalable process. In the rest of this work, champion

cells are mostly used for the sample to sample comparison, but they are always chosen comparatively

to the other cells. The outliers are discarded and all the �gures of merit are taken into account so

that the selected cell is representative of the overall sample performance.

72



5.1. PERFORMANCE EVALUATION

5.1.4 EQE measurements for Jsc evaluation

On top of providing information about the absorption of light and extraction of carriers in function

of the light wavelength, EQE measurements can also be used to estimate the value of Jsc. This can

be done using equation (3.3.4) from section 3.3.4:

Jsc =

∫ λmax

λmin

EQE(λ) · h(λ) · qλ
hc

dλ (5.1.2)

where h(λ) is the spectral irradiance of AM 1.5G spectrum. This integral is numerically computed

for reference 2 & 3, with the curves of EQE and h(λ) shown in �gure 5.1.8. The comparison between

the obtained Jsc using IV and EQE measurement is given in table 5.1.3.
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Figure 5.1.8: EQE and AM1.5G spectrum for one cell of reference 2 & 3

Sample EQE measurement IV champion cell IV median value

Reference 2 35.01 29.24 29.5

Reference 3 36.13 34.1 34.45

Table 5.1.3: Jsc value in [mA/cm2] for EQE and IV measurements

For reference 3, the values obtained using the two methods are quite close to each other. Normally,

the value obtained using the EQE measurement should be more accurate than the one from IV mea-

surements because it is not subject to cell area variation and lamp calibration. Because the results

are quite close, no real further action is needed and the IV curves are kept as such.

For reference 2, the results are a little further from the IV experimental results. One possible expla-

nation would be that the solar simulator used for IV was at the time of measurement slightly under

its nominal operation. It is also possible that other factor have in�uenced this di�erence, but it would

need further investigation of the EQE technique which is beyond the scope of this work.
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5.1.5 E�ect of annealing on the solar cell performance

In the previous sections, the entire process of performance evaluation is developed for the three refer-

ence cells. In this section, the impact of annealing on these cells performance is discussed, using the

condensed form of this methodology.

The IV curves of the three references, before and after annealing, are represented in �gure 5.1.9.
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Figure 5.1.9: IV curve under light of the three di�erent references, before and after annealing

It appears that annealing has a positive impact on the e�ciency of reference 1 & 3 and a negative

impact on the e�ciency of reference 2. Before even looking at the extracted �gures of merit, intuition

on the graphs shape already provide insight about the reason of these performance change. For

reference 1, the reduced slope in reverse bias indicates an increased Rsh which is probably at the

origin of the increased performance. For reference 2, Jsc is reduced after annealing which is the main

reason of reduced performance. For reference 3, the improved e�ciency certainly comes from the

increased Jsc. In order to go one step further, all the �gures of merit related to these three IV curves

are presented in table 5.1.4.

Parameter Reference 1 Reference 1A Reference 2 Reference 2A Reference 3 Reference 3A

Jsc [mA/cm2] 31.28 28.84 29.24 26.19 34.1 38.45

Voc [mV] 476.8 527.5 719.9 694.4 663.3 670.4

η [%] 5.65 6.83 14.09 12.1 12.49 15.11

FF [%] 37.9 44.9 66.5 66.5 55.2 58.6

Rsh [Ω·cm2] 558.49 256.54 10865.3 19321.5 3717.7 2127.3

Rs [Ω·cm2] 0.42 0.34 0.42 0.43 2.06 1.93

ηc [%] 8.15 8.37 14.83 12.17 13.99 16.78

FFc [%] 47.92 52.12 70.07 67.19 62.49 65.33

Table 5.1.4: Table of performance with comparison between the reference cells (Reference x) and
the annealed reference cells (Reference xA).
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Annealing of Reference 1 For reference 1, the annealing impacts most of the �gures of merit.

Overall, even though Jsc is a little bit reduced, the e�ciency is improved. This is mainly due to a

much better FF and a little bit to an increased Voc. Following what is predicted by the SCAPS simu-

lations, the external losses may be responsible of this FF increase if Rs is reduced or Rsh is increased.

In this case, Rs is indeed decreased, but this is not the most signi�cant contributor to the improved FF.

Even though in the table it seems like Rsh has decreased, it is necessary to remember that this value is

extracted from dark measurements. Due to the action of the photo-generated current, the extracted

value of Rsh always varies between dark and light measurements. This is illustrated in �gure 5.1.10.

There, it is visible that even though Rsh is lower after annealing in the dark, the value under light

is higher after annealing. This also corresponds to what is deduced from �gure 5.1.9 where the slope

of reference 1 in reverse bias is indeed higher before annealing. A possible interpretation of di�erent

Rsh in the dark and under light is that the mechanisms in the structure that lead to shunt losses are

activated in light conditions, and are thus current dependent. After annealing, it appears that this

di�erence between the two Rsh is smaller. The conclusion is thus that even though the extracted

value in the dark is worse after annealing, the value that matters for performance, Rsh under light,

is better after annealing. This contributes signi�cantly to the improvement of FF.
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Figure 5.1.10: Extraction of Rsh from dark and light IV measurements, for reference 1 before and
after annealing

Annealing of Reference 2 For reference 2, the annealing has mostly an impact on Jsc, Voc and

Rsh. The two �rst parameters become worse after annealing and the last parameter becomes better,

but not su�ciently to increase the e�ciency. An important question to ask is whether there is indeed

a sensible reduction in Jsc, which appears to be mostly responsible for the drop in performance, or if

it is an artefact of the measurement. For this purpose, an EQE measurement is used. The comparison

between the two EQE spectra is given in �gure 5.1.11. In that case, it appears that the value of Jsc
is not lower but actually higher for the annealed sample. This wrong value of Jsc is possibly coming

from a wrong scribing process, but this is not the best hypothesis in this case as the selected cell is

already the champion cell and thus the one presenting the best characteristics. It is also not probable

that this comes from tool calibration as the samples are measured one after the other and the settings
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of the solar simulator are not changed in between. It is thus complicated to conclude on the reason of

this wrong Jsc extraction. The direct consequence of Jsc not being reduced and even being increased

is that the e�ciency of reference 2 after annealing is not reduced as presented in table 5.1.4.
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Figure 5.1.11: Comparison of EQE for reference 2 before and after annealing

Annealing of Reference 3 For reference 3, the annealing mostly a�ects Jsc and FF. Because Rs
& Rsh are not a�ected, it is probable that the increase in FF is coming from improvements that

are intrinsic to the solar cell, by example defects action that is reduced. This needs to be further

investigated using other characterization techniques. In the same way as for reference 2, it is possible

to con�rm using EQE measurements that Jsc is actually improved after annealing. This is represented

in �gure 5.1.12. In this case, the EQE measurements con�rm an increase in Jsc, even though it is not

as high as the one predicted in the IV measurements. This means that the e�ciency gain is lower

than predicted. A possible explanation would be a wrong scribing process that increases arti�cially

the value of Jsc.
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Figure 5.1.12: Comparison of EQE for reference 3 before and after annealing

This concludes this �rst section about performance of the reference CIGS cells. A lot of informa-

tion is already extracted from these measurements, but in order to study the impact of defects on

performance, it is necessary to go one step further and to look at CV and PL measurements.
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5.2 CV measurements

In this section, the three reference cells are analyzed using CVf measurements and the AS method.

This, combined with the simulation results from SCAPS presented in section 4.2, should provide useful

information about defects mechanisms in these structures. First, room temperature measurements

are considered. After that, a comment is made on correction of Rs for CVf loss maps. Then, low

temperature measurements are performed to extract the defects parameters. Finally, a comparison is

made between the reference cells and the annealed reference cells.

5.2.1 Room temperature measurements

Before introducing the results of the AS characterization, it is interesting to look at the CV and Cf

curves separately and compare them for the di�erent references. Even though they do not enable the

defects full characterization, they provide some interesting information about the general capacitive

behaviour of the solar cells.

CV characteristics The CV characteristics for the three reference cells are shown in �gure 5.2.1.
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Figure 5.2.1: CV characteristics of the three reference cells

At �rst glance, it is already clear that these solar cells behave very di�erently on a capacitance per-

spective. These di�erences can be studied using the theory developed in section 2.3. Solar cells are

working in depletion regime. This means that the capacitance should normally look like the one in

�gure 5.2.1b where the capacitance increases with bias voltage. The presence of a peak in capacitance

such as in �gure 5.2.1a and 5.2.1c is typical of the presence of intrinsic losses in the structure. There,

the total capacitance is not only constituted of the depletion capacitance, but also of additional ca-

pacitances related to the presence of charge traps. This tends to indicate that reference 2 would have

less intrinsic losses acting on the capacitance than the two other references.

These cells also di�er when looking at the frequency behaviour. Reference 1 & 3 present a high dis-

persion in frequency, contrarily to reference 2 that only presents frequency dispersion at high voltage

bias. This is also a sign of the presence of intrinsic losses, or for higher frequencies the sign of a higher

series resistance. Normally, when the total capacitance is only constituted of the depletion capaci-

tance, it should be frequency independent. This is mostly the case of reference 2. When there are
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other contributors such as defects, the capacitance tends to decrease with the frequency increasing.

This is quite straightforward: when the frequency increases, the AC excitation that is responsible

for the defects charge and discharge is faster and the amount of carriers that are able to follow this

excitation reduces. This is observed for reference 1 & 3. This reducing capacitance with respect to

frequency is also visible in the case of reference 2, but only at high voltage bias. There is probably

also a loss mechanism acting in that region.

As these are experimental measurements, some comments must be made about the accuracy of the

setup and the measurement. Two main problems can be identi�ed from �gure 5.2.1. First, a slight

measurement error from the tool is observed at 0.5V for low values of frequency. This error is present

in all the CV measurements, and always at the same voltage and frequency biases. It does not impact

the interpretation of the measurement, but it is interesting to note that it is present and speci�c to

the setup that is used. The second problem is the negative value of capacitance recorded for some

voltage and frequency biases. This is not speci�c to the setup, but is typically caused by the presence

of a frequency dependent Rs combined to a high DC current at high voltage biases [47]. As the AS

method makes used of the −fdC/df derivative, this negative value of capacitance should normally

not impact the interpretation of the results. Also, the high dispersion factor at high DC current

generally implies that this range where the negative values appear is discarded from the analysis.

Cf characteristic The same information can also be represented in a Cf characteristic, and this is

done for the three reference cells in �gure 5.2.2.
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(c) Reference 3

Figure 5.2.2: Cf characteristics of the three reference cells

These curves con�rm what is already deducted hereabove from the CV characteristics. As anticipated,

reference 2 (�gure 5.2.2b) is the closest to an ideal solar cell, composed of a depletion capacitance

only. The curves at each voltage bias are almost constant, except at very high frequency. Reference

1 (�gure 5.2.2a) clearly presents a certain cut-o� frequency at which the capacitance drops. This

is a clear sign of the presence of a charge trap in the device, as already presented in section 2.3.4.

