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General Introduction

Motivation

Copper indium gallium diselenide (CulizaSe or CIGSe) solar cells present the highest
conversion efficiency ever reported in thin filnch@ology, with a record value of 20.3%
recently reported by ZSW Over the past decade, the CIGSe field experieanddcreasing
industrial development with the commercializatighhigh efficiency moduleg. It is now
considered as one of the most promising alternagebnology to silicon-based solar cells,
and to meet the production milestone of 0.5 $ patt vior cost parity with other energy
sources. In the scope of increasing the developofetiiie CIGSe technology up to the Giga-
Watt, the issue of possible material scarcity aris&hile copper and selenium are abundant
materials, gallium and more importantly indium é&meited resources, and their availability
may become a problem for future development of @®8sed solar celj moreover, indium

is already a widely used material for indium tinidex (ITO) production which is strongly
related to the overwhelming flat screen industrhergfore, the future of the CIGSe

technology seems closely tied with the questiomaferials savings.

In this scope, several alternatives have been gexpm the recent years, such as replacing In
and Ga by more abundant materials such a Zn angkesterite material). Although recent
improvements have been achieved (with efficiencieso about 11%), the efficiency of
these solar cells is still 2 times lower than relc@1GSe solar cells. Another idea to reduce
the material utilization in CIGSe solar cells isrealuce their dimensions, either by reducing
the lateral dimensionsof the device, or the thickness of the devicereloent review?, V.
Fthenakis suggested that an extensive R&D is needetveloping thinner layers, which has

not been sufficiently studied so far.

In this PhD thesis, we will focus on developing Skssolar cells with very thin and ultrathin

absorber layers, down to 100-200 nm, while thedstedh thickness of CIGSe layers is 2500
nm. Besides using 25 times less indium in the €albion of a solar cell, such an achievement
will markedly reduce the deposition time of the ematl, and thus significantly increase the

throughput of the process and the machinery utitima leading major cost reduction.
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However, the competitiveness of the CIGSe mategiags on its high efficiency compared to
other thin film technologies; therefore, the reduttof the CIGSe absorber thickness must
not be linked to an efficiency decrease of thersoél. It is thereby necessary to develop
innovative theoretical and experimental designs ¢bald allow to maintain the efficiency of
ultrathin absorber solar cells at the same levehascurrent thick absorber solar cells. The
main objective of our researches is to propose fnemt contact and back contact engineering
on ultrathin absorber solar cells, to overcome tagous efficiency limitations that exists
when reducing the CIGSe thickness in a solar Eell.that, we will propose a novel approach

combining chemical etching of the absorber, andtiEwperature back contact processing.

Scientific approach

In the first Chapter of this thesis, we will intraze the general state of the art of thinning the
CIGSe absorber for very thin and ultrathin soldls¢aevith a short overview of the available
literature on this subject. In a second Chapterywiestudy from a theoretical point of view
the effect of reducing the absorber thickness @I@Se solar cell by using numerical tools
(SCAPS, and optical simulation ). New solutionriorease the performances of the very thin
and ultrathin absorber CIGSe solar cells will bepmsed, and theoretically evaluated. In the
third Chapter of this thesis, we will experimentateduce the CIGSe thickness using a
chemical bath etching based on a bromine solufidre resulting CIGSe films will be
characterized by various tools in order to evaludwe chemistry, the crystallinity, the
composition and the optical properties of the edc88GSe films. Solar cells with very thin
and ultrathin absorber thickness down to 200 nml Ww#& realized and electrically
characterized, in order to compare the experimeptadtovoltaic parameters with our
simulations. In Chapter IV, we will investigate tre front contact engineering to improve
the light absorption of very thin absorber CIGStscell. Various solutions will be tested,
including the introduction of new materials in $tack and nanostructuration of layers. In the
final Chapter (V), we will study the back interfaesagineering of very thin and ultrathin
absorber CIGSe solar cell. We will propose an imtive methodology for the replacement of
the back contact of the CIGSe solar cell by altéveamaterials and structures, and
demonstrate the feasibility of high efficiency attiin devices with proof of concept devices.
At the beginning of each chapter, a specific stdtde art of the current literature on the topic

will be presented, in complement of the short oemfrom Chapter 1.
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Chapter I:

State of the art
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1) The Copper Indium Gallium DiSelenide (Cu(In,Ga)Ss)

solar cell

Copper indium gallium diselenide (CulizaSe or CIGSe) solar cells is a multi layer thin
film technology which has been increasingly devetbpn the last decade thanks to its
relatively low cost combined with high efficiencies®’. CIGSe is a direct bandgap
semiconductor with a chalcopyrite structure, a getydoping and a bandgap varying
continuously with the gallium content x from abdueV (for pure CulnSg to about 1.7 eV
(for pure CuGaS#. Thanks to the very high absorption coefficiehtrmre than 18cm* for

1.5 eV and higher energy photohs CIGSe solar cells require a much thinner filr@ ()
than most of the other semiconducting materialthdlgh alternative plastic or metallic
substrate can be us&g we focus in this work on the study of CIGSe saklis deposited on
soda lime glass (SLG) which is both the most wideded substrate and the one giving the
best efficiencies. The solar cell stack is presrigure 1. A Mo layer is deposited on the
glass substrate by sputtering with a thicknesdotia500 nm. This layer is the back contact
of the solar cell. Mo has been chosen becauses agxitellent chemical compatibility with
CIGSe (no interdiffusion of the species throughibet absorber during thermal stress) and its
ability to form an ohmic contact with the CIGSechese of the presence of a thin MgSe
layer at the interface between the two materi@l® The p-CIGSe layer can be grown by
several vacuum and non vacuum methods, such awapmmtion® sputtering**
electrodepositiort®’ or nano-particles based techniqd&sin this work, we focus on the
study of a 2.5um CIGSe layer deposited by co-evaporation usingndustrial three stages
process described in refererfcd his process allows to obtain high efficienciésng with a
very good reproducibility. A n-doped buffer layer deposited on top of the absorber; the
most widely used is chemical bath deposited cadnsiutiide (CdS)"® with a bandgap of 2.4
eV and a thickness of 50 nm. This layer allows fttrenation of the p-n junction with the
CIGSe and passivates the absorber surface whichgsgrreduces recombination at the p-n
interface. The band offset of the CdS on CIGSeanriqularly suitable for the following
Zn0O:i/ZnO:Al bi-layer. However, the relatively lowandgap of this material has been
highlighted as a major issue to overcome for irgirepthe photon absorption in the CIGSe.
Cd toxicity is also pointed out as a reason fola@pg this buffer layer by an alternative
buffer. The top zinc oxide bi-layer is depositeddpyttering as a transparent front contact for

Confidential 14



the solar cell. The thin (between 50 and 70 nmnisic n-doped ZnO:i layer (1ZO) provides
an efficient isolation of potential small shunt daotance, along with protecting the
CIGSe/CdS interface from the rest of the procesgederate n-doped ZnO:Al (AZO) with a
thickness of about 400 nm is the most commonly usmasparent conducting oxide in the

CIGSe field, and act as a transparent front contact

The band diagram of the complete solar cell uniliemination is presented in figure 2. We
see that the p-n junction between p-CiIGSe and nLd$ creates a space charge region
which extends in the p-region of the structure, thuéhe much lower doping level of the p-
region compared to the n-region. The differencthenwork function between the p and the n
materials creates a built-in potentialgV Incident light passes through the wide gap
ZnQO:i/ZnO:Al (E, = 33ev-35eV) front window, and through the CdS buffer layer

(E, = 24eV) where high energy photons are partly absorbeddbunot contribute to the

photocurrent output. When the photons reach theSEl@bsorber, they are absorbed in the
material, which separates the holes and the electyg exciting them in the conduction band.
This increases the density of electrons and hddesetheir equilibrium values leading to a
splitting of the quasi Fermi levels (i.e. a diffece in the chemical potential of electrons and
holes). Migration of the electrons from the p-dopedion to the n-doped region creates a
minority carriers current, and the electrons atléected at the ZnO:Al front contact while the

hole reach the metallic back contact.
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Glass substrate

Figure 1. Material stack of a standard CIGSe solar cell
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Figure 2. Band diagram of a standard CIGSe solar cell withpolarization and under
illumination.

Confidential 16



The quasi fermi level splitting drives the maximuaiue of the Open-Circuit Voltage £y of
the solar cell. The short circuit curreng)Js defined as the current delivered by the cell a

voltage. When the diode is polarized in direct, thaximum power outpul, =V, .J_ is

reached, also called the operating point, for daagalV_ <V, and a current) , <J_. The

Fill Factor FF is defined asF =—" I . The efficiencyn of the solar cell is the ratio

oc*~sc

between the maximum power outpBf and the incident powel,. Under standard A.M. 1.5
solar radiation, P, = 100&v.m™. Therefore, in standard conditions, we have

_V,J,  V,.J. FF
100( 100(
important ones are shunt resistance arising fraakage of current through the cell, series

. Several factors may limit the solar cell efficign the most

resistance coming from each layer composing thar sm@ll and the interfaces between the
layers, and carrier recombination that may occarghe stack. The main recombination
processes in solar cells are schematized figuileh8.band to band recombination process is
basically the inverse process of the electron-pale generation from light absorption in the
material (Figure 3.a). An electron from the condurcband falls back to the valence band and
releases its energy in the form of a photon. Another very important recombination process
is the recombination by phonon emission (Figurg, &also called Shockley-Read-Hall (SRH)
recombination. This type of recombination is tragstated utilizing a defect at the energy E
within the material bandgapyEThe excess energy during the recombination ot#rger is
transferred to the crystal lattice by phonons. ffe®ry describing this effect can be found in
references®? Interfaces, because of their higher defect dgnsite often region of high
SRH recombinations. Back contact recombinationyfég.c), occurring when electron reach
the metallic back contact, are often neglected shandard CIGSe solar cell due to the
important thickness of the absorber. However, thdluence becomes of major importance
for thinner absorber layer, particularly for loweegy photons that are absorbed deeper in the
CIGSe, and thus closer to the back contact. Finedlyombination at the CIGSe/CdS interface

which could be assisted by tunneling can also qaug to interface defects (Figure 3.d).
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Figure 3. Schematic representation of the major recomhlmnagpirocesses in a CIGSe solar
cell. (a) radiative band-to-band; (b) Shockley-Retdl; (c) back contact; (d) interface

recombination with possible tunneling

When reducing the absorber thickness, the devicsrbes more sensitive to various
parameters such as the material absorption, theeased recombination etc... In the
following, we will expose a general overview of yias studies related to thinning the

CIGSe absorber, which will give us leads to folldwoughout our experiments.
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II) State of the art in thinning of CIGSe absorber

Since reducing the absorber thickness in CIGSe selahas been pointed out as a key issue
in this sector, several groups have tackled thie bash from a theoretical and experimental

points of view and designed devices with thinnesoabers. Systematic study of the reduction
of the absorber thickness was first reported byf&8hsan et al. in 1997 and Negami et al. in

24 25 26

199823, Since then, the most active groups have beeNREL group and the Uppsala

%7 28 with extensive studies on this topic. Those twougs proposed the

University group
same approach for reducing the absorber thickmessjsting in directly growing the CIGSe

layer at a lower level, thus adapting the exispnacess to a lower thickness.

When reducing the absorber thickness of a photaiottevice, the most expected problem is
the reduction of the light absorption and so therelese of the photocurrent generation in the
solar cell. Although the absorption coefficienttbe CIGSe material is very high, all the
studies have shown that the amount of light absbidetrongly affected when decreasing the
absorber thickness to the sub-micrometer level.ddeer, other problems may appear due to
the ultra-low scale of the devices. Negarhireported that the solar cells were electrically
shunted when the absorber thickness became cld&é ton; this was related to the natural
roughness of as-grown CIGSe layers which was os#@mee order as the film thickness itself.
Shafarman et af? also reported a strong decrease of the parafistasce when reducing the
CIGSe thickness, most likely related to an incrdaskunt effect due to pinholes in the
absorber. However, Karpov et al. predicted, ineothtical simulation study, the existence of
a critical device thickness in the submicron regibaelow which the leakage currents will
harm the device performané® Gloeckler and Site¥ also investigated on the properties of
very thin and ultrathin absorber CIGSe solar céllen a theoretical point of view. Their
simulations indicated that reducing the absorbexkiiess leads to a reduction of the short
circuit current due to a combination of a redudgtitlabsorption and increased back contact
recombination. When the absorber is fully depldtediever (thickness lower than the space
charge region width), the authors state that tloi lsantact recombination become negligible
and the current of the cell depends only on thermen in the CIGSe.
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The Uppsala group’s first publicatioff on the topic used a Cu-poor fabrication process
giving a relatively smooth surface (RMS ~ 40 nmiah strongly reduces the risk of
shunting for thin CIGSe absorbers. However, a mswlaller grain size is achieved when
compared to a classical three stage process. fnstiidy, a 1.8um solar cell with an
efficiency of about 16 %, a Fill Factor (FF) of #oand an Open Circuit Voltage (Y of 650
mV is taken as a reference thick absorber soldraed solar cells with thinner absorbers are
realized using the same process, down to Q5 Efficiencies close to 13 % are achieved
down to 0.8um, showing a moderate decrease when reducing tlerlady thickness;
however a more pronounced decrease is observededower thicknesses down to 8 % for a
0.36um absorber solar cell. The results indicate thatdtbminant loss is seen in short circuit
current. External Quantum Efficiency (EQE) and apgon measurements are performed on
the devices (figure 4), showing that the light apson is only slightly reduced when
decreasing the absorber thickness from n8to 0.8um; the EQE was however strongly
affected in the long wavelength range. This redwsader collection for low energy photons
is interpreted to an increased back contact recoation, thus confirming the simulations
from Gloeckler & Sites®. For the ultrathin 0.3¢im device, the absorbed light was strongly
reduced compared to a thick CIGSe layer in the aed infrared range. Moreover, the
difference between absorbed light and collectedararis even more important and a high
fraction of the generated carrier do not contribioteéhe current. On the other hand, thg V
and the FF are essentially not affected down t& pth absorber thickness, maintaining high
values close to 650 mV and 73 % respectively. Atuhrathin scale however (d < Qun),

the Voc and the FF are reduced although still Etively high values (600 mV and 70 %

respectively).
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Figure 4. Comparison between the calculated absorptionesufsolid) and the corresponding
QE curves (dotted) for CIGS thicknesses & 0.8 and 036 um