Reference 3 (�gure 5.2.2c) also has a certain cut-o� frequency, which is higher than for reference 1.

Such a high frequency response is probably coming from the e�ect of a series resistance which acts

together with the depletion capacitance as a low-pass �lter. This is suggested by the high frequency

at which the drop in capacitance happens, and the sharp decline. Moreover, it is further motivated by

the capacitance dropping in the negative values which is also the sign of a signi�cant series resistance.

78



5.2. CV MEASUREMENTS

CVf loss maps Even though CV and Cf characteristics provide some useful information on the

cells, it is often tricky to extract all the information needed from them. Loss maps are thus used and

are represented for the three reference cells in �gure 5.2.3. The three signatures are detailed hereafter.
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(c) Reference 3

Figure 5.2.3: Loss maps of the three reference cells

Reference 1 Figure 5.2.3a presents a very broad signature in the center of the device. For inter-

preting this signature, the theory and the SCAPS simulations must be used. From simulation results

in section 4.2.2 and 4.2.3, it is very probable that this signature is either a bulk defect or a barrier at

the CIGS/CdS interface. These two are represented aside of reference 1 in �gure 5.2.4.
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(b) Bulk defect in CIGS
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(c) Barrier at CIGS/CdS interface

Figure 5.2.4: Comparison between the loss map of reference 1 and SCAPS simulations

It is quite complicated to determine at this stage which of the two types of losses is present in refer-

ence 1. From what is known of the absorber, it is not of the best quality, and it is possible that its

concentration in bulk defect is su�ciently high to be responsible for the signature on the map. It is

also possible that, due to the mismatch between the CIGS and the CdS, the barrier at the interface is

very high and in that case the second option is also possible. To be able to conclude about reference

1, it is necessary to go one step further with the analysis of other structures having the same absorber.

Even though the exact loss mechanism is not yet known, the map con�rms that charge trapping is

responsible for part of the lower performance of reference 1 compared to the other two. The typical

working region of the solar cell, between 0V and 0.7V, is a region where the trap is active. This

means that a lot of carriers are trapped in this region which then impacts the e�ciency. Indeed,

when carriers get trapped and cannot get extracted properly, the photo-generated current is lower

which highly impacts Voc. This is the reason why Voc,1 is much lower compared to Voc,2 & Voc,3.
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Reference 2 There is not much information in the loss map of �gure 5.2.3b. There is a little

signature present at higher frequencies, which is probably the e�ect of the small series resistance

extracted in the performance analysis. In the active region of the solar cell, there is almost no

signature, meaning that there is almost no charge trapping. This sustains the high value of Voc & η

obtained for this sample. Because of this already quite ideal capacitive behaviour, it is probable that

using passivated structures for improving performance is not critical in this case.

Reference 3 The loss map of �gure 5.2.3c presents a broad signature at high frequency bias. Based

on the SCAPS simulations from section 4.2.1, it is very probable that this signature is mainly caused

by a high series resistance. This is con�rmed by the Cf measurements presented hereabove, as well as

by the performance analysis where the extracted Rs is much higher than for the other two references.

Overall, similarly to reference 2, the signature on the map is not that much present in the active

area of the solar cell. This justi�es the high Voc & η, but also that reference 3 has a slightly lower

performance than reference 2.

On the right of the map, the signature becomes broader and lower in frequency. It is not typical

of the action of series resistance and it may thus come from the action of another loss mechanism.

Using this �gure only, it is di�cult to con�rm this with certainty, which is why it needs to be further

investigated. This is done in a next section presenting low temperature measurements.

5.2.2 Correction of Rs

When performing CVf measurements on MOS or MIS structures, it is very common to correct these

measurements to remove the e�ect of the series resistance [48]. It can a�ect the measured value of

capacitance, such as presented in section 2.3.8, by acting together with Cox as a low-pass �lter. This

is particularly true when performing measurements at high frequency. By using an equivalent model

that takes this series resistance into account, it is possible to derive the equations for the corrected

values of capacitance Cc and conductance Gc as [48]:

Cc =
(G2

m + ω2C2
m) · Cm

a2 + ω2C2
m

(5.2.1)

Gc =
(G2

m + ω2C2
m) · a

a2 + ω2C2
m

(5.2.2)

where a = Gm − (G2
m + ω2C2

m) · Rs and Cm and Gm are the measured values of capacitance and

equivalent parallel conductance as already de�ned before.

It is also possible to perform this correction in the case of solar cells, but some very important lim-

itations can occur. The most important one is that the conductance is much higher in the case of

a solar cell, which leads to more uncertainty on the measured capacitance. This can easily result in

a wrong computation of Cc. Furthermore, the extraction technique of Rs used here is based on IV

measurements and is also not perfect, potentially leading to a wrong evaluation of Rs.
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The loss maps corrected for series resistance are represented for the three references in �gure 5.2.5.
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Figure 5.2.5: Loss maps of the three reference cells corrected for series resistance

This �gure presents very few di�erence with �gure 5.2.3 where the uncorrected maps are represented.

It illustrates the fact that correcting Rs in the case of solar cells is a complex matter and that it

is not particularly suitable to the CVf maps application. This is not really an issue. Indeed, the

absolute value of capacitance is not relevant for loss maps, and the trace of Rs on the map is quite

straightforward to identify. This makes the correction for Rs less critical in the scope of this work.

For this reason, it is not investigated further in the following chapters.

5.2.3 Low temperature measurements

As detailed in section 2.3.7, low temperature measurements can be used to extract the defects activa-

tion energy EA and capture cross-section σ. They can also be used to spot shallower defects, whose

response is not directly visible on room temperature measurements. In the scope of this work, room

temperature measurements are performed on the samples made with absorber 3. The measurements

done on reference 3 are presented in �gure 5.2.6.

These measurements con�rm what is sensed already in �gure 5.2.3c: the contribution to the CVf map

for reference 3 does not only come from Rs but also from another type of loss. The contribution of

Rs is visible at each temperature bias, on the very top of the map. With the temperature increasing,

it merges with the other signature coming from the bottom. This last signature is the one of a defect,

probably of an interface defect. Indeed, it seems to be concentrated around a certain value of voltage

which is the one at which the Fermi level would cross the interface state of the defect. In the case

of a bulk defect, the response would necessarily be much broader in the voltage bias range. This is

con�rmed by the fact that the quality of absorber 3 is very high and it is thus very unlikely that there

is a su�cient concentration of bulk defects inside it to give such a response on the map.
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Figure 5.2.6: Loss maps of reference 3 at di�erent temperatures

Because the signature is the one of a defect, it is interesting to try to extract EA & σ. In order to do

that, the characteristic frequency of the defect must �rst be extracted at each temperature bias. For

this purpose, the −fdC/df plots of �gure 5.2.7 are used.
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Figure 5.2.7: −fdC/df curves of reference 3 at di�erent temperatures

At each temperature bias, the characteristic frequency is the one at which the highest peak is present.

The extracted characteristic frequency in function of the temperature is shown in table 5.2.1. Some

values, at higher temperatures, cannot be extracted because it is almost impossible to dissociate

the action of the defect from the one of Rs. Nevertheless, the �ve values extracted here should be

su�cient to characterize the defect.

Temperature [K] 133 153 173 193 213 233 253 268

Characteristic frequency [kHz] 2.5 10 25 60 150 / / /

Table 5.2.1: Extracted values of characteristic frequency vs temperature
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These values are used to make an Arrhenius plot that is shown in �gure 5.2.8. In this plot, a linear

�t is made and EA & σ are extracted using the equations from section 2.3.7.
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Figure 5.2.8: Arrhenius plot made from the low temperature CV data of reference 3

From this representation, it is possible to conclude about the interface defect of reference 3. It is a

quite shallow defect (EA = 0.093 eV) which does not have a very high σ. Therefore, it should not

impact the performance of the device in a critical way. This is con�rmed by the rather high value

of Voc and η. It is interesting to analyze how this defect evolves when the structure is changed, i.e.

when annealing is performed or when a passivation layer is introduced. Annealing is studied in the

next section, and passivation is studied in the next two chapters.

5.2.4 E�ect of annealing on the internal losses

The e�ect of annealing on each reference can be studied using loss maps. The loss maps for the three

reference cells after annealing are represented in �gure 5.2.9. They must be compared to �gure 5.2.3

showing the same structures before annealing.
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(c) Reference 3A

Figure 5.2.9: Loss maps of the three reference cells after annealing

The observed trend is quite similar than for the performance analysis. The annealing has a signi�cant

impact on reference 1, whilst it does not impact much reference 2 & 3.

For reference 1, the signature in the middle of the map moves to the left, displacing the active

area of the defect a little outside of the active area of the solar cell. This is probably at the origin
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of the little Voc increase observed in section 5.1.5. It is still not really possible to conclude about the

nature of this signature. On one side, it is known that annealing impacts the absorber and thus it

is possible that it reduces the defect density. On the other side, the signature intensity on the map

does not change, only the voltage bias at which the signature responds changes. It is also possible

that the annealing a�ects the barrier at the interface, but the SCAPS simulations suggest that it

would change the signature in frequency bias, not in voltage bias. Further investigation is thus again

needed, which is not done in this work.

For reference 2 & 3, the signature does not change much. This is also in the continuity of the

performance analysis, since Voc for these two cells does not change signi�cantly with annealing. For

reference 3, it is possible to look at the low temperature measurements, to see if the interface defect

response is modi�ed with annealing. The Arrhenius plot of reference 3 before and after annealing is

represented in �gure 5.2.10.
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Figure 5.2.10: Arrhenius plot of reference 3A and comparison before/after annealing

The conclusion of this �gure is that there is not much impact of annealing on the response of the

defect. It is very probable that the di�erences in EA & σ are coming from the measurement and

its quantitative analysis rather than from the annealing itself. This con�rms that the annealing of

reference 3 does not have much impact on the intrinsic losses in the sample, as suggested before.

This concludes the section about analysis of the internal losses of the three references using the AS

method. The next section provides another way of analyzing the solar cells, in a purely optical way,

with the PL and TRPL measurements.
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5.3 PL & TRPL measurements

In this section, PL and TRPL measurements are used to characterize the three reference cells. As

mentioned in section 3.3.3, these measurements inherently contain a lot of information about very

di�erent mechanisms in the solar cell, both electrical and optical. This makes them suited for the

analysis of intrinsic phenomena to the solar cell, but also renders the interpretation sometimes di�cult.

In this section, the validation of the absorber quality on basis of PL steady-state measurements is

�rst brie�y discussed. Secondly, TRPL measurements are performed on the three references. Finally,

the impact of annealing is presented.