This paper also studies the influence of a bactasarfield (BSF) on the devices created by
inserting a CuGaSéayer. It has been shown that by using graded caitipoal profiles, i.e.
increasing the Ga content at the back side of der sell, the conduction band level in the
CIGSe increased'. This leads to a reduced back contact recombimati® reported in
reference®. With the introduction of this layer, the FF inases above 75 % while the s
increased by about 30 mV, whatever the CIGSe tleisknThe short circuit current however,
which is the dominant loss responsible of the &ficy drop, is not improved by the
introduction of the BSF. Diode analysis using aiddd model with dark and illuminated J-V
measurements revealed that reducing the absoribkndiss leads to a gradual increase of the
saturation currento,J which is governed by the recombination procesaerd, an increase of
the diode ideality factor A. This is interpretedratated to the reduction of the,Mof thinner
absorber devices, while the reduction of the FRdsounted to the increase of and a
decrease of the shunt resistangg Rhe authors attribute the increase of the saturaurrent

to a combination of different phenomena; firstlyinher absorber increases the back contact
recombination and thus reduces the carrier cotiaciThe fact that the FF is improved by the
back CGSe layer is an indication that some lossham@sm can be reduced with a BSF, but
the losses observed in the EQE curves remain howsahanged with the BSF. The thinner

CIGSe layers also have smaller grain and thus daygen boundaries than thick layers, which
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could also account for the increased recombindteses. Finally, according to refererce
the fact that the EQE of the 360 nm absorber sslaeduced in the short wavelength range
combined with an increased ideality factor indisatenneling recombination in the region
close to the CIGSe/CdS interface.

Ramanathan et & investigated the influence of the thermal evaponagrowth process on 1
pum thick CIGSe solar cells; they compare a thregestarocess with simultaneous co-
evaporation of all the elements in one step. Theetlstage process consists here in the
deposition of a (In, Gaye; layer, then reacted with Cu and Se. The compaosisa@ontrolled

by detecting the temperature change of the substiating Cu-poor to Cu-rich transition at
the end of the second stage. The third stage iswhporation of In and Ga in the presence of
Se. The reduction of the CIGSe thickness in theetlstage process is achieved by reducing
the thickness of the precursor film in the firgige. On the other hand, several co-depositions
were made, starting with a Cu-rich CIGSe layer o€Cw@#GaSe layer, and the flux were

adapted to obtain films with the desired elemetibra

These different methods were successfully adomte@posit absorbers in the thickness range
of 0.4-1um and a bandgap grading was achieved in all theasics. Table 1 presents the
best solar cell results as a function of the abmotttickness. A reference thick absorber solar
cell is also presented.

Thickness Voo Jso FF Eff
(um) V) (mA/em?®) | (%) (%)
1.0 (3-stQ) 0.678 | 31.9 79.2 17 1
1.0 (codep) 0.699 | 30.6 75.4 16.1
0.6 (codep) 0.658 | 26.1 73.1 12.6
0.4 (3-stg) 0565 | 21.3 757 |91
Control (3 0.728 | 31.87 80.3 18.7
stg, 2.5 um)

Table 1 Photovoltaic properties of thin CIGSe solar c&lls
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Figure 5. External Quantum Efficiency for a thin 2000 nnGSle solar cell (solid line) and
thick 2500 nm CIGSe solar cell (dotted liffé)

The highest efficiency for a im CIGSe solar cell was achieved for a three stageegs
absorber with 17.1 %. When comparing the EQE «f sloilar cell with the thick 2.6m solar
cell (figure 5), they notice that the long waveldngnergy edge is at higher energy for the
thin absorber, which is an indication of a highex €éntent. The ¥ is however lower than
expected in this configuration by about 50 mV, whis the most significant loss that
contribute to the difference in the efficiency beem a thin and a thick absorber solar cell as
seen on table 1. Dark J-V curves analysis shows wide the diode ideality factors are
identical between a thin and a thick solar cek, tbverse saturation current is slightly higher
in the case of a thin absorber (848.cm? versus 3.18'A.cm™®) which partly explains the
decrease in ) observed for thin absorbers. Drive-level capaciamrofiling (DLCP)
measurements were performed on three stage absaviibrdifferent thicknesses in order to
evaluate their free carrier and defect densitys Thiaracterization reveals an increasing trend
in both the carrier and defect density when deangake absorber thickness. The increase in
the free carrier density does not results in anege of the M. due to the counter effect of
the increasing defect density. This is attributed hon-optimum growth of the thinner CIGSe

layers.

Instead of directly growing the absorber to a teinscale, which may lead to the problems
previously reported, more fundamental studies @apdryformed by reducing the thickness of
a standard absorber by chemical etching. The claretching of CIGSe surface was first

introduced by Birkmire and McCandless in 1988who realized specular CIGSe surface
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with this technique. This paper was followed by @blgation from Canava et al. who
reported a method to reconstruct the surface textmim of CIGSe after etching by using a
KCN post treatment. Based on these results, Shafarman’s team alsstigated the etching
of CIGSe films, but for reducing the absorber thieks>®. They performed a systematic
comparative study between etched absorbers andpasited absorbers of the influence of
reducing the CIGSe thickness on the photovoltaampaters of the solar cells (Figure 6).
They reported a similar trend for thg Wwhen etching absorber as what was observed for as-
deposited CIGSe, with a progressive decrease duleetoeduction of the thickness of the
active material. However, in the case of etched®ddess the FF is found much more stable
when reducing the CIGSe thickness than for as-diggbabsorbers. On the other hand, the
Voc of etched absorber solar cells is reported lagtly lower although the important
dispersion of the results makes it difficult toergret. Overall, the efficiency trend and value

is identical between etched and as-deposited absorb
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Figure 6. Compared photovoltaic parameters for CIGSe swddls with different absorber
thicknesses realized with two different techniquéisect deposition of the absorber (blue
dots), and chemical etching of thick absorbers @ets)>°

Confidential 24



In this Chapter, we had an overview of the genétafature on CIGSe solar cells with

thinned absorber. When reducing the CIGSe thicknines short circuit current has been
identified as the dominant loss in the solar cHflis has been attributed to a contribution of
both incomplete absorption of incident photons dwethe thinning of the absorber, and
increased back contact recombination due to the#@sed proximity of the back interface for
thin CIGSe layers. Open Circuit Voltage and Filctea are also affected although in much
lower proportions, especially for very thin CIGSesarber (less than 500 nm).

In this work, our goal is to study the feasibild/very thin and ultrathin absorber device with
photovoltaic properties comparable to standardktliosorber solar cells. In the following
Chapter, we will firstly study the influence of tezing the absorber thickness in a state of the
art CIGSe solar cell by numerical simulation. Wél Wy to investigate the physical factors
that are involved in the decrease of the perforrasraf the device, in order to address new
and adapted techniques to significantly enhancepti@ovoltaic parameters of very thin
(down to 400 nm) and ultrathin (down to 100 nm)aabser CIGSe solar cells. These materials
and structures will be implemented in a numericatlaling to evaluate their potential in the

scope of future application to experimental praoéancept devices.
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Chapter I

Theoretical Analysis: Effect of thinning of
CIGSe absorber layers on solar cells
characteristics and potential improvements

for ultrathin devices
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1I.1) Introduction

As presented in the previous chapter, thin filmasaells and especially chalcogenide thin
film solar cells have been extensively studied he fast three decades, and significant
advances have been achieved leading to an incgedswelopment of this technology. We
however pointed out that although the current niteost is only a small fraction of the total
solar panel cost, this rising evolution may leac tmajor increase of the material price (both
for CIGSe and CdTe) in a near futurd’, and the limited material resources (for In angl Te
may become an important limitation to upcoming dements of the sector. In order to limit
the bottleneck due to the availability of the migierecent researches have been carried out
to reduce the material consumption by thinningaheorber layer, both in CdTé3% *° and
CIGSe? % 242" this is the topic of our present study. In ortterevaluate the influence of
reducing the absorber thickness in a CIGSe soldy itas important at first to perform
numerical simulations of very thin and ultrathinsatber solar cells, and to establish

interpretations and hypothesis that will give usad to follow in the experiments.

In this Chapter, we focus on modeling a standa@dSe&l solar cell using SCAPS 2.904, that
will be used as a baseline. We will then study itifeience of progressively reducing the
CIGSe absorber thickness down to 100 nm. SCAPSwi®ridwide recognized simulation
software created by Prof. Burgelman from the Uriitgrof Gent*°. Numerical simulations
allow us to discriminate the key parameters ofdblar cell that are affected by the absorber
thickness reduction, and SCAPS, being both a usardly and a powerful tool for 1-D

simulation of thin films solar cell, is a very wsllited program for this study.

Previous theoretical work shows that sub-microm&#tSe solar cells could be greatly
improved with a suitable engineering of the devté". To supplement these results, we will
suggest some realistic improvements to the solirarel evaluate their potential in the
perspective of a performance improvement. Opticaukations of novel CIGSe solar cell

structures with very thin absorbers will be presdnt
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11.2) Modeling of a standard CIGSe solar cell

[I.2.a) Definition of the input parameters

The first stage in modeling the influence of thesa@ber thickness on the photovoltaic
parameters of a CIGSe solar cell is to establidtaaeline” solar cell; the parameters used to

g2 * or from direct

model this state of the art solar cell are eittaden from literatur
characterizations of a standard CIGSe solar cethfWirth Sola’. The modeled baseline

solar cell should match as close as possible therewrental solar cell.

Numerical simulations were performed using the paog SCAPS in order to theorically
evaluate the influence of the absorber thicknesshenproperties of the solar cell, and to
investigate possible improvements of the devicehbetth an optical and an electrical
engineering of the solar cell. SCAPS is a free mogdeveloped at the Gent university by M.
Burgelman et al. designed for thin film solar celD modeling®® and made available to
university researchers in the photovoltaic commumit1998. The version used in this work
is the 2.904. SCAPS allows to model the main dalsdticharacterizations of solar cells, i.e.
Current-Voltage (dark and illumination), SpectraddRonse, and Capacitance-Voltage and
Capacitance-Frequency which will not be used is thork. The user enters electronic and
optical parameters to define the different materaid interfaces that compose the solar cell.
Recombination model including different types offab¢s (Neutral, Single/Double
Donor/Acceptor, Amphoteric...) are also input paramet The main limitation of this
software simulation tool is that a very good knadge of the parameters of the materials
composing the cell is needed, and experimentalachenizations must be performed as much

as possible to sharpen the simulations results.

In order to establish a reference solar cell, whvdhbe used as a baseline for the study of the
influence of the absorber thickness reduction, dleetrical and optical parameters of each
layer of the solar cell have been chosen accorirxperimentally measured parameters and
compared to referenc® and“’. Table 1 shows the main material parameters usetis
study, and the Appendix | summarizes the completemeters set for simulation of a
standard CIGSe solar cell. Repeated simulation dying each parameter highlighted the
fact that some parameters such as the doping téwble CIGSe absorber are of the utmost
importance and need to be determined with highigicet and reliability. For example, the
majority carrier concentration in CIGSe that we iseour simulation is 2.1 cm® this
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carrier concentration was deduced from an expetiaheDapacitance-Voltage curve of a
standard CIGSe solar cell at room temperature l{jomination). It is in perfect agreement
with the reference® and®® and thus can be used as one of our baseline pemafoefurther

simulations. Different set of parameters may leadsimilar results in the photovoltaic

parameters, this is why the user has to be veriyoueu

CIGSe Cds ZnQOii ZnO:Al
&[] 13.6 10 9 9
X [eV] 45 4.2 4.45 4.65
E, [eV] 1.15 2.4 3.3 35
He [cm®V™ts™] 1.00E+02 1.00E+02 1.00E+02 1.00E+02
ty [em2Vts?] 25 25 25 25
N [cm's] 2.20E+18 2.20E+18 2.20E+18 2.20E+18
Ny [cm's] 1.80E+19 1.80E+19 1.80E+19 1.80E+19
NA[cm's] 2.00E+16 1.00E+00 1.00E+00 1.00E+00
ND[cm's] 1.00E+01 1.00E+17 1.00E+18 5.00E+20
Ve [Cm.S'l] 1.00E+07 1.00E+07 1.00E+07 1.00E+07
vh[cm.s™] 1.00E+07 1.00E+07 1.00E+07 1.00E+07

Table 1 Material parameters used for the simulation ofeterence CIGSe solar cell.
e dielectric permittivity (relative);x : electronic affinity; E bandgap;uen electron/hole
mobility; N¢y: conduction/valence band density of states;: acceptor/donor densityen:

electron/hole thermal velocity.
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An accurate definition of the optical propertiestbé different layers is needed for sharp
simulation to match well the experimental charaz&tions. Some baseline absorption
coefficients (Numos) are included in the SCAPS doldcoming from different sources:
Numos_ZnO** Numos_CdS* and Numos_CIGS®. Although these data showed good
agreement with our experiments, it is also possiblenput absorption coefficients from
spectroscopic  ellipsometry in the simulation for detter accuracy; the
reflectivity/transmission at the front and at thack contact of the solar cell are also
parameters that can be implemented in the defmitb the solar cell. Finally, it is also
possible to include a generation function G(x), skhtan be simulated using an optional
program that we developed in our laboratdtyand included as a .txt file in the SCAPS
simulations. In our simulations, however, G(x) vaatculated by SCAPS, and Numos files
will be used for ZnO and CdS absorption. The aligmmpof the CIGSe layer is determined
from ellipsometry measurements and is presenteddid.a. The reflectivity Rof the back
contact at the CIGSe/metal interface is also detethusing spectroscopic ellipsometry (see
Chapter V) for the CIGSe and the back contact figeee 1.b), and it is calculated using the

Fresnel’s equation:

2

l
l

3
3

Metal ! 'CIGSe

3?
3?