5.3.1 PL steady-state measurements

In this �rst section, the di�erent references are compared on the basis of their PL steady-state

response. This is represented in �gure 5.3.1.
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Figure 5.3.1: Normalized PL steady-state response of the three references

The main information that can be extracted from PL measurements with this �gure is the so-called

"Normalized width at half maximum" (NWHM). It is computed by taking the width of the normalized

curve at 0.5 intensity. It is the lowest for reference 2, and the highest for reference 1. In reference [36],

it is mentioned that a broader PL peak is a sign of higher bandgap �uctuation in the device. Bandgap

�uctuation is an unwanted e�ect in CIGS solar cells. It can cause light interference in the device,

therefore reducing light absorption. Also, for high �uctuation, Eg may, in certain places, become too

high for the light to create e−/h+ pairs. NWHM is thus another way of validating the quality of a

solar cell and of its absorber.

In terms of performance for the three reference cells, it makes sense that reference 2 presents the low-

est �uctuation and reference 1 the highest. Indeed, the best performance are obtained for reference 2

and the lowest performance for reference 1. Unfortunately, there is not much more information that

can be extracted from these measurements. In the following section and in the following chapters,

the focus is put on TRPL measurements, as they provide more information on the samples, and more

precisely on the carriers lifetime.
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5.3.2 TRPL measurements

The TRPL measurements of the three reference cells are shown in �gure 5.3.2.
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Figure 5.3.2: TRPL measurements of the three reference cells

TRPL decay In section 3.3.3, the theory of TRPL is developed and the focus is put on the double

exponential decay of TRPL characterized by the two time constants τ1 & τ2. This double exponential

behaviour is visible for reference 1 & 2 in �gure 5.3.2b, where the slope of the TRPL decay changes for

the two samples around 5ns. Each of the τi is actually related to a di�erent lifetime in the device [41].

First, shortly after the laser pulse ends, the electrical charges are separated from each other due to

the action of the electrical �eld at the junction. At that time, there is a high density of electrons and

holes, resulting in a high np product. The time constant τ1 is thus mainly controlled by the radiative

part of recombination, which is proportional to np, and is close to the intrinsic time constant of the

carriers. In a second time, later after the laser pulse ends, the concentration of electrons and holes

has decreased and the radiative recombination is not dominant anymore. The time constant τ2 that

is associated to this part of the curve is thus mainly controlled by the action of non-radiative (SRH)

recombination that is in�uenced by defects and other losses. The most important �gure of merit in

this case is thus τ2. A high τ2 is bene�cial because it is related to a lower SRH recombination rate. As

said previously, other phenomena than generation/recombination in�uence the time constants, which

are important to keep in mind when performing the analysis.

Extraction of τ1 & τ2 for reference 1 & 2 To extract the time constants of the TRPL decay,

two exponentials are �tted to the curve. In advanced TRPL analysis, mathematical models are used

to try to link these time constants to intrinsic carrier time, defects time constants and others. In

the scope of this work, the values of τ1 and τ2 are mainly used as such to compare the cells between

themselves. The �tting or TRPL data with exponentials is shown in �gure 5.3.3. In the �gure, the

time constants are given and it appears than τ2 is greater for reference 2 than for reference 1. This

makes sense since reference 2 is performing better. For reference 1, τ1 > τ2. This kind of behaviour is
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5.3. PL & TRPL MEASUREMENTS

observed, as explained in [43], when there is a very high defect density in the device. This is sustained

in this case by the CVf loss map presented in the previous section. The �t with the exponentials is

not perfect for reference 2. Therefore, it is possible that another type of decay is present on top of

the double exponential. This is even more pronounced in the case of reference 3 and is developed

hereafter.
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Figure 5.3.3: Fitting of the TRPL measurement with double exponential model

Analysis of reference 3 In the case of reference 3, the curve does not look like it is only a sum of

two exponentials such as for reference 1 & 2, but it looks like there is a Gaussian component added

to it. By �tting this curve with 2 exponentials and a Gaussian, �gure 5.3.4 is obtained.
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Figure 5.3.4: Fitting of the TRPL measurement of reference 3 with a double exponential and a
gaussian

In terms of lifetime, it appears that the obtained τ2 is much higher than for the two other references.

This is the sign of a very low recombination rate in the absorber. The Gaussian shape visible in

this case is something that is not common in TRPL measurements and not very well documented in

references. For this reason, it is complicated to give exact information on its origin. An hypothesis

that can be formulated is that this shape is linked to the presence of defects inside the structure. To

try to con�rm this, TRPL at di�erent injection regimes is used.
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Injection regimes of TRPL In TRPL, the sample is excited with very fast laser pulses. One

parameter that can be tuned is the amount of light that is emitted onto the sample in one pulse,

measured via the photon surface density Dph [cm−2]. The higher Dph, the more e−/h+ pairs are

generated. In function of this, several injection regimes are distinguished [43]:

� Low injection; when the amount of photons is lower than the doping. In this case not all the

defects in the sample are ionized and they can contribute to the TRPL re-emission.

� Medium injection; when the amount of photons is about the same as the doping. In that case,

there is only part of the defects that contribute to the TRPL re-emission.

� High injection; when the amount of photons is higher than the doping. In that case, all the

defects in the sample are ionized and they do not contribute to the TRPL re-emission. They

are in a saturated state.

In order to compute the injection regime, Dph must �rst be computed using the following equation:

Dph =
Elaser

Eph
· A · rlaser
rbeam

=
Plaser/flaser
hc/λph

· A · rlaser
rbeam

(5.3.1)

where Plaser = 20mW is the power of the laser, flaser = 40MHz is the operating frequency of the laser,

λph = 532nm is the laser wavelength, A = 1mm2 is the illuminated area of the sample, rlaser = 10%

is the attenuation ratio of the laser and 1/rbeam = 1/20 is the optical aperture. This leads to:

Dph =
20 · 10−3

3.74 · 10−19 · 40 · 106
· 10−2 · 0.1

20
= 6.684 · 1010 cm−2 (5.3.2)

From there, the volume density of e−/h+ pairsDeh is simply computed using the absorption coe�cient

of CIGS, α = 4 · 105cm−1 with- the following equation:

Deh = Dph · α = 2.674 · 1016 cm−3 (5.3.3)

This value of Deh needs to be compared to the value of doping, to determine in which injection

regime the measurement is performed. The apparent doping of reference 3, that includes the action

of defects, can be extracted from CV measurements. This is shown in �gure 5.3.5a. The doping seems

to be mostly concentrated in the range [5 · 1015 cm−3, 5 · 1017 cm−3]. This means that the TRPL

measurement presented hereabove for reference 3 is done in medium injection.

To understand if the Gaussian behaviour is coming from the action of defects, di�erent injection

regimes are considered. To easily change Dph, and thus Deh, two parameters can be tuned: the

optical aperture and the attenuation ratio of the laser. By doing so, TRPL measurements under

di�erent injection regimes are obtained. They are represented in �gure 5.3.5b. This �gure clearly

shows that the injection regime in�uences the shape of the TRPL curve. In medium injection (blue

and orange curves), the Gaussian behaviour dominates the PL characteristic. In high injection (green

and red curves), the TRPL decay becomes exponential again. Even though it is not certain, this is an

argument in favour of a defect being responsible for the Gaussian behaviour. Indeed, at high injection
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level, its state is fully saturated and it does not contribute to TRPL re-emission anymore. Because

the Gaussian shape disappears under these conditions, this is an argument in favour of defects being

at its origin.
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Figure 5.3.5: TRPL of reference 3 under di�erent injection regimes and comparison with the
apparent doping pro�le extracted from CV measurements

5.3.3 E�ect of annealing on TRPL measurements

The e�ect of annealing on the three references is already quite extensively discussed in previous sec-

tions of this chapter. This section brie�y introduces the e�ect of annealing on the TRPL measurement.

The comparison before and after annealing is presented for reference 2 & 3 in �gure 5.3.6.
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Figure 5.3.6: Comparison before and after annealing for reference 2 & 3

When annealing is introduced, the lifetime of the carriers is reduced for both reference 2 & 3. Normally,

as the lifetime is related to the recombination rate inside the cell, this should lead to a reduction in

Voc. This is indeed the case of reference 2, which has a small reduction of 25mV, but not of reference

3 where Voc remains almost unchanged. Possibly, there is in the case of reference 3 another e�ect that

boosts Voc in spite of this reduction in the carriers lifetime.
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5.4 Conclusion

In this chapter, three reference CIGS solar cells, made with three di�erent absorbers, are studied.

They are also compared to their annealed version. In the �rst section, IV measurements are used

to evaluate the performance and the external losses. Some information is given on the accuracy of

this technique, and EQE is presented as a way of validating the interpretation of Jsc evaluation. In

the second section, CVf loss maps are used to characterize defects in the three reference cells. A

link is also made between these intrinsic losses and the performance of the solar cells. Finally, PL

measurements are used to characterize the carriers lifetime and validate the previous interpretations.

Reference 1 presents poor performance compared to the two other samples, with η = 5.65%. This

bad performance is, in a �rst time, attributed to the low shunt resistance inducing a very low FF. The

lower value of Voc is interpreted by looking at the CVf loss maps. There, a big signature is visible in

the active area of the solar cell, which indicates a charge trapping mechanism, that is likely coming

either from a bulk defect or a barrier present at the CIGS/CdS interface. The presence of this im-

portant intrinsic loss is also validated when considering the TRPL measurements. There, it appears

that the carriers lifetime for reference 1 are quite low, especially compared to the other two references.

Reference 2 presents the best performance of all three samples, with η = 14.09%. This comes from

the very high Voc and FF, as well as from the low external losses. The high value of Voc is con�rmed

when looking at the CVf characteristic. There, very few loss mechanisms are visible, which is the sign

of very low intrinsic losses. This is also supported by the TRPL measurements where the lifetime of

the carriers is rather high.

Reference 3 also presents very good performance, with η = 12.49%. This comes from a high Voc,

Jsc and FF. Its lower performance compared to reference 2 can mainly be attributed to a higher Rs
which induces a lower FF. The CVf loss map, con�rms that a high Rs is present and is supposedly

responsible for performance loss in the device. Low temperature measurements also underline the

presence of an interface defect, whose signature merges with the one of the series resistance at room

temperature. This can be at the origin of the small Voc decrease. For this sample, the carriers lifetime

is much higher than for the other two. This indicates a very good absorber quality. It also presents

a Gaussian behaviour which is explained by the action of a defect inside the structure, probably the

interface defect characterized with the low temperature measurements.

Annealing has mostly an impact on Reference 1. In that case, performance are signi�cantly im-

proved. This can be attributed to the increased Rsh and Voc. The last one comes from the lowered

action of intrinsic losses, that is visible on the CVf characteristic. Indeed, the signature in the center

of the map moves towards the right, which reduces its impact on the cell performance.
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6 Front passivation of CIGS solar cells

In this chapter, an analysis of front passivated CIGS solar cells is performed. The same methodology

developed previously is used, but not every step is justi�ed when it is already done in the previous

chapter. The obtained results are compared with the ones from the reference cells presented in the

previous chapter.