Metal CIGSe

R=
A
where et and ficse are the complex optical indexes of the CIGSe dmel metal
determined from spectroscopic ellipsometry measargsn The reflectivity of the front side
of the solar cell is experimentally determined bffectivity spectroscopy measurements of a
complete CIGSe solar cell stack (ZnO:Al/ZnO:i/Cd&3Se/Mo) in our laboratory using an
integrating sphere and implemented in the SCAPSlations (figure 1.b).
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Figure 1. (a) Absorption coefficient of a standard CIGSeela from spectroscopic
ellipsometry measurements; (b) Measured front siflectivity of a standard CIGSe solar
cell (orange curve) and calculated back contadectbity (green curve) from ellipsometry

data

After the complete definition of the material angtioal properties of the solar cell stack, we
perform simulations of the Current-Voltage (J-Vwaiand Spectral Response, and compare

the results with the measurements performed ofeeerece 2500 nm CIGSe solar cell.

Confidential 32



[1.2.b) Modeling of current-voltage and spectrapense

The CIGSe absorber thickness taken as the defackiness for a reference solar cell is 2500
nm. Figure 2.a shows a superposition of the J(Myewf an experimental (dots) and a
simulated (solid line) reference CIGSe solar celll &igure 2.b shows the corresponding

external quantum efficiencies.

Reference 2.5 um thick CIGSe

‘ 1 [l [l il 1 [l
00 01 02 03 04 05 06
f Bias (V)

N
(o]
T

—— Simulation
10F b O Experiment

EQE (%)

500 600 700 800 900 1000 1100
Wavlength (nm)

Figure 2. Comparison between a state of the art 2500 nnB€lsvlar cell from Wirth Solar

(solid line) and our baseline simulated solar @afkcles). a: J-V curve; b: Spectral Response.
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From the J-V curves presented figure 2.a, the plodtiic parameters of the SCAPS baseline

solar cell are:
Voc = 667 mV, FF = 73.9%J= 28.6 mA.cnf and Eff = 14.1%
Which are similar to those of the experimental refiee CIGSe solar cell are:
Voe = 663 mV, FF = 73.3%,J= 28.1 mA.cnif and Eff = 13.7%

We can achieve a very good agreement between fihdaged and the experimental results;
we can also note that the slight differences arehmawer than the usual spreading of the

parameters observed on standard solar cells.

In addition, the Spectral Response curves presdantéigure 2.b show a very close match
between the experimental and the simulated cuiMes.CdS absorption in the UV range is
well reproduced, along with the CIGSe absorpticatgdu in the visible range. The curves
however slightly differ in the 800 nm to 900 nm, yba due to some small interference
effects that may appear in the ZnO layer for thgeeimental solar cell, even if the interfaces
of a standard CIGSe solar cells is relatively rauiso, the bandgap between the two curves
seem slightly different. This is attributed to tlaet that the ellipsometry data that are used to
input the absorption coefficient has to be extragsal in the vicinity of the bandgap due to the
very low absorption of the material in the regi@nd therefore may lead to a lack of

precision.

The agreement between experiments and simulatieisg bgood both for the J(V)
characteristic and the spectral response, thiglats our set-of parameters as a baseline
state-of-the-art solar cell for simulating the ughce of the absorber thickness on the
photovoltaic parameters of the device. Howevels itnportant to highlight the fact that the
array of parameters to input in SCAPS is very lad pointed by M. Burgelman et &f,

one cannot be sure that another set of parametessrbt exist and may lead to calculations
which could be judged equally well as the one guife 2. To prevent this from happening, we
performed as many possible characterization ommaiterial and compared it to state-of-the-

art literature.

In the following, the thickness of the absorbefl We progressively reduced and we will
investigate on the evolution of the photovoltaicgmaeters together with proposing some

interpretations.

Confidential 34



11.3) Influence of CIGSe thickness on photovoltaic

parameters

In this section, we study the effect of the progies reduction of the absorber thickness from
the reference 2500 nm down to 100 nm on the J-Vaciexistics, the recombination currents
in the device and the External Spectral Respon@EJEThe doping level of the CIGSe, the
mobility g and the density of states in the conduction bamd @he valence band are

considered homogenous throughout the layer. Us@@yPS 2.904, the absorber thickness is
reduced from 2500 nm down to 100 nm starting frdra baseline reference solar cell
previously established in part I.

[1.3.a) Modeling of the current-voltage curves

The figure 3 shows the simulated J-V curves (3@ #he corresponding photovoltaic
parameters (3.b and 3.c) for the different absoth&knesses. We clearly see that two
different regimes in the variation of the parametmerge. The first one is from 2500 nm to
around 500 nm, where the variations of the paramétemoderate. In this configuration, the
absorber thickness is roughly higher or of the sander than the mean absorption length of
the photons. The absorber layer can still be censdlas relatively optically thick. In the
second regime, from 500 nm to 100 nm, the variatiothe parameters is much more abrupt;
in this case, the absorber thickness and so the aigsorption length and the layer cannot be
considered as optically thick anymore.
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Figure 3. Simulated J-V characteristic (a) of CIGSe solaliscwith different absorber
thicknesses from 2500 nm down to 100 nm (from ddde to orange); (b) and (c) are the

photovoltaic parameters of the solar cells extétem the J-V curves.

In the first regime, both the open circuit voltaaged the fill factor remain stable down to 500
nm absorber thickness with respective values ctos850 mV and 72-73 % respectively
(figure 3.b). On the other hand, the short circuitrent is linearly reduced from 28 mA.ém
for a 2500 nm thick absorber down to 20 m.AZ%rfor a 500 nm absorber (figure 3.c). This
drop is both related to non absorption of the phetdue to the reduced absorber thickness
and to an increased recombination current at thek b@ontact (ghey). To illustrate
guantitatively the effect of an increase of theorabination current at the back contact when
the efficiency decreases, we plot on figure 4.a dhkeulated back recombination current
(calculation by SCAPS). The recombination curreafdncreases from 1.2 mA.cfrat zero
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voltage for the reference 218n thick absorber up to 2.8 m.A.&nfor the 0.5um absorber
solar cell, so an absolute loss of 1.6 mAZfihe rest of the losses are therefore attribuied t
non absorption of the photons due to an insufficassorber thickness. The observed loss is
however moderate, with a 29% relative decreasd@fcurrent for a removed thickness of
about 80 % relatively to the initial 2500 nm absordJltimately, the efficiency drops down
to 11 % for a 500 nm thick absorber solar startinogn a 14 % reference efficiency for a 2500
nm thick absorber; this efficiency loss is onlyateld to the decrease of thg d shown on
figure 3.c when reducing the absorber down to 500 n

Since the majority carrier concentration in the S&3s fixed at 2.16 cmi®, it is possible to

evaluate the space charge region width SCRW whewvohage is applied to the diode with

2¢.&,

the simplified formulaSCRW= Vg, where \g; is the built-in potential (Wi~1 V), Ny

the acceptor densitg; the relative permittivity of the CIGSe,(= 13.6), anc, the absolute
vacuum permittivity € = 8.85.10* F.miY). In our case, we obtain SCRW = 275 nm;
therefore, when the second regime is reached anditborber thickness is lower than 500 nm
(ultrathin absorber), it becomes of the magnitudie gven smaller) than the space charge
region width and is fully depleted. This resultsaiAV shift of the conduction band that limits
the Vo (460 mV for a 100 nm absorber solar cell) of thk &s it is illustrated figure 5. In this
case, the quasi fermi level separation is incorepbeicause of the early “cut” of the band
bending region. This particular effect becomesasatble for an absorber thickness at about
300 nm, thus very close to the value of the spaeege region width. The Fill Factor is also
slightly affected, although only for the 300 nm &@D nm samples, where it decreases from
its previously stable value of 72% down to 68% obefreturning to its ~72% value for the
100 nm sample. Theds dramatically decreased for the ultrathin absm§300 nm, 200 nm

and 100 nm), and drops down to 12 mAZfor a 100 nm absorber solar cell.
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Figure 4. (a) Back recombination current calculated for Sé&Gsolar cells with different
absorber thicknesses, from reference 2500 nm (olak curve) to 100 nm absorber (orange
curve); (b) calculated band diagram of a 200 nm&&Golar cell under 4 different bias: 0 V,
0.3V, 0.4V and 0.6 V (from dark blue to light bju
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Figure 5. Band diagram of a thinned (500 nm) CIGSe soldy ilestrating the effect on M.
that has an ultrathinning of the absorber.

It might seem surprising that the back contact mdmoation is greatly reduced in our
simulations for the samples 300 nm, 200 nm and A0 as shown Figure 4.a; there is
however a very consistent explanation to this. dleorber being completely depleted, every
generated carrier is being driven to the p-n jumctby the band bending and the strong
electric field in the absorber prevents the gemeratarriers to drift to the back contact.
Gloeckler & Sites® already highlighted this phenomenon when the #esothickness is
lower than the space charge region width and thewed that thesdis nearly independent of
the back contact and is only governed by the alisorpf the CIGSe layer. The back
recombination current curves figure 4.a for fullgpteted absorbers are however not parallel
to the rest of the curves (absorbers thicker tt@hrim) and they increase with a much more
important slope: close to the operating point (880-mV), the back recombination currents
of the ultrathin solar cells with fully depleted saiobers (300 nm, 200 nm and 100 nm)
increase and exceed the recombination currentseahicker absorber solar cells (> 500 nm).
This is due to the fact that the positive polai@atof the diode tends to reduce the band

bending in the absorber by leveling the -p and-thsides as it is schematized Figure 4.b.
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Therefore, an increasing proportion of photonsareorbed in a quasi flat band region for
ultrathin solar cell when applying a positive btasthe diode. While the 100 nm sample is
still fully depleted at its much lower operatingimitp this is not the case for the 200 nm and
300 nm sample where a flat band region appearbidamabsorber. Therefore, back contact
recombination is possible and it slightly redudes photocurrent at this voltage; it directly
affects the FF, which drops from 72% to 68% for 20® nm and 300 nm sample as shown
figure 3.b. For the 100 nm sample, the photocuriseatmost unchanged between V = 0V and
the operating point, and so the FF recovers itgalnievel. As a result from the combined

decrease of the o¢ and the accelerated decrease of thethle efficiency is strongly reduced

from 11% for a 500 nm CIGSe solar cell down lessth% for a 100 nm.

Eventually, the decrease of the short circuit qurre clearly the dominant parameter limiting
the efficiency of thinned solar cell although thgen circuit voltage becomes an issue at
ultrathin scale. In the perspective of using optiteanagement techniques to improve the
properties of the solar cell, it is important toestigate the spectral region where the losses
occur and so spectral response of the solar cell.