Five di�erent samples are introduced in this chapter (table 6.0.1). They all have the structure of

a CIGS standard cell, where a passivation layer is introduced at the CIGS/CdS interface (�gure

6.0.1). The passivation layer is 1nm thick and is made either of AlOx or HfOx. In a �rst section, the

comparison with references is made on a performance standpoint, with analysis of the IV curves and

EQE measurements. After that, the cells are analyzed using the AS method and PL measurements.

Figure 6.0.1: Schematic representation of the front passivated CIGS cell.

Absorber Sample name Type of cell Annealing temperature [°C] Passivation layer

1 FP1 Front passivation 150 AlOx

2 FP2-AlOx Front passivation 150 AlOx

2 FP2-HfOx Front passivation 300 HfOx

3 FP3-AlOx Front passivation 150 AlOx

3 FP3-HfOx Front passivation 300 HfOx

Table 6.0.1: Samples used in this chapter
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6.1 Performance evaluation

In this section, the performance of the front passivated cells are presented and analyzed. They are

compared to the performance of the reference cells presented before. First, the performance of the

cells made with absorber 1 (FP1) are presented. Secondly, the same is done for the cells made with

absorber 3 (FP3).

6.1.1 FP1 performance analysis

IV curves The IV curve in the dark and under light for the champion cell of FP1 compared to

reference 1 are represented in �gure 6.1.1.
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Figure 6.1.1: IV curve in the dark and under light of reference 1 and FP1

When analyzing the IV curve in the dark (�gure 6.1.1a), it appears that the front passivation has a

signi�cant e�ect on the low voltage and reverse voltage characteristics of the solar cell, with a current

density that is reduced by one order of magnitude. This suggests that the shunt resistance is notably

higher for FP1 compared to reference 1. In the same �gure, the IV curves seem to both have the

same slope at higher bias voltages. From previous analysis, this leads to the interpretation that Rs
remains unchanged from one sample to the other.

This trend is con�rmed when looking at the IV curves under light (�gure 6.1.1b). There, the slope

in reverse bias is signi�cantly improved for FP1 compared to the reference, leading to a much better

FF, but to a lower Jsc. On the same �gure, the slope in forward bias is similar for the two cells, which

tends to con�rm that Rs is almost the same for the two cells. Overall, due to a much better FF and

an increased Voc, the e�ciency of FP1 is greatly improved compared to reference 1.

Figures of merit The �gures of merit extracted from the IV curves are presented in table 6.1.1.

All the parameters are improved for the passivated sample, with the exception of Jsc that is a little

reduced and Rs that is a little increased. Corrected values of ηc and FFc are also better for FP1,

which suggests that there is a positive intrinsic change to the cell that impacts the performance. This
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is sustained by the higher value of Voc, whose value is linked to the action of defects and intrinsic

losses of the cell.

Parameter Reference 1 FP1

Jsc [mA/cm2] 31.28 28.47

Voc [mV] 476.8 625.5

η [%] 5.65 9.92

FF [%] 37.9 55.7

Rsh [Ω·cm2] 558.49 5718.06

Rs [Ω·cm2] 0.42 0.63

ηc [%] 8.15 11.22

FFc [%] 47.92 61.8

Table 6.1.1: Table of performance, including the external losses and the correction of the IV curve.

Interpretation From the �gures of merit and using the knowledge of the previous chapters, it is

already possible to make some educated guesses about the origin of the di�erences between reference

1 and FP1. The lower current density that is observed can originate from two phenomena: a lower

absorption due to the presence of the dielectric passivation layer, or the higher shunt resistance that

limits the current at low bias voltage. The lower absorption could be con�rmed or not using EQE

measurements, but they are not available for these samples. Furthermore, it is very unlikely that a

dielectric layer with a bandgap around 6eV is at the origin of an absorption reduction. In the previ-

ous chapter, it is underlined that Voc is lower for reference 1 due to the action of a charge trap. The

improvement in Voc in this case could be the sign of a reduced action of this charge trap on the cell.

This hypothesis needs to be con�rmed using AS measurements, which is done further in this chapter.

The improved FF is clearly coming from the increased Rsh. An hypothesis for the improvement of

this last one may be the action of the passivation layer, that could act as a protective layer between

the CIGS and the CdS to reduce the reverse leakage current. Finally, the higher Rs is probably a

consequence of the passivation layer which is made of resistive dielectric material.

Even though this interpretation seems plausible, another reading of this data is possible. Indeed,

when comparing the results of FP1 with the results of reference 1A, the annealed version of reference

1, it appears that the trends are very similar. This is underlined in table 6.1.2. Almost all the �gures

of merit of reference 1A and of FP1 evolve in the same way: Voc, η, FF and Rsh1 increase (in green),

while Jsc decreases (in red). The only �gure of merit that does not change in the same direction for

reference 1A and FP1 is Rs (in blue).

1As a reminder, even though it looks like Rsh is worse in the case of reference 1A, it is previously established that
this is not the case when considering the value under illumination which is responsible for the performance increase
(see section 5.1.5).
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Parameter Reference 1 Reference 1A FP1

Jsc [mA/cm2] 31.28 28.84 28.47

Voc [mV] 476.8 527.5 625.5

η [%] 5.65 6.83 9.92

FF [%] 37.9 44.9 55.7

Rsh [Ω·cm2] 558.49 256.54 5718.06

Rs [Ω·cm2] 0.42 0.34 0.63

ηc [%] 8.15 8.37 11.22

FFc [%] 47.92 52.12 61.8

Table 6.1.2: Table of performance, including the external losses and the correction of the IV curve.

Because the passivation layer is deposited at high temperature, the same as the annealing of reference

1A, it is possible that the improved performance of FP1 does not only come from the passivation

layer itself, but also from the e�ect of its high processing temperature. There would be in that

case a combined action of the passivation layer and the annealing which would explain the higher

e�ciency. Another argument in favour of the annealing being at least partly responsible for the good

performance is that AlOx does not hold well the CdS deposition process [49]. It is thus completely

conceivable that there is actually few material of the passivation layer remaining at the end of FP1's

processing. This alternative explanation, combining the e�ect of passivation and annealing, needs to

be investigated using other characterization techniques, which is done further in this chapter.

6.1.2 FP3 performance analysis

IV curves For the cells realized with absorber 3, two di�erent materials are used for the passivation

layer: AlOx and HfOx. These two materials have very close electronic properties (see section 2.4.4),

but HfOx is supposedly more resistant to the CdS deposition process. The IV curve in the dark and

under light for the champion cells of FP3 compared to reference 3 are represented in �gure 6.1.2.
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Figure 6.1.2: IV curve in the dark and under light of reference 3 and FP3

94



6.1. PERFORMANCE EVALUATION

From the IV measurements in the dark (�gure 6.1.2a), it emerges that all three samples have a very

close IV characteristic, with the HfOx sample behaviour being slightly further away. The reverse bias

current deteriorates marginally for both FP3 samples compared to the reference, which indicates a

lower Rsh. In forward bias, it looks like FP3-HfOx presents a higher saturation, which is the sign of

a higher Rs.

This higher Rs for the HfOx passivated sample is con�rmed when looking at the IV curve under light

(�gure 6.1.2b), even though all samples are again very close one to another. The slope in forward bias

is slightly reduced for both FP3 samples. In reverse bias, all three sample seem to have a similar slope.

It is expected that FF is reduced for the FP3 samples, because the external losses have deteriorated

a little compared to the reference. Concerning the other �gures of merit, Jsc and Voc, they are clearly

degraded in the case of the passivated sample.

Figures of merit Looking at the extracted �gures of merit in table 6.1.3, the observations seem to

be overall con�rmed. As expected, the changes in performance are much smaller than for the samples

made with absorber 1. Most of the performance has degraded when going from reference 3 to FP3,

such as Jsc, Voc, Rsh and Rs. Nevertheless, FF has improved for the passivated samples. Because

the external losses are worse, this suggests that there is an intrinsic reason for the FF increase. This

needs to be con�rmed using AS characterization and PL measurements.

Parameter Reference 3 FP3-AlOx FP3-HfOx

Jsc [mA/cm2] 34.1 28.53 26.42

Voc [mV] 663.3 632.2 625.5

η [%] 12.49 11.09 10.49

FF [%] 55.2 61.5 63.5

Rsh [Ω·cm2] 3717 3189 1775

Rs [Ω·cm2] 2.06 2.93 4.26

ηc [%] 13.99 12.92 12.92

FFc [%] 70.07 71.86 77.78

Table 6.1.3: Table of performance, including the external losses and the correction of the IV curve.

Interpretation The lower value of Jsc could be justi�ed by the presence of the passivation layer

but, as explained in the previous section, this is not very likely. EQE measurements are thus used to

understand if this lower value of Jsc is indeed con�rmed (�gure 6.1.3). These measurements show that

the values of Jsc in the passivated case are under-evaluated. There is in fact a slight improvement in

Jsc going from reference 3 to FP3 samples. Concerning Voc, the loss maps should be able to explain

its lower value, further in this chapter. Indeed, an interface defect is identi�ed in reference 3 in the

previous chapter, and it could be a�ected negatively by the passivation layer and lead to a reduction

in Voc. In the same register, the increased FF seems to indicate that internal losses are improved,

but this is in direct contradiction with the reasoning on Voc. The reduction in shunt resistance is

not very signi�cant, and it is possibly related to process variations, especially in the AlOx case. The
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higher series resistance is, certainly in the case of FP3-HfOx, related to the additional dielectric layer

introduced in the cell.
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Figure 6.1.3: EQE comparison between the FP3 samples and reference 3

In the same way as for the cells made with absorber 1, it is very likely that the AlOx layer of FP3-

AlOx is also partly degraded by the CdS deposition process. This interpretation is motivated by the

IV curves in the dark (�gure 6.1.2a) where the AlOx passivated cell is very close to the reference

cell. Moreover, there is in terms of performance very few di�erences between the two cells that could

be coming from process variation only. On the contrary, there seems to be more impact on the

performance when using a HfOx layer, even though this impact is mostly detrimental.

6.1.3 FP2 samples

In the same way as for the other two absorbers, front-passivated structure with absorber 2 were

also realized. They present very similar characteristics to FP3 samples, which is why they are not

integrated in the main part of this work. Overall, performance is not improved when comparing the

passivated samples to reference 2, and it is even degraded for the most part of it. A complete table

of performance for these cells, along with the corresponding IV curves, is presented for the reader's

perfect information in appendix C.
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6.2 CV measurements

In this section, CV measurements and loss maps are used to characterize defects inside the front

passivated cells. These measurements are compared to the ones obtained for the reference cells in the

previous chapter. In a �rst section, room temperature CV measurements are presented and analyzed

for FP1 and FP3 samples. In a second section, low temperature CV measurements are used to fully

characterize the defects inside the FP3 samples.

6.2.1 Room temperature measurements

FP1 sample In �gure 6.2.1, the comparison is made between FP1, reference 1 and reference 1A.

This choice of comparison comes from the suspicion that FP1 is not only a�ected by its passivation

layer but also by the annealing happening during its fabrication process.
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(c) FP1

Figure 6.2.1: CV characteristics of FP1 compared to Reference 1 & Reference 1A

The �rst observation that can be made from the FP1 loss map (�gure 6.2.1c) compared to the refer-

ence (�gure 6.2.1a) is that the big defect-like signature in the center of the map has disappeared and

that there is a new one in the top right corner. A plausible hypothesis is that it is the same signature

that has moved in frequency and voltage bias. The disappearing of the signature in the center is

clearly at the origin of FP1's performance improvement, as the active region of the solar cell is, there,

mostly una�ected by defects. This constitutes a very plausible explanation for the Voc increase that

is observed in the previous section. The signature in the corner of the map does not have the same

shape as for the reference case. When looking at the SCAPS simulations to try to identify the nature

of this response, it appears that there is not one phenomenon that would �t to this shape. It is more

likely that this is a combination of two di�erent responses, one of which could be a series resistance

that is also visible in the upper part of the maps of reference 1 and reference 1A, and the other one

that could be a defect.

It is possible that this supposed defect would be the previously observed bulk defect whose signature

has moved to the right and up in frequency. Indeed, reference 1A (�gure 6.2.1b) compared to reference

1 already shows that trend, and it is possible that FP1 is a continuation of this signature moving right

and up in frequency. It would then have merged with the series resistance and present this corner-like

shape in �gure 6.2.1c. This could be an argument in favour of the role played by annealing here.
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6.2. CV MEASUREMENTS

A remaining question is to know why this signature moves in this way. From the theory and the

SCAPS simulations, a defect's characteristic frequency changes when either its activation energy or

its capture cross-section is modi�ed. This means that the defect signature moving up could be linked

either to a lower EA or to a higher σ. This last possibility does not physically make much sense, since

a defect with a higher σ attracts more charges and thus contributes more to intrinsic losses therefore

reducing Voc. If the hypothesis of annealing being partly responsible for this change is considered, it

is possible that EA has changed. In fact, because annealing has an impact on the internal structure

of the CIGS, it is possible that the bulk defect is completely altered. This could also explain the shift

in voltage bias. This last one can happen when the defect level is modi�ed and therefore the Fermi

level crosses it at a di�erent range of voltage biases.

FP3 samples In �gure 6.2.2, FP3-AlOx and FP3-HfOx are compared to reference 3.
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(b) FP3-AlOx
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(c) FP3-HfOx

Figure 6.2.2: CV characteristics of both FP3 samples compared to Reference 3

As expected from the performance evaluation of the previous section, the loss maps of the FP3 sam-

ples (�gure 6.2.2b & 6.2.2c) are not better than the one of the reference (�gure 6.2.2a). The response

of the series resistance is still very much visible on the top of the map, and even degrades for the FP3

samples. The part of the response that is associated to the interface defect previously identi�ed for

reference 3 (see section 5.2.3) is also more signi�cant for the passivated samples. Both these changes

in the passivated maps are slightly more signi�cant for FP3-HfOx compared to FP3-AlOx. This is

also re�ected in the Voc, which is the best for reference 3, and the worse for FP3-HfOx.

Overall, when comparing �gure 6.2.2b with �gure 6.2.2c, it seems like the mechanism is the same for

the two structures. Knowing that one is made with an AlOx layer and the other one with a HfOx

layer, two hypothesis can be formulated. First, it is possible that the action of the HfOx layer is

stronger. This would be caused by a di�erence of Qf or Dit between the two materials. Secondly, it is

also possible that only part of the AlOx layer is still present in FP3-AlOx, due to the CdS deposition

process. Indeed, knowing the important surface roughness of CIGS layers generally observed, the

non-uniform deposition of the CdS layer might also etch the AlOx in a non-uniform fashion. In that

case, it would be normal that the action of the HfOx layer is stronger. The most probable is that

there is a combination of these two hypothesis happening. Either way, it is clear that the presence of
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6.2. CV MEASUREMENTS

this layer is not bene�cial and that it does not provide the expected passivation e�ect.

At this stage, the origin of the improved FF for the FP3 samples compared to reference 3 remains

unclear. It is possible that a reduced action of the interface defect visible on the map is responsible for

this improvement. To investigate this, low temperature measurements are used in the next section.

Apparent doping pro�le Before moving to low temperature measurements, it is also interesting

to look at the apparent doping pro�le of the di�erent samples presented here, as they also provide

information about the action of defects in the structure. They can be used to have an additional

quantitative con�rmation that defect mechanisms are more active in one case or the other. These

doping pro�les are represented in �gure 6.2.3.
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Figure 6.2.3: Apparent doping pro�le of the cells made with absorber 1 & 3, extracted from 10kHz
CV measurements

In the case of FP1 compared to reference 1 & 1A (�gure 6.2.3a), the apparent doping is lower for the

passivated cell. Because all the cells use the same absorber, their real CIGS doping pro�le should be

the same. Every di�erence in the apparent doping is thus caused by the action of loss mechanisms in

the device, or by the annealing that a�ects grain size in the CIGS and thus also possibly the doping.

Here, it makes sense that it is lower for FP1 compared to reference 1, because it has less defects

visible on the loss map. The apparent doping pro�le in this case thus con�rms the reduced action of

defects in the case of FP1.

For FP3 compared to reference 3 (�gure 6.2.3b), the opposite trend is visible. There, the passivated

structures have an overall higher apparent doping. This con�rms that the action of intrinsic losses is

higher in that case compared to the reference.

6.2.2 Low temperature measurements

As done in the previous chapter, it is possible to use low temperature CV measurements to extract

EA and σ for the defect of the FP3 samples. Because the mechanism is very similar for FP3-AlOx
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6.2. CV MEASUREMENTS

and FP3-HfOx, the loss map at each temperature is only represented for FP3-HfOx, in �gure 6.2.4.

They can be compared to the maps of reference 3 presented previously in �gure 5.2.6.
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Figure 6.2.4: Loss maps of FP3-HfOx at di�erent temperatures

The evolution of the signature is quite similar than for reference 3, in which an interface defect was

identi�ed. The main di�erence between the two sets of loss maps is that the tail of the signature is

much more pronounced for FP3-HfOx. Following the theory and SCAPS simulations, two di�erent

hypotheses could be formulated.

First, a long tail like the one observed in �gure 6.2.4 could be caused by an interface defect with

a very high defect density Nt. This generally leads to Fermi level pinning, as previously mentioned

in section 4.2.2. This would suggest that the passivation layer contributes to increasing Nt at the

CIGS/CdS interface, which can be at the origin of the small Voc decrease that is observed.

Secondly, it is also possible that the passivation layer would have modi�ed the barrier at the CIGS/CdS

interface. When looking at the simulation of a barrier in SCAPS, it presents a similar signature than

the one visible in �gure 6.2.4. If the barrier height is modi�ed, it is moreover probable that the posi-

tion of the Fermi level changes and that the interface defect characterized in reference 3 is rendered

inactive in the passivated samples. This would suggest that the trace visible on the map is the one

of the barrier, and that the trace of the interface defect from reference 3 has disappeared. Another

possibility is that the barrier signature is superposed on the one of the interface defect.

These hypotheses do not give an explanation for the better FF in the case of the FP3 samples. As

FF has many contributions, it is quite tricky to evaluate the exact origin of this change. To study

this, other more advanced characterization techniques should be used.

The Arrhenius plot made from the data of �gure 6.2.4 is presented in �gure 6.2.5a.
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Figure 6.2.5: Arrhenius plot comparing FP3 samples with reference 3. Both the complete plot and a
linearized version, where the non-linear values are removed, are shown.

In the case of FP3 samples, the extracted values of characteristic frequency in function of the tempera-

ture do not give a linear Arrhenius plot. This is already documented in the literature and corresponds

to a certain type of interface defects, typical of CIGS solar cells, generally named "N1-type defect"

[17]. This type of defect typically presents this reduced slope in the Arrhenius plot at lower tempera-

ture. The explanation behind the reduction in slope, as explained in [50], is that the contribution of

this defect is linked to thermally assisted tunnelling. The barrier at the CIGS/CdS interface acts as a

reservoir of electrons, which are then captured and re-emitted by the interface defect via tunnelling.

This would validate the hypothesis that states that a combined action of the interface barrier and the

interface defect is responsible for the signature on the map. Following the theory on N1 defects, it is

probable that a change in the barrier height results in more electrons being trapped at the interface

which are then exchanged with the interface defect.

When linearizing the Arrhenius plot to try to extract the defect parameters (�gure 6.2.5b), the value

of table 6.2.1 are obtained. In the passivated case, the value of σ remains mostly unchanged. On

the contrary, there is a little change in the value of EA. This would suggest that the defect at the

CIGS/CdS interface in reference 1 is shallower than the one at the CIGS/AlOx or the CIGS/HfOx in

the passivated case.

Sample EA [eV] σ [cm−3]

Reference 3 0.093 2.88 · 1018

FP3-AlOx 0.121 6.61 · 1018

FP3-HfOx 0.127 6.45 · 1018

Table 6.2.1: Extracted values of EA and σ for FP3 samples compared to reference 3
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6.3 TRPL measurements

In this section, the TRPL measurements of front passivated samples are brie�y introduced in order

to further validate the results and hypothesis presented before. They are presented in �gure 6.3.1
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Figure 6.3.1: TRPL measurements of the front passivated samples

FP1 sample The TRPL measurements of FP1 compared to reference 1 are shown in �gure 6.3.1a.

In this �gure, it appears that the total TRPL decay is longer for FP1 than for reference 1. Its �rst

part, related to τ1, is the same. This is, as a reminder, linked to the intrinsic time constant of the

carriers. It thus makes sense that it is similar in these two structures. The second decay, linked to

τ2, is longer for FP1. Moreover, contrarily to reference 1, τ2 > τ1. This is the sign, as presented in

[43], that there is a reduced action of SRH recombination, and thus probably also of defects, in the

case of FP1. This con�rms what is presented in the previous sections.

FP3 samples The TRPL measurements of FP3 compared to reference 3 are shown in �gure 6.3.1b.