[1.3.b) Modeling of Spectral Responses

In this part, we simulate the External Spectralg®ese (External Quantum Efficiency EQE)
of the solar cells when varying the absorber theslen For these simulations, we used SCAPS
2.904 with exactly the same parameters as usedopsty for the J-V simulations. No
interference effects within the device are beingtainto account in these simulations. The
obtained EQE curves are presented on figure éhdrshort wavelength regioi € 400-600
nm), the absorption and carrier collection is altmasg affected down to 500 nm of absorber
thickness (first regime), with the EQE slightly deasing from 83% for the reference 2500
nm thick CIGSe to 80% for the 500 nm thick CIGStseell atA = 550 nm. For the lower
thicknesses however (second regime/ultrathin), ecelarated decrease of the EQE is
observed. Despite the high energy of the inciddmtgns, the film thickness is insufficient
for a complete absorption on the whole spectrumeiVthe wavelength is increased, the
losses due to the absorber thickness reductionnfaoore important. From thicknesses
between 2500 nm to 2000 nm, almost no change isrobd; however, as the thickness is

reduced down to 500 nm, the EQE is significantbuaed especially in the low energy range.
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According to referencd’, this is partly due to an increased back contacombination for
carriers generated outside the depletion regiosedo the back contact, the non-absorption of
the thinned CIGSe absorber being the other limifanxgjor. To support this assumption, we

plot on figure 7 the photon absorption depi,h:% in the CIGSe versus the wavelength, and

the CIGSe thickness is schematically shown onitjig side of the graph; this figure clearly
illustrates the fact that a non negligible parthe# spectrum is not absorbed when the CIGSe
thickness is reduced from 2500 nm to 500 nm. Ie thnge, the average absorption depth
decreases by 100 nm on the spectrum (from about A@0down to 900 nm). This is in direct
relation with the decrease observed in this wagtlerange in the EQE curves. Moreover, it
confirms the fact that a non negligible part of gietons are also absorbed very close to the
back contact, which tends to enhance the back cbmecombination. For absorber
thicknesses lower than 500 nm, the non absorptiothé CIGSe becomes nearly the only
parameter limiting the EQE as the back contact mdxoation is strongly reduced as
previously stated. We see on figure 6 that for 1#8® nm thick absorber, the EQE is
dramatically lowered and it becomes less than 3@& &50 nm. Figure 7 shows that the
absorber thickness is significantly lower than #fsorption depth and so that the intercept
between those two is at 510 nm (dark grey squaf®r this wavelength, the absorption of

the 100 nm film is very poor as confirmed by theEE§)mulation figure 6.
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Figure 6. External Quantum Efficiencies of CIGSe solar selith different absorber
thicknesses from 2500 nm down to 100 nm (from duk to orange).
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Figure 7. Penetration depth in the CIGSe plotted with thetpns incident wavelength. The
colored rectangles and the right side of the fiqaresillustration of the potential absorption of

CIGSe layers with different thicknesses.
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[1.3.c) Conclusion

We have evaluated with numerical simulations th#uémce of reducing the absorber
thickness in a CIGSe solar cell. It was possibledtablish a “baseline” state of the art solar
cell with SCAPS by using realistic parameters naisthe time deduced from experimental
data or from literature for the different layersmqmosing the device. The baseline solar cell is
in very good agreement with our state of the apeeimental solar cell. In our simulations,
the absorber thickness was varied from 2500 nm dowi®0 nm while keeping constant the
other parameters of the device. These simulatalitispugh one-dimensional, gave us a fairly
clear idea of the influence of the absorber thisknen the photovoltaic parameters of the

solar cell. Two different regimes were identified:

- From 2500 nm down to 500 nm absorber thicknégsshort circuit current is the only
parameter that is affected by the absorber thicgkmeduction, decreasing from 28
mA.cm? (2500 nm CIGSe) down to 20 m.A.&n(500 nm CIGSe). We attribute this
drop to a combination of non absorption of low @yephotons and back contact
recombination affecting the carriers that are gateer close to the back contact.
Accordingly to the evolution of the) the efficiency decreases from 14% (2500 nm
CIGSe) down to 11% (500 nm). Although substantiag variation is rather moderate
when one considers the amount of active materal ifhremoved, and at this stage,

the CIGSe absorber could still be roughly considex® optically thick.

- From 500 nm down to 100 nm absorber thickness, ahsorber becomes fully
depleted, being thinner than the space chargeneg@ite intense electric field forces
the generated electrons to migrate to the p-n jom&nd almost completely prevents
back contact recombination when no voltage is appliaccordingly to previous
results from Gloeckler & Sited’, the short circuit current is in this case only
dependent on the absorption of the CIGSe. The ptsorof ultrathin CIGSe layer is
very low, which results in very important decreadethe photocurrent down to 12
mA.cmi? for the 100 nm absorber solar cell; moreover, féw that the absorber is
thinner than the space charge region leads to @mplete separation of the quasi
fermi levels which limits the M. (~460 mV for a 100 nm absorber solar cell). The
combination of these different losses dramaticedlyuces the efficiency of the solar

which decreases down to 4% for a 100 nm CIGSe selar
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We have highlighted the main issues encounterechvame reduces the thickness of the
CIGSe absorber down to 100 nm. Both optical (lighsorption) and electrical (limited

voltage and back recombination) aspect are impantéte perspective of very thin (500 nm)
and ultrathin (100 nm) absorber solar cell. Infillowing part, optical simulations are done
to suggest potential solutions that may allow teeroeme the parameter’s limitations
previously reported. Our solutions will first focuen the intermediate 500 nm CIGSe
thickness (first regime), which already providesubstantial saving of material where the
photocurrent is the only parameter that needs tonpeoved compared to a state of the art

thick solar cell. Solutions to increase the efficyg of an ultrathin 100 nm CIGSe solar cell
will also be presented.
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11.4) Analysis of potential improvements for ultrathin

CIGSe solar cells

[1.4.a) Introduction

In order to improve the performances of thinnedodsr solar cells, an engineering of both
the front and the back side of the device is neettethis part, our study will focus on an
intermediate 500 nm CIGSe, which cannot be constas ultrathin, but offers interesting
experimental short and mid-term perspectives aloitly a need for optimizations that can be
realized as a first step in efficient thinner CIG¢ar cells. The purpose here is to improve
the carrier collection and to increase the broadblght absorption in the active layer
(CIGSe), which will allow thegd of the thinned CIGSe solar cell to match thefa standard
thick absorber device. The effect of reducing thesés in the supporting layers (front and
back side) is modeled, by using an anti-reflectioating (ARC), a buffer layer with a wider
bandgap, and a more reflective back contact. Intiadd the effect of a p+ doped electron

blocking back layer to reduce the back contactmdsnation is also presented.

I1.4.b) Front and back side optical engineering fefficient light

management

Identifying the regions of the thinned absorbemasaell where the optical losses occur is a
key issue for designing light management solutitmshe following, a complete CIGSe solar
cell stack Mo-500 nm/CIGSe-500 nm/CdS-50 nm/Zn@:inm/ZnO:Al-400 nm is modeled
and the light absorption of each layer dependingtten wavelength is calculated. These
calculations were performed at the Institut d’'Opé&gby Dr. Nir Dahan and Prof. Jean-
Jacques Greffet. For the optical modeling, thecsting is considered as a stratified media
with flat interfaces where the electromagnetic véagan be calculated at each position for
any wavelength\, incident angled;, and polarization p. Here, the transfer-matrix hoet is

used to calculate the spectral absorption in layevrith thickness L by

[S(m,0)-S(m,L)] (2

A, (8, mp)= S(L6.p) 2
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where S§(m,l) is the Poynting vector of the electromagneticdfigl layer m at position IS,
is the Poynting vector of the incident field, ands a unit vector normal to the interface (here
in direction z). It is assumed that the solar lightunpolarized; therefore, the spectral

absorption is given by an average of both polaonat
A(8.m) =2 [A(B,MTE)+ A,(6,mTM)

where TE and TM are the transverse electric andnetagmodes respectively. The back
contact is regarded as a semi-infinite layer siitsethickness is much larger than the
penetration depth of light. It is found that thesaption in the layers does not depend on the
angle of incidence up to almost “8Qnot shown here). Therefore, for simplicity, only

calculations when illuminating light in normal diteon are shown.

Figure 8.a presents the simulated absorption i ehfferent layers of a 500 nm thick
standard CIGSe solar cell. In this default confagan, the total absorption in the CIGSe
layer is only 57 % (grey area) which corresponda & of 25.03 mA.cnt if a 100% internal
guantum efficiency in the CIGSe is considered. Ve identify two major sources of loss
(yellow area and black area). As can be seen oryglew area, a significant part of the
incident photons is absorbed in the 400-500 nm ieagth range and these photons do not
contribute to the g this is due to the CdS buffer layer, which haglatively low bandgap
(2.4 eV). This problem has been extensively studiedhe past decade based on the
development of alternative buffer layers such aS @nInS; *°. In this study, the use of the
buffer bilayer ZnS/ZnMgd” “® has been proposed. Thanks to its higher bandgapaed

to CdS (3.6 eV versus 2.4 eV), the ZnS/CIGSe jonctefficiently collects the carrier
generated by the 400-550 nm photons. When chantieginitial stack to the Mo-500
nm/CIGSe-500 nm/ZnS-50 nm/ZnMgO-70 nm/ZnO:Al-400 stack, the absorption in the
complete device increases up to 63% as shown figjardn this configuration, the absorption
in CIGSe is greatly enhanced in the 400-550 nm \eangth range without affecting the rest
of the spectrum which leads to a total absorptiamease of +6 % in the active layer. This
leads to a significant improvement of the shortwir current which increases from 25.03 for
the default configuration up to 27.78 mAZ@mFigure 9.a summarizes the expected
photocurrent increase depending on the CIGSe thakrwhen the CdS buffer layer is
replaced by ZnS. Electrical losses are not takeataount in these calculations. Whatever the

CIGSe thickness, the.dncrease is roughly constant.
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Total absorption in 500 nm CIGSe = 57 % Total absorption in 500 nm CIGSe = 63%
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Figure 8. Spectral absorption calculated in the differeaels of (a) a standard CIGSe
structure (CdS buffer and Mo back contact); (b@ralative ZnS buffer layer; (¢) ZnS and Au
back contact; (d) ZnS, Au and ARC
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In Figure 8.a, we can also observe that anotheoiitapt loss in a standard CIGSe solar cell
stack occurs in the 600 nm to 1100 nm (CIGSe barjdgenge due to light absorption by the
Mo back contact (black area); a significant parttte# low energy incident photons is not
absorbed in the first pass through the thinned rii0absorber (see the penetration depth in
the CIGSe figure 6) and decays into the back comlae to the poor reflectivity of the metal
9 To overcome this, it is required to replace the By a more reflective metal as it was
suggested by different group$™ When replacing Mo by a reflective metal such asas
back reflector, we clearly see on figure 8.c thet absorption in the back contact vanishes
almost completely and the total absorption in Cl@®eeases up to 70 % if combined with
ZnS buffer layer. Figure 9.b presents thgcdmparison between a Mo back contact and an
Au back contact for a CIGSe solar cell with differ@bsorber thickness. We see that the Au
mirror allows to maintain thesgJof a 500 nm thick CIGSe solar cell to a high va(28.3
mA.cm®) close to the reference thick solar cell(30.8 mA.crif) while the J. progressively
decreases for the Mo back contact solar cell aodlis25 mA.cn¥ for a 500 nm CIGSe solar
cell. While the replacement of CdS by ZnS leads twonstant gain in thec:whatever the
CIGSe thickness, replacement of Mo by Au leadsghitt in 1. that increases when reducing
the CIGSe thickness. Figure 9.c illustrates theadirmpact on thesdJof the combination of
an Au back contact with a ZnS buffer layer comparedhe default Mo back contact with
CdS buffer layer configuration. In this case, theismaintained at 31.1 mA.cfrfor a 500
nm CIGSe solar cell, which is higher than the mfiee thick CIGSe solar cell with CdS
buffer layer and Mo back contact (30.8 mA:®m

Figure 8.d shows the impact of the addition of atireflection coating (ARC) on the stack

with a ZnS buffer layer and an Au back contact. Wtal absorption in CIGSe is increased up
to 77 % and the only remaining parasitic absorptiemes from the ZnO:Al in the U.V. range

(~3.4-3.5 eV bandgap); the complete ZnS bufferaye back contact-ARC stack increases
the Jsc of a 500 nm CIGSe solar cell up to 33.80cmA Figure 9.d shows the direct impact
on the photocurrent of an ARC on a CIGSe solarwgh different absorber thicknesses and
a standard CdS buffer layer — Mo back contact. I8mid the case of ZnS, the improvement
due to the ARC is constant whatever the thickné€@Se.

We have demonstrated that it is possible, in args@0CIGSe solar cell, to fully recover and
even to exceed the absorption and the short cicourent of a standard 2500 nm thick CIGSe
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solar cell with CdS buffer layer and Mo back contdtis was made possible thanks to the
replacement of the CdS buffer layer by a higherdgap material (ZnS), but more
importantly to the replacement of the poorly retile Mo back contact by a more reflective
back contact (Au), while the addition of an ARCtop of the solar cell allows an increase of
the CIGSe almost equally over the entire spectihile the ARC and the ZnS buffer layer
lead to a roughly constant increase of theindependent from the absorber thickness, the
replacement of the Mo back contact by Au leads goeater ¢ increase for thinner absorber.
However, the ¢ that we calculated here does not take in accdientdcombinations that take
place in the device. We have previously seen thatréduction of the absorber thickness
substantially increases the back contact recombmgfigure 4.a), due to the increasing
proximity of the back interface with the absorptioegion of the low energy photons
particularly (figure 6 and figure 7). In the follavg, we study the effect of reducing this back

contact recombination with energy band engineeaine rear interface of the solar cell.

[I.4.c) Reduction of the back contact recombinatioy energy band

engineering

We previously observed that when reducing the ddesdhickness down to 500 nm, the back
contact recombination becomes an important fadtat has to be overcome in order to
maintain an efficient carrier collection in the @otell and the short circuit current. The idea
is to realize a contact which would block the elets (electron mirror) while having an
ohmic behavior with the holes, as schematicallysitiated in figure 10. This type of effect is
similar to the CuGaSéack layer that was introduced by Lundberg et’df. Several options
are available; the most direct is to adapt the worktion of the back metal in order to obtain
the desired band bending on a p-doped semicondast@®GSe. This will be developed in a
first part. In a second part, we will discuss oe thtroduction at the back contact of an
interfacial p+ doped semiconductor layer with aeaidenergy band positioning that will act
as a perfect electron mirror at the rear side efdblar cell and so blocking the back contact

recombination.
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Figure 10. lllustration of the effect of an ideal electrolodking at the rear side of a CIGSe
solar cell. The hole is transmitted to the metallevthe electron is “reflected” toward the n-

doped region

[1.4.c.i) Tuning the energy bands with the metafkvinnction

If we don’t consider any intermediate layer betwdélea CIGSe and the back contact, and
without any surface state or other anomalies, tbmiconductor-metal contact can be
described as shown in figure 1% the electronic energy relations of a high workdiion
metal and a p-type semiconductor which are nobmtact. As shown in figure 11.b and based
on the Anderson model approath when they are brought together, charge will fiivem

the semiconductor to the metal and thermal equilibris established as a single system, and
the Fermi level on both sides lines up. RelativthtoFermi level in the metal, the Fermi level
in the semiconductor is lowered by an amount etu#he difference between the two work
functions (figure 11.b).

In the vacuum, the work function is denotgg for the metal andp,. for the semiconductor,
with @5 = x +|E; —E.| wherey is the electronic affinity of the semiconducto, iE the

edge of the conduction band andi& the Fermi level of the semiconductor in theuwan.
The potential difference between the two work fior is called the contact potential. When
the metal and the semiconductor are brought intwaod, the junction becomes transparent to
the holes, and the electrons are blocked by theiebain the conduction band of the
semiconductor, which thus acts as an electronicomifhe built-in potentialp,, represents

in this case a barrier for the electrons, wherbashbles can transfer from the semiconductor
to the metal. This example is the ideal case wherevork function of the metal is slightly
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higher than the work function of the semiconducWhen g, < ¢, the band bending of the

semiconductor at the junction is reversed and i ¢hse, the back contact acts as a sink for
the electrons which can therefore drift from thens®nductor to the metal and recombine. In
addition, a wrong sided band bending may reduceM\heof the solar cell because of
incomplete quasi-Fermi level separation. It is dase for an ultrathin absorber where the
influence of both the back contact and the p-ntjoncare close enough to overlap within the

absorber.

Semi- L
(a) Metal Vacuum (b) Metal Semiconductor

Conductor

f Pt f
Energy ¥ %
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Figure 11 lllustration of the metal / p-doped semiconduatontact. (a) before the contact;

(b) after the contact

The electronic affinity of the CIGSe jg = 45eV (see Gloeckler baselirtd), the bandgap is
E, =11eVand the majority carrier concentrationng = 210'° cm™. The CIGSe being p-
doped, its Fermi level i$05eV <E. <56eV at equilibrium. The only metal which work
function is high enough to achiewg, > @, is the platinum Ptd, = 5.7 eV) whereas Au
that was used previously for the optical simulatas a lower work functiong,, = 5.1eV)

2, Mo, the most commonly used back contact, has\am enuch lower work function

(@, =46¢€V).
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Using SCAPS, we plot the band diagram of CIGSersmls with a Pt back contact, an Au
and a Mo back contact (Figure 12 a., b. and c.easpely). When using Au or Mo as back
contact, we obtain a rectifying diode at the baidke swhereas Pt allows an ohmic contact
formation for the holes with a small barrier foetblectrons. This results is in contradiction
with experimental observations where both Mo andafaireported to form an ohmic contact
on CIGSe. This is an indication that in the casthefe two metals, the Anderson model fails
to describe their electrical interface with CiIG&ed the formation of additional interfacial

layer needs to be considered.

W =57eV () W =51eV (D)

N T

Pt Au

W =46eV  (C)

Mo

Figure 12 Influence of the work function of the back metal the band bending of the
CIGSe. (a) ohmic Pt back contact; (b) rectifying Back contact; (c) rectifying Mo back

contact
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In the case of Mo, the modeling of a 500 nm solitin ¥he ¢,, = 46 eV work function led to

a 0.06% efficient solar cell and presenting theultsshere would not be of any interest.
Therefore, only Au will be taken as an illustratioha rectifying back contact on CIGSe for

the following discussion.

The simulated J-V characteristic along with phottaio parameters of the 500 nm CIGSe
solar cells with Au and Pt back contact are presemin figure 13.a, and the back contact
recombination current is presented figure 13.b. idilectivity of the different back contacts
is not taken in account in these simulations ireotd decouple the optical and the electrical
issues. In this configuration, the &f the Pt solar cell is much higher than the Alascell
(25 mA.cm?® versus 21 mA.cif); this 4 mA.cn? difference perfectly matches the shift
between the two solar cells observed in the bacdkaob recombination currents presented on
figure 13.b. The recombinations also impact theoFgolar cells which is reduced from 75 %
for the Pt back contact down to 68 % for the Aukbeontact. As expected from the band
diagram of figure 12, the }is reduced for the Au back contact at 520 mV, careg to the

Pt back contact (700 mV) because of the overlappifigence of the Au rectifying back
contact and the p-n junction. The back contactmdspations are clearly visible on the EQE
curves of figure 13.c, where the low energy photares much more affected in proportion
with the Au back contact because of their more irtgmt penetration depth, whereas the
barrier with the Pt back contact prevents the ebestfrom reaching the metal; in the case of
the Pt back contact, the photocurrent is only ddpehon the absorption of the 500 nm
CIGSe layer.
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Figure 13 (a) Simulated J-V characteristic of a 500 nm G#G8lar cell with Au and Pt back
contact. The reflectivity of the back contact iefil a 0% in each case; (b) corresponding back

recombination currents; (c) corresponding Exte8pdctral Response curves.

In this part, we have investigated on the influeatéhe metallic back contact work function

in the back contact recombination process of arii0CIGSe solar cell. We have seen that
when no interfacial layer is considered, a highkvunction metal is required to achieve a
good ohmicity and not degrading the photovoltaioperties of the solar cell. In addition, if

the work function of the metal is lower than therielevel of the CIGSe, the overlap of the

influence of both the p-n junction and the backtaohbecomes a problem by affecting the
guasi-Fermi level separation and thus reducing\the which would less be the case for a
thick 2500 nm CIGSe solar cell. However, the Andersnodel that we used in this study
does not consider any interfacial layer that maylte from the reaction between the metal
and the semiconductor. Experiments showed thatfaghenetal-semiconductor interface like

we considered here almost never occurs in a reedelevhen the Mo/CIGSe is studied using
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the Anderson model onlyg,, = 4.6 eV), the quality of the back contact would be verppo

compared to what it is in reality. The well knowro8k interfacial layer greatly improves the
ohmicity of the metal/semiconductor in the CIGSéasaell. Similarly, Moons et al*®

reported a good ohmicity for the Au/CIGSe contddierefore, some relatively low work
function metals offering interesting optical praes should not be excluded from the

experiments.

Instead of relying on tuning the back contact vt metal work function, another idea is to
introduce a p-doped interfacial layer with the desiband positioning. In the following, we
will discuss on the influence of this so calledctien blocking layer or back surface field
(BSF) at the back contact of a 500 nm CIGSe sar c

[1.4.c.ii) Introduction of an electron blocking lay(back surface field)

The introduction of a very thin interfacial layegttveen the CIGSe and the metal may help to
reduce the increasing influence of the back comammbination when reducing the absorber

thickness. This “back surface field” (BSF) shoutd as a perfect electron mirror while being

an ohmic contact for the holes; a p+ dopirig, (= 210 in our simulations) along with a
relatively wide gap E, =14eV in our example) for a good transparency is reguliféhis

layer should be as thin as possible. SCAPS sinomisitof a 500 nm thick CIGSe solar cells
are performed and the influence of a 10 nm BSRudied. The parameters of the BSF are
summarized in Appendix | of this chapter. Figurealghows the band diagram of a 500 nm
thick CIGSe solar cell where an BSF is introducédha back side of the device, and a
comparison of the J-V characteristic, the EQE dmdltack contact recombination with and
without the BSF are shown on figure 14.b, 14.c 4ddd respectively. For the default
configuration without BSF, the band alignment betwehe CIGSe and the metallic back
contact is meant so that the bands of the CIGSeetagvely flat; the work function of the
metal is taken at a value close to the fermi lefelhe CIGSe(~5.5 eV). The short circuit
current increases from 22.6 mA.érwithout the electron blocking layer up to 25.2 m?
with the BSF (figure 14.b). As can be seen figuted1this 2.6 mA.cii increase corresponds
exactly to the reduction of the back contact recoiaion by the ideal electron mirror at the
back contact, compared to the flat band defaulfigoration. Moreover, the introduction of

this large bandgap interfacial buffer layer enhantte quasi fermi level separation, and the
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open circuit voltage increases from 600 mV withB&F up to about 680 mV. The overall

efficiency increases from 9.9% without BSF up ta922 with the BSF.
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Figure 14. (a) band diagram of a 500 nm CIGSe solar celhan interfacial 10 nm thick
back surface field (BSF); (b) External Quantum é&éfincy of a 500 nm CIGSe solar cell with

and without BSF; (c) corresponding back recombamatiurrents.

In order to fully take advantage to both electriadl optical improvement, the ideal situation
is to combine a reflective back contact with arceten blocking layer. Moreover, achieving a
good ohmicity at the back side with an interfadialffer layer allows one to use a back
contact which has a higher reflectivity than a rhefis situation is illustrated in the
following. Figure 15.a present the SCAPS simulai@E of a 500 nm CIGSe with no
reflectivity at the back contact and no electroocking layer. In this case, the combination of
non absorption of low energy photons and back ebmecombination dramatically reduces
the EQE in the IR wavelength range as previoustgudised. The short circuit current in this
configuration is 22.4 mA.cih The EQE of a 1000 nm CIGSe solar cell without BBE no

back reflectivity is plotted as a comparison, shyvian absolute current increase of 2.9
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mA.cm? (at 25.3 mA.crif) compared to the 500 nm solar cell. This incréasmly related to
the absorption of the extra +500 nm of material.ewh back surface field and an ideal 100 %
reflective mirror are added to the 500 nm solal, @elargely outperforms the 1000 nm solar
cell and the Jsc is 28.1 mA.@nrepresenting an increase of + 5.7 mAZxnThe
corresponding J-V characteristic are shown figuseb1The combination of both a perfect
optical and electrical management allows to fubgaver the current of the standard thick
solar cell that was previously presented at thenmegg of this chapter (figure 2). As a result,
the efficiency of the 500 nm CIGSe solar cell wilsF and 100 % back reflectivity is
n =142% (9.8% for 500 nm CIGSe 0% reflectivity and no B&R¢d 11.7% for the 1000 nm

CIGSe). It is very important to highlight the fabat these improvements have been achieved
with simple one-dimensional structures and realistaterial properties for the BSF.

100 — T T T T

80 |-

EQE (%)

500 nm with BSF and 100% R
20F | ——500 nm w/out BSF and 0% R
1000 nm w/out BSF and 0% R

400 600 800 1000

Wavelength (nm)

Current Density (mA.cm™)

O.I7
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Figure 15 (a) External quantum efficiency curves of a 508 €IGSe solar with no

reflectivity at the back contact and no electroacking layer (dark solid grey line); same

solar cell with a BSF and a 100 % reflective backtact (dark grey dotted line). Light grey

line: 1000 nm CIGSe, no BSF, 0% reflectivity; (BY haracteristic
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[1.4.d) Potential improvements for an ultrathin 198 CIGSe solar cell

To increase the efficiency of an ultrathin 100 niGSe absorber solar cell, the challenge is
to overcome the very low absorption of the mataalahg with the limitation of the ¥ that

appears when the absorber thickness is lower thamspace charge region width. In the
following part, we address potential solutions igngicantly enhance the performances of

ultrathin CIGSe solar cells by focusing on baclesdgineering of the device.

[1.4.d.i) Increasing the light absorption in theO@m CIGSe solar cell

We previously reported the use of very reflectivetats as alternative back contact on very
thin 500 nm CIGSe absorber solar cells, with aigant increase of the absorption of low
energy photons. Figure 16.a presents the simulaf@d curve for a 100 nm CIGSe solar cell
with a 0% reflectivity at the back side, confrontteda 100% reflective back contact. The
following simulations have been performed using $SA We see that with a 0% back
contact reflectivity (solid green line), the EQEneI is very low, even for the high energy
photons. The curve peaks at=450nm with a value of 55%, before decreasing down te les

than 20% atd =900nm. We see on the J-V curve figure 16.b that theesponding s} is
very poor (. =122mAcm?). While the FF is maintained at a relatively higilue (71%),

the Voc is also very low (480 mV) which leads tg & 4.2% efficiency.

When a 100% reflectivity is added at the rear fat@ of this 100 nm CIGSe solar cell
(dotted green line), thesJincreases up td . =17.8mAcm ™~ due to the double pass of the

light through the absorber. We see on the EQE cthmaé there is still room for a lot of
improvements in the red and infrared spectral mgioSince the FF and theyVare

unchanged, the efficiency only increases ug to 6.2%

Standard flat 2-D mirrors, even with an ideal 1008fectivity, are therefore found to be
insufficient to achieve an efficient light absogstiis a 100 nm CIGSe layer. This is of course

not surprising as a flat mirror can only “doublb&toptical path through the absorber.
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Figure 16. (a) EQE curves of a 100 nm CIGSe solar cell wiih:BSF and a 0% reflectivity
at the back side (solid green line); no BSF and¥d 0éflectivity (dotted green line); Bsf and

0% reflectivity (dot-dash line); BSF and 100% refleity (solid blue line). (b) Corresponding

J-V curves.
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In his PhD thesis, Malmstrom suggested the uselaaertian back reflector to increase the
light pathway through the absorbéf, (page 46 of his Thesis). Considering a lambertian
reflection with an Ag mirror, he simulated the @nt generated in the absorber laygs J
without taking into account electric losses, andnit that a 100 nm CIGSe with an Ag
lambertian back reflector had gJof 30 mA.cn¥. If this ideal value is combined with the
Voc and the FF we simulated for a 100 nm CIiGSersmd without BSF, the efficiency

becomesy = 102%In this case, the Voc is the only parameter limgithe efficiency of the

ultrathin 100 nm CIGSe solar cell. To overcome ,tig introduce the same BSF as

previously done for very thin absorber solar cells.