In this case, a strong Gaussian behaviour observed previously for reference 3 is still present. It is

even stronger for the FP3 samples than for reference 3. As a reminder, an hypothesis is that this

Gaussian shape comes from the action of defects. As shown in the loss maps, they are more active for

the FP3 samples and the Gaussian shape is also stronger for these samples. This could be another

indication in favour of this hypothesis. Furthermore, τ2 is visibly lower for FP3 samples compared to

reference 3, which indicates a lower lifetime and an increased recombination. This is in line with the

performance degradation of FP3 samples and the observations made from the CVf maps.

102



6.4. CONCLUSION

6.4 Conclusion

In this chapter, a front passivated structure for CIGS solar cells is investigated. It is tried on two

di�erent absorbers (absorber 1 & 3) and with both AlOx and HfOx.

FP1 sample This sample presents improved performance compared to reference 1, η being in-

creased by more than 4%. All the �gures of merit are improved, except Jsc that is a little lower. An

important hypothesis that is formulated is that the improved performance do not only come from the

passivation layer itself, but also from the annealing of the sample happening during the deposition

process of the layer. Several leads suggest that this hypothesis is indeed valid. First, the trend that is

observed in the �gures of merit is similar for FP1 and reference 1A. FP1 has even better performance,

which probably comes from a combination of passivation and annealing. Secondly, it is likely that

the deposited layer, a 1nm AlOx, is at least partly removed during the deposition process of the

CdS. This would suggest that the passivation layer is not the only responsible for the performance

improvement.

FP3 samples These samples present reduced performance compared to reference 3, η is decreased

by about 1.5 − 2%. On a performance standpoint, most of the �gures of merit are worse for the

passivated samples, with the exception of Jsc and FF. The series resistance in particular is much

higher for the FP3 samples. This is con�rmed when looking at the CVf loss maps. There, the trace

for the series resistance is higher in the passivated case. Also, the part of the map that is attributed

to the interface defect in the previous chapter is more pronounced for the passivated samples, which

can be at the origin of the decrease in Voc. Low temperature measurements lead to two di�erent

hypotheses. Either there is a greater action of the interface defect, with possible Fermi level pinning

for the FP3 samples, or the passivation layer can induce a modi�cation of the CIGS/CdS interface

barrier. Using the Arrhenius plot, the signature that is identi�ed on the map is attributed to a N1-

type defect, in which the CIGS/CdS interface barrier coupled to an interface defect is responsible for

the charge trapping mechanism. Overall, the passivation e�ect seems to be more pronounced for the

samples with the HfOx layer. This can be due to the partial deterioration of the AlOx layer during

processing, or by the di�erences in Dit and Qf for these two materials.
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7 Window passivation of CIGS solar cells

In this chapter, an analysis of window passivated CIGS solar cells is performed. The same methodol-

ogy developed in the two previous chapters is used. The obtained results are compared with the ones

from the reference cells presented in chapter 5.

Five di�erent samples are introduced in this chapter (table 7.0.1). They all have the structure of

a CIGS standard cell, where a passivation layer is introduced at the CdS/Window interface (�gure

7.0.1). The passivation layer is 1nm thick and is made either of AlOx or HfOx. In a �rst section, the

comparison with references is made on a performance standpoint, with analysis of the IV curves and

EQE measurements. After that, the cells are analyzed using the AS method and PL measurements.

Figure 7.0.1: Schematic representation of the window passivated CIGS cell.

Absorber Sample name Type of cell Annealing temperature [°C] Passivation layer

1 WP1 Window passivation 150 AlOx

2 WP2-AlOx Window passivation 150 AlOx

2 WP2-HfOx Window passivation 300 HfOx

3 WP3-AlOx Window passivation 150 AlOx

3 WP3-HfOx Window passivation 300 HfOx

Table 7.0.1: Samples used in this chapter
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7.1 Performance evaluation

In this section, the performance of the window passivated cells are presented and analyzed. They are

compared to the performance of the reference cells presented before. In a �rst section, the performance

of the cells made with absorber 1 (WP1) are presented. In a second section, the same is done for the

cells made with absorber 3 (WP3).

7.1.1 WP1 performance analysis

IV curves The IV curve in the dark and under light for the champion cell of WP1 compared to

reference 1 are represented in �gure 7.1.1.
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Figure 7.1.1: IV curve in the dark and under light of reference 1 and WP1

When looking at the IV curve in the dark (�gure 7.1.1a), it �rst appears that the reverse leakage

current is reduced. This is the sign, as previously mentioned, of a higher Rsh. At higher bias voltages,

the saturation of the current is higher for WP1. This predicts that the series resistance should be

higher for WP1 than for reference 1.

When looking at the IV curve under light (�gure 7.1.1b), the reverse bias slope indeed con�rms the

higher shunt resistance. This leads to an improved higher FF, and to a slightly reduced Jsc. A great

improvement in Voc is also visible. The slope in forward bias seems to be slightly better for reference

1. Overall, the performance is improved for WP1 compared to reference 1.

Figures of merit The �gures of merit extracted from the IV measurements are presented in table

7.1.1. Their values validate the observation made just before. All the �gures of merit are improved

for the passivated sample, except Jsc that is a little lower and Rs that is higher. Corrected values of

ηc and FFc are also improved, which suggests an improvement not only of the external characteristics

but also the ones internal to the solar cell. This is supported by the higher Voc value.
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Parameter Reference 1 WP1

Jsc [mA/cm2] 31.28 28.95

Voc [mV] 476.8 613.5

η [%] 5.65 9.34

FF [%] 37.9 52.6

Rsh [Ω·cm2] 558.49 3804.14

Rs [Ω·cm2] 0.42 2.49

ηc [%] 8.15 10.9

FFc [%] 47.92 60.24

Table 7.1.1: Table of performance, including the external losses and the correction of the IV curve.

Interpretation The improvement to the solar cell that is seen in the case of window passivation

is sensibly the same as in the case of front passivation in the previous chapter. This would suggest

that for window passivation, there is also a combined action of passivation and annealing that are

responsible for the performance improvement. Overall, the same interpretation as before can thus

be given. The two samples have undergone the same ALD deposition process with the same 150°C

annealing temperature, which is then partly at the origin of improved WP1 compared to reference 1.

On top of this, even though the CdS deposition cannot have altered the AlOx layer in this case, it

is possible that the passivation layer is a�ected by the sputtering deposition process of the window

layer. Indeed, as mentioned previously, sputtering is a high energy process that can be very damaging

for thin dielectric layers. Concerning the �gures of merit, it is probable that the much increased Rs is

coming from the additional dielectric layer, but it is more probable that another phenomenon linked

to the modi�cation of the barrier at the CdS/window interface is at its origin, as developed further.

The improved Voc is probably coming from the same improvement of the intrinsic losses as in FP1.

The better FF comes from the higher Rsh. Concerning this last parameter, it is again possible that

the dielectric layer helps with reducing the shunt losses. Finally, the reduced Jsc probably originates

from the higher shunt resistance at low voltage bias. More interpretation and detail about the intrinsic

mechanisms are given further in this chapter, using the other characterization methods.

7.1.2 WP3 performance analysis

IV curves For the cells realized with absorber 3, two di�erent materials are used for the passivation

layer: AlOx and HfOx, in the same way as for front passivation in the previous chapter. The IV curve

in the dark and under light for the champion cell of WP3 compared to reference 3 are represented in

�gure 7.1.2.
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Figure 7.1.2: IV curve in the dark and under light of reference 3 and WP3

From the IV curve in the dark (�gure 7.1.2a), it appears that window passivation has a signi�cant

impact on the forward bias characteristic of the solar cell, after 0.75V. This tends to indicate that Rs
is very high in the device. There is on the contrary not much change in shunt resistance, as deduced

from the reverse bias characteristic of the curves.

The supposedly very high series resistance is even more pronounced when looking at the IV curve

under light. The slope is much lower for the passivated samples, and WP3-HfOx even presents roll-

over. This mechanism is well documented in references [51, 52]. It appears that it is not caused

by Rs, even though it looks similar under dark conditions, but it comes from a modi�cation of the

CdS/window interface barrier. Since the passivation layer is added at that interface, it absolutely

makes sense that this modi�cation is present. This roll-over has a negative impact on FF, especially

for WP3-HfOx. Concerning the other �gures of merit, it looks like Jsc is improved for the WP3

samples, and that Voc remains unchanged or is slightly reduced. It does not look like Rsh is much

a�ected by passivation, as anticipated from the measurement in the dark.

Figures of merit The �gures of merit from the IV curves are presented in table 7.1.2.

Parameter Reference 3 WP3-AlOx WP3-HfOx

Jsc [mA/cm2] 34.1 36.28 39.95

Voc [mV] 663.3 663.5 633.3

η [%] 12.49 13.08 12.35

FF [%] 55.2 54.33 48.8

Rsh [Ω·cm2] 3717 2157 3238

Rs [Ω·cm2] 2.06

ηc [%] 13.99

FFc [%] 70.07

Table 7.1.2: Table of performance, including the external losses and the correction of the IV curve.
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These �gures of merit follow the trend anticipated from the IV curves observations. The e�ciency is

improved for the AlOx sample mainly due to the action of the higher Jsc. The same increase in Jsc
is visible in the HfOx case, but due to much degraded Voc and FF, the performance is not improved

for this sample. The shunt resistance is reduced in both cases, but not signi�cantly.

Missing �gures of merit Due to the roll-over mechanism identi�ed hereabove, some �gures of

merit cannot be extracted properly, starting from the series resistance. The plot used for the extraction

of Rs is represented in �gure 7.1.3. In this �gure, an unusual U-shape is visible for the passivated

samples, which leads to a wrong linear interpolation and extraction of Rs. Because roll-over happens

for the same voltage biases as the ones at which Rs is extracted, the two phenomena cannot be easily

uncorrelated. There is indeed no simple way of quantifying the e�ect of the roll-over on Rs. Because

there is no correct evaluation of Rs, it is also impossible to obtain the corrected IV characteristic,

hence also the values of ηc and FFc.
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Figure 7.1.3: Extraction of Rs

Interpretation Most of the changes between the reference and the passivated structures come in

this case from the passivation layer. It is clear that the reduction in FF is coming from the barrier-

induced roll-over. This roll-over is visibly stronger for WP3-HfOx, which would suggest that the

modi�cation to the barrier is stronger in that case. This could be due to a higher �xed charge Qf
in the layer which would add on the electron extraction at the front. This could also be due to a

mismatch in the layers, adding a higher barrier at the interface. More likely, as suggested in [49], the

sputtering process after ALD deposition damaged signi�cantly the AlOx layer, while leaving the HfOx

layer mostly untouched. This would be at the origin of the higher roll-over in the case of the HfOx

sample. Another e�ect of the roll-over is the reduction in Voc. Concerning Jsc, an EQE measurement

is performed to validate the improvement for the passivated structures, which is shown in �gure 7.1.4.