[1.4.d.ii) Increasing the voltage of the 100 nm Gk&ssolar cell

The parameters of the BSF are identical to thanfpart 11.4.c.ii) (with the 500 nm CIGSe
solar cell). The SCAPS simulated EQE curve of ad®0CIGSe solar cell with a BSF and a
0% back surface reflectivity is presented Figureal@nd the corresponding J-V curve is
shown Figure 16.b. We see that theod the solar cell is in this case only slightlyeafted at
13.2 mA.cn¥, unlike what was observed in a 500 nm. This issisiant with the previous
assessment whereby the back side recombinationt@dya minor influence in the case of
fully depleted absorbef’. We see on the J-V curve that the. Vhcreases up to 680 mV,
equivalent what was observed in the 500 nm CIG3a&r sell, and the FF is significantly
increased up to 77%. As a result, the efficiencthef 100 nm CIGSe solar cell with the BSF
and 0% back reflectivity is7 = 69%When the BSF is combined with an ideal 100%

reflective flat mirror, the addition of both effedeads to an efficiency @f =10 %Although

much higher than what is obtained without any miodifon, this efficiency is still
insufficient to compete with a reference 2500 nickttabsorber CIGSe solar cell. If we use
the J. value from Malmstrom with lambertian back reflecty the efficiency of the solar cell

becomesy = 154%In this ideal case, our simulations indicate that 100 nm CIGSe solar

cell can outperform the reference thick solar cell.

The simulated photovoltaic parameters of the 100 @i@Se solar cell with the different

configurations are presented Table 2.
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Configuration Voc (mV) FF (%) Jsc (mA.cm™) Eff (%)

no BSF R=0% 480 71.5 12.2 4.2
no BSF R=100% 490 70.3 17.8 6.2
with BSF R=0% 680 77 13.3 6.9
with BSF R=100% 670 77 19 10
with BSF and Lambertian 670 77 30 154

Table 2 Photovoltaic parameters of a SCAPS simulated i®0CIGSe solar cell with
different configurations.
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11.5) Chapter Conclusion

In this Chapter, we firstly achieved the realistimulation of a standard thick absorber (2500

nm) CIGSe solar cell using SCAPS. The material ipatars have been introduced from

experimental data wherever possible, and comparathte of the art solar cells parameters.

Our simulated reference solar cell showed a gooeeagent with a reference CIGSe solar cell

from Wrth Solar, and so the input parametersaiert as a baseline for further simulations.

Our purpose was to study the influence of redutiegabsorber thickness only (down to 100

nm) of a CIGSe solar cell on the photovoltaic paetars, and to identify the different sources

of loss that affect the efficiency of the devicewdl different regions, depending on the

remaining absorber thickness, were identified:

In the first regime from 2500 nm down to 500 rihe short circuit current is the only
parameter that is affected by the thickness redngctropping from 28 mA.cthdown

to 20 mA.cn?. Simulation of the back recombination current siothat a non
negligible part of the s comes from the increasing proximity between thgiom
where the photons are absorbed when reducing tleS€lthickness and the back
contact which acts as a recombination surfaceHerelectrons. The other source of
loss in the ¢ is due to the reduced absorber thickness: detipitehigh absorption
coefficient of the CIGSe, reducing its thicknessr@asingly affects the absorption of

low energy photons.

In the second regime, where the thickness isaedidrom 500 nm down to 100 nm,
the absorber thickness is of the same magnitudbeotpace charge region, and the
absorber is fully depleted. The consequence istti@atback contact recombinations
are blocked by the strong electric field inside #ibsorber and the current depends
only on the absorption by the CIGSe. However, thgogotion of such an ultrathin
layer is very low which results in an extremely poarrent for the 100 nm solar cell
(12 mA.cmi?). On the other hand, the fact that the absorbdullg depleted also
impact the Open Circuit Voltage which is reducednfr650 mV approximatively
down to 460 mV. This is due to the early “cut” detband bending by the extreme
thickness of the absorber, which leads to an indet@separation of the quasi Fermi
levels in the CIGSe.
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In order to increase the efficiency of thinned Cé&G®lar cells, we decide in a first stage to
focus on the absorber thickness down to 500 nnknlegs; at this scale, the only issue is to
increase the current of the device, and the absdybmg of the same magnitude as the
wavelength, simple geometrical optics engineerigtiil possible to apply. An optical model
that calculates the different regions of the so&dlwhere the absorption occurs depending on
the incident wavelength is used and shows thatwbemajor losses are due to the CdS buffer
layer that absorbs a non negligible part of U.\Votphs, and to the poorly reflective Mo back
contact. We show that by replacing the CdS bufiget by a wider bandgap material, i.e.
ZnS, it is possible to increase the absorptionhm €IGSe layer by an absolute 6% value,
corresponding to the U.V. photons that previoustirebt contribute to the photocurrent. This
corresponds to an absolute 2.5 mAZphotocurrent increase. Similarly, replacing the Mo
back contact by a more reflective Au back cont#doinas a 7% absorption increase inside the
CIGSe, which leads to a 3.3% absolute increasbeophotocurrent of the solar cell. Finally,
we showed that combining the alternative ZnS butiger with the Au back contact and an
antireflection coating on a 500 nm CIGSe solarvedldo outperform thesdof a standard
thick CIGSe solar cell. However, thesg\hlues don't take in account the recombination tha
reduces the current. Since the back contact recwtibn has been identified as the dominant
electrical mechanism that impacts the short circuitent, we theoretically investigated on
solutions that would reduce or block its influenéa illustration of the importance of the
back metal work function in the p-ClGSe/metal cohtes proposed using the Anderson
model. We demonstrate that a high work functionainstich as Pt (5.7 eV) is required in
order to achieve both a good holes ohmicity anélaatron barrier to prevent recombination
at the back contact. In addition, we study the iohjoéd a thin wide gap interfacial layer at the
back contact with an ideal band positioning as &tten mirror. The back contact
recombination is reduced to 0 and the wide gaphisf material allows to increase the quasi
Fermi level separation inside the CIGSe which letmlsa substantial 3 increase. By
combining electron blocking and full solar lighfleetion at the back side of a 500 nm CIGSe
solar cell, we show that it is possible to incretise photocurrent to the value of a standard
thick device. The solutions that have been propaseckither well controlled (ZnS, ARC...)

or 1D optical and electrical engineering (Mirrortla¢ back side, electron blocking layer).

In a final part, we have investigated on improvihg efficiency of an ultrathin 100 nm
CIGSe solar cell. Standard flat mirrors are foumduificient to achieve a good light

absorption in the CIGSe at this scale, and onlyugeof a lambertian back reflector leads to a
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light absorption that is equivalent to that of anstard 2500 nm CIGSe solar cell. Combined
with an efficient back surface field to increase Yoc, it is theoretically possible to achieve a

100 nm CIGSe solar cell with an efficiency =  154%tarting from a reference 2500 nm

solar cell with an efficiency off = 14.2%

In the next Chapter, we will investigate on theeeffof reducing the absorber thickness from
an experimental point of view. A comparison betwsenulations and experience results will

be proposed.
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Chapter Il

Experimental results on chemically etched
thin of CIGSe absorbers layer; solar cells

elaboration and characterizations
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[11.1) Introduction

In the previous Chapter about modeling the infleeatthe thinning of the CIGSe absorber
on the solar cell, we found that the light absampiand carrier collection were the parameters
limiting the efficiency of the device. These sintidas have been performed assuming flat
interfaces and homogeneity of the optical and thesport properties of the absorber, and no
parasitic change in the properties of the matevele considered. When reducing the CIGSe
absorber thickness, one can unfortunately expeetaoted spreading of the material
properties of the films, especially as it was régdmwith a direct growth method 2324273,

It is important to develop a technique that wouldva to only reduce the absorber thickness
without affecting its intrinsic properties; moreoyéhe well known natural texturation of the
as-grown CIGSe may be a problem both for fundanhemtderstanding of the phenomena
occurring in a thinned device, as well as for theual reduction of film thickness itself, and
achieving sub-micrometer CIGSe with relatively fiaterfaces is one of the challenges that
must be addressed. In this chapter, we propos#anaive approach for thinning the CIGSe
without altering the properties of the material.isTohemical based approach allows us to
have a better control of the thinning parametensd, 0 to get closer to the conditions of the

numerical simulations.
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111.2) State of the art in thinning of CIGSe absorkers

The first studies on the influence of the absothakness on CIGSe-based solar cells were
based on a process where the absorber is direatlyngat the desired thickne$$ 23, In
Chapter |, we reported the recent progresses osttity of thinned and ultrathin CIGSe solar
cells with a direct growth proceés?’. Although directly growing the absorbers as itlime

in those two studies has the advantage of beiregitirindustry-compatible, while reducing
the material use and the deposition time, it formes to adapt its deposition process to the
reduced thickness of the CIGSe layer. It resultannabsorber with a quality that does not
necessarily match the quality achieved for standhick CIGSe layer: pinholes due to the
surface roughness, smaller grain size with an increased defect derf$i®’. This lack of
control in the quality of the absorber layer makesdamental study of the properties of the
solar cells more complicated. A solution to maimthae quality of the film while reducing its
thickness is to carve a reference thick layer doavithe desired thickness, starting from a
standard 2.5um CIGSe absorber. This allows to maintain the hgghlity of the as-grown
film (large grains, controlled composition, goodatonic properties) while reducing the
thickness of the absorber with a high precisionweler, it is important to prevent the films
from any damage that the etching could cause, aratlaanced characterization of the film’s

surface chemistry after etching is needed.

The first study on etching a CulnS€CISe) surface was carried out by Birkmire and
McCandless™ in 1988, using @m-thick CISe films that were deposited by physicapor
deposition on glass/Mo substrates in two stepseasribed in referenc¥. In this work, the
authors reported a technique to produce specullrS@ufilms by etching the surface of the
absorber with a bromine-based solution with &][Boncentration which was varied in the
range of 0.02 mol.t to 0.25 mol.L*; by varying the bromine concentration, the etchiaig

of the surface at room temperature varied from #0nimin* to ~5.5pm.min*. The nominal
as-deposited surface texture was in theptvbrange. The changes in the surface morphology
due to the chemical etching were monitored botedanning electron microscopy (SEM) of a
fractured cross section, and by total reflectiviteasurements over the 400-1400 nm
wavelength range. After etching, the surface textiecreased down to less than Qu&§ and

the total front surface reflectivity was increadeam 4 % to 15 %Energy dispersive x-ray
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spectroscopy (EDX) and x-ray diffraction (XRD) messments showed that little or no
change in bulk composition or structure occurred thuthe etching. The authors fabricated
CulnSe2/CdznS solar cells from which 3 % to 50 %hefas deposited gn-thick films was
removed. The photovoltaic parameters are preseedble 1. These results show that the
open circuit voltage M is comparable to what is measured on as-depo€it8d films, but
the short circuit ¢} is lower. This is attributed the increased refigtt of etched ClSe films;
when corrected with the reflectivity difference,ethl. of etched CISe films become
comparable to as-deposited CISe. Moreover, sinae tii@n 50 % of the initial thickness is
removed without affecting neither the\or the J.in large proportions, it is possible to make
the assumption that both the bulk generation arni@atmn properties of the CulnSe2 films
must be uniform. This is in contradiction with tresults from Noufi et af> who showed that
two steps grown CulnSe2 films were compositionallyomogeneous, having a low-doped

surface layer of about 0.2 — Qu (Ordered Vacancy Compound OVC).

_ o Thickness
Voc Jsc Fill Factor| Efficiency
of CISe
(V) (mA.cm?) (%) (%) |layer um)
0.39-0.43| 33.6-34.4| 63.2-67{2 8.3-9.9 3
0.431 314 60.6 8.2 2.6
0.415 29.5 64.6 7.9 2
0.4 29.5 50.1 5.9 15
0.41 30 58.6 7.2 1

Table 1 Best cell parameters for CulnSe2/CdZnS devicg&itkmire and McCandles¥

In this study®® however, the purpose was more to study the fdagibi smoothing CISe

surface without altering the performances rathantreducing the absorber thickness in the
perspective of studying its influence over the plkottaic parameters. However, we can note
that (excepted for lower Voc), the results aredlative agreement with the theoretical study

showing no important decrease of the photocurrenincto 1um CiSe.
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A chemical etching process derived from the presiipuaescribed method was used in 2003
by Canava et af® on CIGSe surfaces; the purpose was to preparedeéiied surfaces of
CIGSe thin films in order to answer to basic que®iabout the relationship between bulk
and surface composition. The CIGSe surface used deposited by co-evaporation at ZSW
*in order to take advantage of the well controitedustrial process which allows to obtain
very reproducible CIGSe films with a compositionatomic per cent of: Cu 21.5 %, In 17.9
%, Ga 8.8 % and Se 51.8 %. In this study, the Cl&8&ce was etched using a KBHBr
solution with a bromine concentration in the ramg§ed.001-1 mol.[*. After etching of the
surface, the authors observed the same surfacenoslogy modification as Birkmire et af?
with an average roughness decreasing from 75 nmdoretched samples down to ~ 2 nm as
determined with a mechanical Profilometer (FiguyeThe film thickness is also determined
using the same characterization tool.

2500 I. T r . r 800
° o Step height (nm) o 1 200
2000 4 « Roughness (A)
L 600
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£ o L 400 S
2 1000 * 2
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Etching time (s)

Figure 1. Step height and surface roughness variationsuastibn of etching time in a

bromine solution. Concentration of bromine in st 0.02 mol.L* *°

The CIGSe film remains compact after etching, withpinholes thanks to the lack of any

preferential etching along the grain boundariese Tiheasured etching rate is about
= 35ummin~* with a 0.02 mol.[! bromine concentration. In a previous paper, thiaas

showed that Bretch leads to the formation of a thin®$&yer on the CIGSe surface which

can be specifically removed using a KCN treatn?énthe KCN treatment slightly increases
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the roughness of the films. The authors focus thtidy on the surface composition of the
CIGSe during the Bretching process, and on the influence of the K@&4dttment; this study

was carried out using high resolution XPS (VG 28Disystem). The surface composition of
Br, etched surface is different from the bulk CIGSmposition; the atomic compositions and

atomic ratios are summarized in Table 2.

Treatment Etching time (s) Atomic composition (%) Atomic ratios
Cu Se In Ga Cu/(In + Ga) Cu/Se 2Se/(Cu + 3In + 3Ga)

As grown (EDX) = 2150 51.80 17.90 8.80 0.805 0.415 1.020
As grown - 10.26 66.70 17.25 5.79 0.445 0.154 1.681
KCN - 6.54 43.71 46.10 3.65 0.131 0.150 0.561
Br 5 6.93 70.85 18.57 3.65 0.312 0.008 1.925
Br 10 507 7191 18.24 4.78 0.220 0.071 1.940
Br 20 10.52 44.86 38.05 6.58 0.236 0.235 0.621
Br 40 10.22 45.01 36.54 8.24 0.228 0.227 0.623
Br+ KCN 5 563 41.70 50.34 2.34 0.107 0.135 0.510
Br+ KCN 10 9.29 49.22 37.36 4.14 0.224 0.189 0.736
Br + KCN 20 848 52.18 35.76 3.58 0.216 0.163 0.825
Br+ KCN 40 10.58 57.55 26.66 5.21 0.332 0.184 1.084

Table 2 Global composition of CIGSe surfaces. Bromineigoh concentration: 0.2 mol'L
35

The formation of the thin Sdayer after Bs etching explains the excess in Se for etched
surfaces; the KCN treatment (70°C, 2 hours) alltavsbtain a CIGSe stoichiometric surface
by removing S&via the formation of SeCNomplexes, and possible (S phases since CN
is also a strong complexing agent for*Cand CG@" species. After etching, the surface
composition is situated on the 8e-(In,Ga)Se pseudo binary tie line, which is remarkable
since this composition was found for the first tiafeer etching, while it was so far only been
found on as grown surface in ultra high vacuum. &ingpecific conditions, the surface
composition was close to that of the defect compo@u(in,GajSe; which is indeed
observed for as grown CIGSe. This can be intergrbiethe fact that affinity of CNons for
Cu is probably able to remove Cu from CIGSe. ThaeefKCN treatment after Betching
showed a great potential in driving the surfacenubey back to the situation of the as-grown
co-evaporated surface, which is of a great impedafor devices on etched CIGSe films,
since the CdS/CIGSe interface is known to be venysiive to changes in the absorber

surface composition.
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A fairly preliminary study of the photovoltaic pregies of Bs-etched CIGSe solar cells was
performed by Shafarman et al. in 2008 Etching the absorber allowed a precise
determination of the optical constants n and k byna Spectroscopic Ellipsometry data,
which requires a relatively smooth surface. Thewated values of n and k show a good
agreement with previous resuftSobtained on CIGSe peeled from the Mo substratgaré
2). The small differences in magnitude might be doedifferent surface contamination
(oxidation for peeled CIGSe, Se excess for etchkalS€). Working with flat interfaces also
allowed to characterize with a higher precision @S grown by Chemical Bath Deposition
(CBD) on CIGSe as it is deposited in the devicgniicant differences in the n and k
between single crystal CdS and CBD CdS deposite@Il@Ee are found, which suggest a
poorer crystallinity of the CBD grown films as ogeal to the bulk single crystals.
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Figure 2. Index of refraction and extinction coefficientr f€u(In,Ga)Sge samples from a

single run with smooth surfaces created by peelimd)Br-etching®

In the work by Shafarman et &f, a comparison was carried out between etched sanapid
as-grown samples with the same thickness d, fr@&prh. down to 0.4um. The results for the
as-grown samples are mostly comparable to thoseinstt by Lundberg et af’. The
complete set of results comparing etched and asrgegamples is presented Figure 3. There
is no decrease of the Voc which remains close @r8¥ for the as-grown samples, and close

600 mV for the etched samples except for< 0.5um where it decreases in both cases. The

FF remains remarkably constant at about 75 % fdreet absorbers down to Qui, whereas
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it decreases at about = 0.8um for the as-grown samples, down to 60 % for the [0
sample. The decrease in Jsc observedlfedum , although expected due to incomplete light

absorption, is greater than expected from deviceulsitions *°. There is no difference
between etched and non etched samples for thismpées which suggests that the
unaccounted loss in current is not due to lighttecag effects which would be greater in the
case of as-grown absorbers. To conclude, the auttated that the surface termination of the
as-deposited film is not as critical for the devazone could have imagined, and it can be
chemically reconstructed by the KCN treatment. Nange in the electronic properties of
etched samples were observed compared to stansigmwan thick samples.
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Figure 3. J-V parameters comparing devices witheetdCu(In,Ga)Se2 and with as-deposited

absorber layers grown for different tiniés

On the basis of these previous studies, we have geg for fundamental investigations,
etching the CIGSe absorber in order to reducehitkhness presents numerous advantages
compared to directly growing the film at the dedithickness. The chemical etching does not
degrade the electronic properties of the matendlalows to work with flat interface which
will facilitates the theoretical investigations thie devices properties. This method gives the
opportunity to work with a constant grain size amgstallinity, and “carving” the absorber

permits to precisely select a slab of the CIGSerddweer, the smoothing effect of the
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chemical etching may allow to decrease the absdhiekness to a lower level than as grown
CIGSe without increasing too much the shunt efidwe to the pinholes that have been
observed for ultrathin as-grown CIGSe filiis

Based on the results from literature, in this caapte will investigate the chemical HBr/Br
etching on CIGSe from Wiirth SolarThe surface chemistry will be investigated, alovith
the optical properties of the absorber prior an@rathe chemical etching. Solar cells on
etched absorber using a standard CdS/ZnO:i/ZnOréd¢gss will be realized then optically
and electrically characterized. We will also invgste on the specific influence of the CIGSe

roughness over the photovoltaic properties of tlarsells.
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111.3) Chemical etching of CIGSe

[11.3.a) Experimental setup

In this study, we used the chemicak Based etching process developed at Institut Laarois
de Versailles by A. Etcheberry and his team anst fiescribed on CISe films by Birkmire
and McCandless in 1988, and further investigated on CIGSe by Canaval.eh 2003%.
However, HBr is preferred to KBr as a stabilizimdpiive for Br: previous experiment®
have shown that although the dissolution rate hedasymptotic roughness remains the same
between the two solutions, the surface roughnesegedsed significantly faster when using
HBr instead of KBr. Moreover, some In and Ga oxidesthe etched CIGSe surface have
been observed when using a KBg/Bsolution; using HBr instead of KBr allows the
dissolution of these oxide and leaves the CIGSkaseralmost unchanged compared to a non

etched surface.

The chemical process of the etching consists ioxaaation of the CIGSe surface by Bromine
in two steps, as described in referefiteThe first step is a preferential dissolution loé t

metals, leaving Seon the surface:
Cu{ln,Ga}Set gBrz > Cu(ll) + {In(ll) + Ga(ll)} + 2Se° + 5BF (1)

The oxidation of the Seoccurs in a second step, which is rate determjrfioitpwing the

equation:
%Se2Br, > Se(IV) + 4Bf (2)

Etching experiments have been carried out in antbstated cell in order to keep the
temperature close to 273 K; it has been demondtfitimat the etching rate of the CIGSe is
temperature dependent. The samples were fixed larizontal rotating disk at a rate of 40
rpm. After etching, the samples were carefully @ohsn high purity de-ionized water (18.3
MQ.cm) and dried under Nitrogen flux. The etchinggass was studied by titration using
graphite furnace atomic absorption spectrometry-f&S) for the quantification of the Ga,

In and Cu dissolved during the etching treatment] so to determine the kinetics of the

etching process depending on the experimental peteas) which is a critical step when one
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wants to reach ultra-thin layers without deterimmgtthe surface. In this study, the CIGSe
surfaces are etched from the front side, but batd stching using the same process is also
possible.

Before completing the etched sample with the stahdalar cell process, i.e. deposition of
the CdS buffer layer and ZnO front contact, thefasuer was superficially treated using the
following [KCN] = 0.1 M process: ambient temperauand 5 minutes of treatment. This
treatment does not influence the layer thicknessitsdbulk composition; it is used to clean
the surface from binaries compounds and, @ed allows to reconstruct the initial surface

chemistry of as-deposited CIGSe films.
[11.3.b) Results

During this study, we work on co-evaporated CI@8ming from industrial lines of Wirth
Solar. Different batches of samples have beenedii@ind small variations appeared in their
morphology or chemical composition; it is howevessgible to identify certain general trends

that we will outline in the following.

The most critical parameter to investigate when pluepose is to reduce the absorber
thickness to less than 500 nm is the etching ratech depends on the parameters of the
etching, especially the Biconcentration. A systematic study was carried aiuhe Institut
Lavoisier de Versailles, by varying the ;Broncentration in a thermostated medium, and
following the concentration of the dissolved spsdaiethe solution by AAS. The [HBr]/[Bf
concentration ratio is maintained constant at ad@%& The bromine etching allows a large

concentration range for the [Brconcentration: concentrations fr0|{rBr2]:O.OOZ\/I to

[Brz] = 02M have been investigated.

Figure 4 presents the etching kinetics calculattdrdhined for different [Bf concentrations.
This figure shows the etched thickness versus mgctime extracted from the titration of the
Cu, the Ga and the In. The resulting CIGSe thickniss calculated using the formula

e:Smwhere e is the resulting CIGSe thickness, m isntlass of the element that has been
C
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dissolved, S is the surface of the sample and tdasdensity. When the solution is highly
concentrated (0.04M in our example), the surfaceghoess is rapidly etched and full
dissolution is reached in less than 10 minutes.aHmomine concentration of [Br= 0.02 M,
the full dissolution of the CIGSe occurs after abbé minutes. For this experiment, we used
a different CIGSe batch, and so the thickness @S# is slightly different than for other

experiments. For lower Biconcentration however[&rz] =0.002M ), working with low Bg

concentration increases the effect of, Bvaporation: the etching velocity is significantly
reduced in this case and after 180 minutes, theollison of the sample is still incomplete.

Moreover, the evaporation of Bleads to higher uncertainty in the data.

As we can see on figure 4, the etching rate ighbuconstant throughout the complete
dissolution of the CIGSe, whatever the Boncentration; the etching rates are summarized in

table 3. We see that the etching rate is roughbdi with the Brconcentration.

Br, concentration (mol.t) 0.04 0.02 0.01 0.001

Average rate (nm.mih 345.9 176.7 80.7 6.3

Table 3. Average etching kinetics calculated from AAS meaments of Cu, Ga, Se and In

species in the dissolution solution

In the following, we use [Bf = 0.02M; this concentration presents the advamtaigbeing
important enough so that the,Bxvaporation is not much of a problem, and theotlis®n
rate is stable enough to control precisely the armhof CIGSe that is removed. A serie of
samples from the same batch is etched with thidewsvaluated ranging from Qufh to 2.5

um (the complete set of results is presented inreafz®?).
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Figure 4. etched “thickness” for Cu, Se, Ga and In elemel@duced from the GF-AAS

titration of these elements. (a) x-axis up to 30@utes to show the evolution of [Br=
0.002M; (b) x-axis up to 25 minutes.

The quasi linear time dependency of the amounissiolived species supports the steady state

character of the process which can be consideredragant on the basis of the chemical data

provided by the titration procedure. We have howelserved that for short etching times,

the etching rate is much higher than the calculedta for the whole CIGSe dissolution; such
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observations have previously been reported by Gaetsl>®, and are attributed to the higher
surface roughness of the non etched sample compaetdhed sample. The determination of
the etching velocity for a given batch is very impat to carve the films with a very high

precision, in the magnitude of 50nmwhich is perfectly suitable in the perspective of
achieving ultrathin CIGSe layers. However, someeeefflects on the sample are visible when
the film thickness becomes lower thapr; it is possible to reduce this effect by workeig

a temperature close to 0°C and with a relativeghtBr, (= 001IM ) concentration.