This con�rms that Jsc is indeed improved for the passivated structures, but probably not as much

as shown in the IV measurements. In this case as well the values of Jsc are higher when extracted

from the EQE measurements. This could possibly be coming from a wrong calibration of the solar

simulator.
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Figure 7.1.4: EQE comparison between the WP3 samples and reference 3

Overall, even though the impact of window passivation in this case is mostly not bene�cent, it still

enables to put into evidence a mechanism not studied until here; the roll-over. It is interesting to go

one step further also in this case, to see how this phenomenon impacts the internal physics of the cell.

This is done further in this chapter.

7.1.3 FP2 samples

Similarly to the previous chapter, the WP2 samples performance is not analyzed. A complete table

of performance for these cells, along with the corresponding IV curves, is presented in appendix C.

They do not present the same roll-over phenomenon as the WP3 samples. Passivation in this case

does not improve the performance either.

109



7.2. CV MEASUREMENTS

7.2 CV measurements

In this section, CV measurements and the AS method are used to characterize defects inside the

window passivated cells. These measurements are compared to the ones obtained for the reference

cells in chapter 5. In a �rst section, room temperature CV measurements are presented and analyzed

for WP1 and WP3 samples. In a second section, low temperature CV measurements are used to fully

characterize the defects inside the WP3 samples.

7.2.1 Room temperature measurements

WP1 sample In �gure 7.2.1, the comparison is made between WP1, reference 1 and FP1
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(b) FP1
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(c) WP1

Figure 7.2.1: CV characteristics of WP1 compared to Reference 1 & Reference 1A

The observations made on the basis of this comparison are very similar to the one of the front passi-

vation case. First, the big defect-like signature in the center of reference 1 is not present in the case

of WP1. It is probable that it has shifted to the right and towards higher frequencies, and merged

with the series resistance. The positive impact on Voc observed in the performance evaluation also

comes from the absence of loss mechanisms in the active area of the solar cell.

In terms of interpretations, the situation is also very similar to what is concluded for FP1 in the pre-

vious chapter. Again, the intrinsic changes to the structure probably come partly from the annealing

of the sample during processing. In fact, the map of FP1 and WP1 are very similar, which naturally

leads to the conclusion that a similar mechanism happens in the two cells. This would suggest that

the e�ect of the passivation layer is quite negligible compared to this other mechanism. The di�erence

in signature between the two cells then possibly comes from the passivation layers, but it is minor

as also sustained by the performance which are very similar for FP1 and WP1. Such as for FP1,

it would be interesting to further investigate the low temperature CV measurements to validate the

hypothesis of a defect combined with the series resistance.

WP3 samples In �gure 7.2.2, WP3-AlOx and WP3-HfOx are compared to reference 3.
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(b) WP3-AlOx
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(c) WP3-HfOx

Figure 7.2.2: CV characteristics of both WP3 samples compared to Reference 3

In this �gure, and contrarily to what is obtained in the front passivation case, it seems like window

passivation has actually improved the solar cell CVf characteristic compared to the reference. In the

passivated samples, there is a reduced action of both the series resistance and the interface defect.

Such a reduction in the defect signature would suggest, considering the SCAPS simulations done

previously, a reduction in the defect density Nt.

Looking at the performance evaluation of the previous section, it appears that window passivation

induces roll-over which has a negative impact on the �gures of merit. When considering intrinsic

losses, it looks like window passivation is, on the contrary, bene�cial. Indeed, by considering the

loss map and especially for WP3-HfOx, it looks like the action of intrinsic losses is reduced for the

passivated samples compared to the reference. There would thus be a double e�ect of this passivation

layer: �rst, it induces roll-over which negatively impacts the performance of the device, and secondly,

it improves the internal characteristics of the device.

Ultimately, it is not possible to consider that the passivation layer has a positive impact on the cell

in this case, because of the roll-over, but it is interesting to see that there is still an improvement

in the CVf characteristic. To further understand the impact of the passivation layer on the interface

defect, low temperature measurements are undergone in the next section.

Apparent doping pro�le Similarly to what is done in the previous chapter, the apparent doping

pro�le for the di�erent cells presented hereabove is represented in �gure 7.2.3. This should yield

quantitative information on the impact of defects on the structure.

For the samples made with absorber 1, the conclusions are again similar to the one made in the

previous chapter. There is a clear reduction in the overall apparent doping of WP1 compared to the

two references, which indicates a lower action of intrinsic losses in the device.

For the samples made with absorber 3, the conclusions are a little bit less straightforward, as antici-

pated hereabove. For WP3-HfOx, the apparent doping pro�le is overall lower than the one of reference

3. This validates the interpretation made before that the action of intrinsic losses is reduced for this

passivated sample. It is less obvious in the case of WP3-AlOx when compared to the reference, but
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it still presents a lower maximum in its apparent doping pro�le.

0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
depth [µm]

1016

1017

1018

Ap
pa

re
nt

 d
op

in
g 

[c
m

3 ]

Reference 1
Reference 1A
WP1

(a) Cells with absorber 1

0.2 0.3 0.4 0.5 0.6
depth [µm]

1016

1017

Ap
pa

re
nt

 d
op

in
g 

[c
m

3 ]

Reference 3
WP3-AlOx

WP3-HfOx

(b) Cells with absorber 3

Figure 7.2.3: Apparent doping pro�le of the cells made with absorber 1 & 3, extracted from 10kHz
CV measurements

7.2.2 Low temperature measurements

As done in the previous chapter, it is possible to use low temperature CV measurements to extract

EA and σ for the defect of the FP3 samples. Because the mechanism is very similar for WP3-AlOx

and WP3-HfOx, the loss map at each temperature is only represented for WP3-HfOx, in �gure 7.2.4.

They can be compared to the maps of reference 3 presented previously in �gure 5.2.6.
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(f) 233K
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Figure 7.2.4: Loss maps of FP3-HfOx at di�erent temperatures

The evolution of the defect signature with temperature is quite similar to the one observed for refer-

ence 3 and FP3. The main di�erence here is that the defect density is visibly much smaller, which is

deduced from the lower response visible on the maps. This would suggest, contrarily to front passi-

vation, that the passivation layer at the window interface contributes to decreasing the action of this

interface defect. This is a quite interesting hypothesis, because this defect is identi�ed in the previous
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chapter as a N1-type defect and because these defects are present at the CIGS/CdS interface [17, 50].

An hypothesis would then be that the passivation layer has a remote impact on the N1 defect. This

is of course not real passivation, but it is still possible through the modi�cation of the CdS/window

interface barrier. Further investigation of this mechanism would be needed, but this is beyond the

scope of this work.

The Arrhenius plot made from the data of �gure 7.2.4 is presented in �gure 7.2.5a.
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Figure 7.2.5: Arrhenius plot comparing WP3 samples with reference 3. Both the complete plot and
a linearized version, where the non-linear values are removed, are shown.

In this case also the Arrhenius plot is not linear, con�rming the presence of a similar N1-type defect

than identi�ed previously. When linearizing the Arrhenius plot (�gure 7.2.5b), the values of table

7.2.1 are obtained.

Sample EA [eV] σ [cm−3]

Reference 3 0.093 2.88 · 1018

FP3-AlOx 0.122 2.74 · 1018

FP3-HfOx 0.118 2.09 · 1018

Table 7.2.1: Extracted values of EA and σ for FP3 samples compared to reference 3

These values are quite close to the one obtained for the FP3 samples, where σ is mostly unchanged

and EA is a little increased. Of course, the reduction of the defect density is not visible when using

this technique. In order to be able to extract the defect density, capacitance pro�ling should be used,

such as in reference [53], but this is beyond the scope of this work.

113



7.3. TRPL MEASUREMENTS

7.3 TRPL measurements

In this section, the TRPL measurements of window passivated samples are brie�y introduced in order

to further validate the results and hypothesis presented before. They are presented in �gure 7.3.1
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Figure 7.3.1: TRPL measurements of the window passivated samples

WP1 sample The TRPL measurements of WP1 compared to reference 1 are shown in �gure 7.3.1a.

There, it appears that the τ2 lifetime is much higher for WP1 than for reference 1. This is in line

with the observations made for front passivation, but even higher. This would suggest that window

passivation has an even stronger e�ect on carrier lifetime than front passivation in this case. More

precisely, when considering that the e�ect mainly comes from annealing for FP1 samples, it is probable

that in the case of WP1 there is a combined e�ect of annealing and window passivation on the carrier

lifetime. This is not particularly in line with performance analysis, as WP1 shows slightly lower Voc,

FF and η compared to FP1. Because of the complexity and amount of phenomenons in�uencing

TRPL, it is complicated to conclude further on this.

FP3 samples The TRPL measurements of WP3 compared to reference 3 are shown in �gure 7.3.1b.

These are again completely in line with the observations made in the previous sections of this chapter.

TRPL decay is a little better for WP3 samples than for reference 3, contrarily to FP3 samples. This

is also observed in CVf measurements where the action of defects is reduced in the case of the window

passivated samples.
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7.4 Conclusion

In this chapter, a front passivated structure for CIGS solar cells is investigated. This is tried on two

di�erent absorbers (absorber 1 & 3) and with both AlOx and HfOx.

WP1 sample Similarly to FP1 in the previous chapter, the performance is much improved for WP1

compared to reference 1, with about a 4% e�ciency increase. Since the evolution of performance and

the CVf loss map are very similar for the FP1 and WP1 samples, it is very likely that the same

phenomenon is at the origin of the change compared to reference 1. This is an argument in favour

of annealing being mostly responsible for the performance improvement for both front and window

passivation.

WP3 samples In the case of these samples, the performance is not improved compared to the

reference, with about 0.7% e�ciency loss. Most of the �gures of merit are decreased in this case and

the main reason for this appears to be the roll-over that is visible on the IV characteristic. This

can come from the modi�cation of the CdS/Window interface and is responsible for a decrease of

Voc and FF. It also prevents the correct extraction of Rs. Contrarily to this detrimental e�ect on

performance, it seems that the passivation layer has a positive e�ect on the intrinsic losses. Indeed,

the loss map indicates a reduced impact of the interface defect and the series resistance. This is

con�rmed by the low temperature CVf measurements, where it looks like Nt is reduced for the N1-

type defect. Nevertheless, this improvement in the intrinsic characteristic of the solar cell is not

su�cient to counteract the roll-over induced by the passivation layer.
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8 Conclusion

8.1 Summary

The three �rst chapters of this work are dedicated to establishing the background and the theoretical

knowledge that is necessary to fully apprehend CIGS solar cells, the characterization of defects and

passivation. In the �rst introductory chapter, a general presentation about the context in which

this work �nds its place is given. It is shown that solar PV and new technologies of solar cells are

essential for a transition towards sustainable energy. To this regard, CIGS solar cells constitute a very

promising lead, if the remaining performance limitations such as the high concentration in defects are

tackled. In the second chapter, the general theory about solar cells is �rst brie�y developed. The

principle of charges generation and recombination is presented and a link is established with the main

�gures of merit as well as with the main loss mechanisms present in these solar cells, both extrinsic

and intrinsic. After that, the peculiarities of CIGS solar cells are presented, with the CIGS/CdS

heterojunction and the bandgap grading. The emphasis is put on the defects and their mitigation,

which is a critical challenge in CIGS technology. This precedes a very important section on admit-

tance spectroscopy, a technique that is used to characterize loss mechanisms in CIGS solar cells. The

theory behind AS is extensively developed in that section, taking a novel graphical approach called

loss map that enables an easier representation of defects and other loss mechanisms. Low temperature

measurements are also introduced as a way of extracting the defects parameters. The �nal section of

chapter 2 highlights di�erent strategies that can be used for mitigating performance losses in CIGS

solar cells. Post-deposition annealing, bandgap grading, interface barrier modi�cation and �nally

interface passivation are developed in this section. In chapter 3, the work methodology and the

experimental setup used in this work are presented. SCAPS simulations are introduced as a way of

predicting experimental trends and interpreting experimental observations. The samples processing is

developed, along with the ALD technique that is used to deposit the passivation layers. Finally, the 4

characterization techniques used in the rest of this work (IV, CV, PL and EQE) are presented in detail.

In chapter 4, SCAPS is used as a sensitivity analysis tool for evaluating the impact of di�erent loss

mechanisms on the solar cell parameters. In a �rst section, IV measurements are used to predict the

impact of these losses on the main �gures of merit. Using the 1-diode model for external losses, it

is shown that Rs and Rsh both have a signi�cant impact on FF, but no real e�ect on Voc and Jsc.

The introduction of bulk and interface defects in the model shows that they mostly a�ect Voc and

marginally Jsc. This is due to the strong dependence of Js in the recombination rate that increases
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when defects are present in the structure. On the contrary, defects do not have much impact on

FF. In the second section, AS measurements are simulated to identify the various signatures of these

losses on the loss map. A series resistance appears as a voltage independent trace, visible only at

high frequencies. Bulk defects present a long tail-like signature in the voltage range, and see their

frequency response vary in function of EA and σ, while the intensity of their response varies with

Nt. Interface defects, on the other side, have a very narrow response in voltage and a wide response

in frequency. Their characteristic frequency also varies with EA and σ, and for very high Nt, their

response is extended in the voltage range due to Fermi level pinning. In the end of this section, it is

shown that di�erent losses that are combined in a solar cell simply have their respective trace added

one to another in the loss map.

Chapter 5 is dedicated to a base case study of three di�erent reference CIGS solar cells. The method-

ology introduced in that chapter is then applied to the next two chapters studying passivated CIGS

solar cells. In the �rst section, a performance analysis of the three reference CIGS solar cells is con-

ducted. Di�erences in terms of �gures of merit are highlighted with e�ciencies varying in the 5-14%

range. The extraction method of external losses, Rs and Rsh is presented in that section as being a

�rst step in the performance analysis. It is shown that these external losses indeed have a signi�cant

impact on performance, particularly on FF, and that their extraction is not always straightforward.

After that, the main limitations to performance analysis using IV measurements are presented, with

the Jsc arti�cial variations induced by the processing and the measurement procedure, the Rs vari-

ation due to the contacts and the cell-to-cell variations. EQE measurements are identi�ed as a way

to correctly evaluate the value of Jsc. The �nal part of this section is dedicated to the e�ect of post-

deposition annealing on the solar cell performance. It has a positive impact on lower performance cells

and a limited impact for higher performance cells. In the second section, CV measurements are used

to deeply characterize the intrinsic properties of the three reference samples. The CVf loss maps of

these cells are presented and used to interpret the variation in performance from the previous section,

especially in terms of Voc. It is shown that reference 1, whose Voc is signi�cantly lower, presents a

bulk defect in the centre of its loss map, contrarily to the other two references. Low temperature

measurements of reference 3 are conducted to extract EA ∼ 0.1eV and σ ∼ 10−18cm−3. In the third

and last section, PL and TRPL measurements are presented to evaluate the main characteristics of

the di�erent absorbers. Moreover, the di�erent injection regimes of TRPL are presented and used to

interpret the Gaussian-like TRPL trace of reference 3.

In chapter 6, front passivation of CIGS solar cells is investigated. In the �rst section, signi�cant

improvement is highlighted for the front passivated cell made with absorber 1 (FP1), with a 30% Voc

improvement and an absolute increase of 4% e�ciency compared to the reference. On the contrary,

few changes are observed for the front passivated cell made with absorber 3 (FP3), with a slight

reduction both in Voc and η. This is at least partly attributed to the positive impact that annealing

has on absorber 1 samples compared to absorber 3 samples. In the second section, loss maps are used

to con�rm the changes in Voc compared to the references. The bulk defect identi�ed in reference 1 is

not present in FP1, which is most likely at the origin of the signi�cant Voc increase. Low temperature
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measurements for FP3 show that the trace identi�ed before for reference 3 has seen its intensity

much increased and extended in the voltage range. This is attributed either to a modi�cation of the

CIGS/CdS interface barrier, or to an increase in the interface defect density, possibly leading to Fermi

level pinning.

Finally, in chapter 7, window passivation of CIGS solar cells is investigated. In the �rst section,

signi�cant improvement is again highlighted for passivated samples made with absorber 1 (WP1),

showing very similar results than FP1. This would constitute another argument in favour of annealing

being at least partly responsible for the performance improvement. For passivated samples made with

absorber 3 (WP3), there is a reduction in performance caused by roll-over, which is probably induced

by a modi�cation of the CdS/Window interface. This leads to a signi�cant reduction in FF. In the

second section, the loss maps are presented. Similarly to FP1, WP1 also shows that the bulk defect

in the centre of the map is not present anymore. Low temperature measurements for WP3 show that

there is, contrarily to FP3, an improvement in the interface defect response, with a reduction of the

defect density. This positive aspect of window passivation for WP3 is to be put in balance with the

negative impact of roll-over. These concurrent mechanisms highlight that there is indeed an interest

in window passivation for minimizing the action of defects, but that further investigation is needed,

possibly with other materials, in order to minimize the roll-over.

8.2 Future prospects and research

There are some aspects about this work that remain uncertain and that would need further inves-

tigation. A �rst example is that the simulation software used in this work, SCAPS, presents some

signi�cant limitations that sometimes a�ect the ability to conclude on experimental data. More ad-

vanced characterization techniques should also be used to gather more insight about the physical

mechanisms at play in the structure. In particular, a lot of questions remain about the exact mod-

i�cation of the bandstructure that is induced by interface passivation, which could validate some

hypotheses in the case of FP3 loss maps or in the case of WP3 roll-over. All of these challenges

regarding CIGS technology are to be also considered on a wider scale. Some materials that constitute

CIGS absorbers will be in the near future more and more di�cult to obtain. It will thus probably be

necessary to adapt the knowledge gathered in CIGS to other more sustainable technologies such as

Kesterite. Moreover, while research in PV is certainly essential to a greener electricity production, it

is fundamental to also focus on the development of other technologies, such as energy storage, that

are critical to the transition towards a completely sustainable world.
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B SCAPS models

B.1 Ideal PN junction

This SCAPS model is the one of an ideal PN junction, which is represented in �gure B.1.1. The

parameters of the model are given in table B.1.1.

Figure B.1.1: SCAPS model of the ideal PN junction. The contacts are represented in grey and
their metal work function is aligned with the Fermi level of the adjacent material (Flat-band

parameter in SCAPS).

Parameter p-layer n-layer

Eg [eV] 1.2 1.2

χ [eV] 4.5 4.5

thickness [µm] 2 0.5

εr [/] 10 10

Nc [cm−3] 1019 1019

Nv [cm−3] 1019 1019

vT,e [cm/s] 107 107

vT,h [cm/s] 107 107

µe [cm2/V·s] 50 50

µh [cm2/V·s] 50 50

ND [cm−3] 10 1017

NA [cm−3] 1015 10

Table B.1.1: Parameters from the SCAPS model of the ideal PN junction
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B.2. REFERENCE CIGS CELL

B.2 Reference CIGS cell

This SCAPS model is the one of a reference CIGS solar cell, which is represented in �gure B.2.1.

Figure B.2.1: SCAPS model of the reference CIGS cell. The back contact represented in grey has its
metal work function aligned with the Fermi level of the adjacent CIGS (Flat-band parameter in

SCAPS).

The parameters of the model are given in table B.2.1. It has to be noted that, like in real cells, the

CIGS layer does have a graded bandgap (non-uniform). In this case, it has an exponential grading

with the proportion of CIS and CGS varying in function of the depth in the CIGS layer.

Parameter CIGS CdS ZnO ZnO:Al

Eg [eV] 1.18 to 1.23 2.42 3.3 3.3

χ [eV] 4.5 to 3.9 4.1 4.1 4.1

thickness [µm] 1.6 0.05 0.2 0.4

εr [/] 13.6 9 9 9

Nc [cm−3] 2.2 · 1018 2.2 · 1018 2.2 · 1018 2.2 · 1018

Nv [cm−3] 1.8 · 1019 1.8 · 1019 1.8 · 1019 1.8 · 1019

vT,e [cm/s] 107 107 108 108

vT,h [cm/s] 107 107 108 108

µe [cm2/V·s] 100 350 200 200

µh [cm2/V·s] 25 50 50 50

ND [cm−3] 105 1017 1017 1020

NA [cm−3] 1016 105 105 105

Table B.2.1: Parameters from the SCAPS model of the ideal PN junction

This CIGS reference cell is also sometimes simulated with a bulk defect in the CIGS, with the following

properties: it is an acceptor defect with EA = 0.35 eV, σ = 10−15cm−2 and Nt = 1016 cm−3.
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C Performance of FP2 & WP2 cells

The IV curves for the FP2 & WP2 samples compared to reference 2 are presented in �gure C.0.1.
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Figure C.0.1: IV curve under light of reference 2 compared to the FP2 & WP2 passivated samples

The �gures of merit for sample FP2 & WP2 compared to reference 2 are presented in table C.0.1.

Parameter Reference 2 FP2-AlOx WP2-AlOx FP2-HfOx FP2-HfOx

Jsc [mA/cm2] 29.24 26.08 29.06 27.71 30.05

Voc [mV] 720 702 722 690 725

η [%] 14.09 12.37 13.35 12.04 13.94

FF [%] 66 67 63 63 64

Rsh [Ω·cm2] 10865 5142 10700 1218 12800

Rs [Ω·cm2] 0.42 1.29 2.22 0.93 1.07

ηc [%] 14.83 13.17 14.73 13.04 14.73

FFc [%] 70 72 70 68 68

Table C.0.1: Table of performance, including the external losses and the correction of the IV curve.
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