GF-AAS allows to monitor, during the etching progeshe composition of the CIGSe
throughout its thickness by dosing the Cu, Ga,r#kla; we present the atomic percentage of

each element in the CIGSe throughout the compteterg of the film in Figure 5.
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Figure 5. Atomic percentage for Cu, In and Ga elements dedifrom SAA dosage

Both Cu and In content exhibit a stable trend thrmut the etching, with atomic percentage
of about 205% + 25%and16%+ 1%respectively. The Se content is also stable danwin
um of etched absorber, at abdi% +  1.3hich is slightly higher than expected from the

stoichiometric composition of CIGSe. There seemset@ small Se content decrease down to
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51%+ 05% at the back of the CIGSe after Juih of etched material. The Ga content is
roughly stable a85%+ 1%down to 1.7um of etched CIGSe, before increasing up to about
11%+ 1% at the back side of the absorber. Such Ga enrichmethe back side of the
absorber is well known in CIGSe, and has also l#®erved more markedly in different
batches during our study. The Ga grading in theS&l@&ads to a variation of the bandgap of
the material from 1 eV to 1.7 eV (from pure Culp8epure CuGaSe®.

After etching, the CIGSe seems undamaged and siogdg reflective with naked eye. A
systematic analysis of the evolution of the surfaih the etching is needed to investigate the

potential implication that the absorber etchind Wwive on the solar cells properties.
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111.4) Characterization of etched CIGSe films

[11.4.a) Material characterization

Analyzing the CIGSe films evolution (roughnessckimess, composition) is a key point in
understanding the variation of the parameters ofiegt solar cells, since it will influence
directly the light absorption/carrier collectiorependent both from the surface roughness and
the doping profile of the CIGSe, and also the p-84Gn-CdS interface which is highly
dependent on the surface chemistry of the CIGS&nRal damages on the CIGSe film, that
may include chemical pollutions or pinholes occncein the layer, need to be evaluated for
both validation and potential improvements of thernical etching process.

Moreover, a precise characterization of the Cl@8ekhess evolution is also needed in the
perspective of the preparation of ultra-thin CIG@&gers; homogeneity and accurate etching
rate are binding condition for below-500 nm thielyérs in order to avoid shunts in the final

solar cell stack.

Several characterization techniques have been uséus work, to monitor from surface
chemistry to the layer geometry, and will be dethiin the following. More details on the

characterization tools can be found in Appendix Il

lll.4.a.i) Surface analysis by X-Ray Photoelect&pectrometry (XPS)

X-Ray Photoelectron Spectroscopy (XPS) is a quatité spectroscopic non-destructive
technique which allows sharp measurements of theiremal formula of chemical
compounds, elemental composition, chemical statleetactronic state of the elements within

a material. The basic principles are describedppekdix Il

XPS surface chemical analyses were achieved irtitlihdavoisier de Versailles” with a
Thermo Electron K-Alpha spectrometer using a monaciatic Al-Ko X-Ray source (1486.6
eV). The Thermo Electron K-alpha spectrometer proceduss used to calibrate the
spectrometer. It was verified using Cu and Au (Ay.4at 84.0 eV) samples following the

ASTM-E-902-94 standard procedure. Charge compeansatias requisite to overcome the
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charging effects induced by the glass substratquisdion parameters imposed in this study
were the following: 400 um spot size, 12 kV primanergy, 6.0 mA emission intensity, CAE
mode (50 eV or 10 eV for high energy resolutionfl &1 or 0.05 eV energy step size. The
guantification of analyses and high energy resofusipectra fitting procedure was performed

with the Thermo Fisher scientific Avantage© dataten.

In order to obtain reference spectra and a refere®S composition, the non etched CIGSe
surface has been analyzed after a 2 min HCI tre#t(iidCl] = 1 M) and the global survey of
the surface is presented figure 6. The HCI treatrabows to deoxidize the surface, without
affecting the global composition as it was demaistt by our colleagues from “Institut
Lavoisier de Versailles”. In the following, the HGkated de-oxidized surface will be taken
as the reference CIGSe surface.
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Figure 6. XPS survey of an as deposited CIGSe after a H@tment.
For clarity reasons, only the major peaks, usegpecies quantification, are mentioned in the

figure: Cu 2p, Ga 2p, In 3d, Se 3d (core levels)gér lines which interfere with some of the
peaks are also mentioned (especially the AugerSie¢.3M23M45 which interferes with C
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1s), along with the O 1s and C 1s peaks that & \asible and are attributed to an almost
impossible to avoid carbon contamination. Na i alsserved on this reference sample, but it
is however not reproducible. Besides the presefhcarbon, no pollution are observed on the
HCI treated CIGSe surface.

An XPS analysis of the CIGSe surface after the BBrktching is performed for different
etching durations. The figure 7 shows a comparisothe XPS spectra of Cu 2p, Ga 2p, In
3d, Se 3d and O 1s from the reference surfacestarface etched for 15.3 min (~1uen of
etched CIGSe) in a solution with a concentratiofiBs$] = 0.01M. The binding energies and
width at half maximum (FWHM) are presented on tafbleThe spectra are presented after
normalization in intensity. These spectra and theps of the peaks highlight a remarkably

constant surface chemistry throughout the cheneichling of the CIGSe.
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Figure 7. Superposition of the XPS spectra of Cu 2p, Gal2@Bd, Se 3d and O 1s from
thinned CIGSe samples in a HBrfBolution for different etching times
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Peak name Binding Energy, eV FWHM, eV
Cu 2p2 932.25 +0.05 1.00 £ 0.05
Ga 2p; 1117.80 £ 0.05 1.40 +0.05
In 352 44475 + 0.05 0.90 +£0.05
Se 3d 54.45 + 0.05 1.60 £ 0.05

Table 4. Binding energies and width at half maximum foffatient elements (15.3 min of

etching)

The Se 3d peak from figure 7 presents a particgshape with a splitting that highlights an

additional contribution; a peak reconstruction,ngsthe Avantage© software is presented

figure 8. This additional contribution is attribdtéo the S&already mentioned by Canava et

35 57
al.

, which is a chemical intermediate in the surfasgdation process shown with

equation (1) and (2). The ratio between,sand S& evolves between 0.1 and 0.2, closer to

0.1.
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Figure 8. Reconstruction of the Se 3d peak based on a t&wgpaonents set : the Se 3d matrix

peaks (red) and the Se0 superficial peaks (black)
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The surface composition determined with XPS anslyisi presented figure 9. This
composition is in good agreement with the compaositietermined previously by GF-AAS,
and also very close to the stoichiometric compasitf CIGSe. During the first stages of the
etching however, we notice some variations in tfRSXomposition; they may be related to
the original surface roughness of the as-depogiti€ilSe which decreases quickly with the
bromine etching. An important surface roughnesslypees a scattering of the photoelectrons
and therefore impacts the measurements, partigudgirbroadening the peaks.
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Figure 9. XPS composition of the CIGSe surface at diffeetohing stages of the thinning of
the film
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These XPS measurements show that the chemical HBetBhing does not degrade the
CIGSe surface, whatever the etched thickness. Notjpm was observed and the films after
etching are almost not oxidized. Previous studfidsave shown that the Sissue is resolved
with a KCN treatment which allows to create the punction with a specific and well
controlled surface chemistry. Chemical etching lvd CIGSe films is therefore perfectly
suited for the realization of thinned and ultrateolar cells and will permit to fabricate proof
of concept devices starting from a state of thesaldr cell.

[ll.4.a.if) Raman spectroscopy and X-ray diffract@nalysis

In order to push further the comparison betweehegtcand non etched absorbers, a Raman
spectroscopy study was performed on the samples.REman Spectra of a raw non etched
absorber and a 4 minutes flat etched {[Br 0.02 M) CIGSe absorber (etched thickness of
about 500 nm) are very similar as observed on &dulx. The chalcopyrite characteristic mode
Al frequency is observed at about 177 'crExtra mixed B2/E modes at 220 ¢mand 250
cm® and a broad mode at about 150 grare also observed which are typical of CIGSe
absorbers deposited by co-evaporation with comipositf Cu/(In+Ga)<0.8 and Ga/(Ga+In)=
0.3.

X-Ray Diffraction analysis were also performed both non etched and 4 min etched flat
CIGSe absorbers. Figure 11 presents XRD spectoaighrgrazing incidence angle of a non
etched and a 4 minutes etched CIGSe surface. Adeaseen the XRD spectra are very
similar and the absorbers present, whatever tiokribss, a (112) preferential orientation with
additional odd reflections such as (101), (103) é2idl) indicating a chalcopyrite structure
typical of coevaporated CIGSe absorbers. Theseidemasions about XRD and Raman
spectroscopy both support the fact that the HBréBching has only a minor influence on the
CIGSe absorber crystalline structure and compasiiad only reduces the film thickness and

roughness.
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Figure 11 X-ray diffraction patterns of an as deposited ClG®sorber and a 4 min etch
CIGSe absorber
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[11.4.a.iii) Observation of the surface by Scannkigctron Microscopy

Besides the thickness reduction, the first purp@sewhich chemical Br etching of the
CIGSe surface was develop was to take advantafeeadmoothing effect resulting from the
etching and obtain quasi-specular filfifs The smoothing effect of the etching is indeed

remarkable and needs an accurate characterization.

The films were observed using Scanning Electronrd&icopy (SEM) for an overview of the
effects of the etching on the geometry of the CiG&dace. The SEM setup used was a Leo
Supra 35 field emission gun (FEG). The Boncentration is 0.02 M. Two different series of
etched samples from the same batch are realizexdider to separate the specific study of the
smoothing effect of the etching on the CIGSe s@from the reduction of the absorber
thickness. For the first serie (1), the purpose wa®bserve the smoothing effect of the
chemical etching on the absorber while maintairthng CIGSe thickness higher tharug.
Short etching steps of 30 seconds are used upnandtes etching, which is equivalent to
approximatively 500 nm of etched material for JBF 0.02M. The SEM cross section
pictures of the samples are shown in figure 12. userve progressive smoothing of the
surface, with the sharp tips of the grains beirgfgrentially etched. The average thickness of
the absorber is not significantly modified, remagat about 21im after 4 minutes of etching,
which from an optical point view won't affect théobal light absorption in the film compared
to an as-deposited 2B5n CIGSe. The apparent original roughness is alvasished after 4

minutes of bromine etching.

Confidential 89



0.4 pm

Figure 12 SEM images (cross sections, 65° tilt) of (a) dead non etched (2500 nm) as-
deposited CIGSe absorber; and etched CIGSe surddiezgb) 30 seconds; (c) 2 minutes and
(d) 4 minutes of etching.

In the second serie (2), we aim to reduce sigmtigathe CIGSe thickness, from the non
etched 2.5um initial absorber down to @m, 1.5um, 1 um, 0.7um and 0.5um. The SEM
pictures in figure 13 show the 65° tilted crosstisms of the initial absorber surface and of
two etched absorber layers with a nominal thickr&sa um and 0.5um, respectively (a, b
and c). In addition the cross sections of the ssameples are shown after the deposition of the
standard CdS/i-ZnO/n-ZnO layer structure (d, elnf)contrast to the rough surface of the as-
deposited absorber, the surfaces of the etchedlsampe much smoother. As previously
observed, a strong surface modification alreadwiscowithin the first minutes of etching, as
can be seen for the 2 um sample compared to tleersfe non-etched sample. With
increasing the etching time, this effect continaes a further smoothing of the surface is
observed. Small cavities are also randomly obseatdtie basis of the CIGSe grains, at the
CIGSe/Metal interface as highlighted in figure 13Tihey are most likely reminiscences of
the 3-dimensionnal nucleation of the CIGSe crystalshe Mo surface at the early deposition

stages, and their impact on ultrathin layers wal discussed in Chapter V. A very thin
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superficial layer for the 0.am sample is observed on top of the etched abseorbese origin
is not clear. It seems to be caused by the etchingess, but it is very unlikely that it is
related to the residual $that was observed on XPS. Up to now, no conviniiterpretation

has been proposed.

Sﬂnm

Figure 13 SEM images (cross sections, 65° tilt) of: (a)(@)standard non etched (2500 nm)
and etched (2000 nm and 500 nm) CIGSe surfaceeatsply. (d) (e) (f) standard non
etched (2500 nm) and etched (2000 nm and 500 nr@)S€lsurfaces respectively with
CdS/Zn0O/znO:Al windows layer

[11.4.a.iiii) Surface roughness characterizationAtgmic Force Microscopy

Atomic Force Microscopy AFM is used on non etchad atched CIGSe surfaces in order to
follow the evolution of the CIGSe films roughnesgidg the etching process. Two different
batches are used for this study (ZI and ZG), aedBh concentration is [Bt = 0.02M. The
AFM principle is described in Appendix Il. In thisudy, the AFM images are obtained on 50
x 50 pm? zones with a D3100 microscope and nanoscope diféraller, using contact mode
with DNP-20 tips (20 nm nominal tip radius). Figuté presents the AFM images of the
evolution of the surface roughness; based on timages, the Root Mean Square (RMS) of

the surface is calculated as defined:
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Where n is the number of total data points an$ Zhe ordinate of the data poinFigure 15
presents the evolution of the RMS throughout tlohieg of the CIGSe surface. As expected
from the SEM observations, the roughness decreasgsfast during the first stages of the
etching, with a RMS dropping from about 230 nmtfog reference non-etched 21 CIGSe
down to about 90 nm for the short etchefdr thick CIGSe. This phase corresponds to the
preferential etching of the sharp tips of the gsairhich was observed in the sample serie (1).
In a second phase, fromp2n to the complete dissolution of the CIGSe absorter RMS
continues to decrease and reaches a quasi asympédtie of about 70 nm for ~im of
CIGSe left (it is possible that the CIGSe layefui$y dissolved for the last two measurement
points). The RMS obtained after etching are sliglitigher than those from literature;
Shafarman et al. reported a RMS of about 21 nnr Biteetching, and even as low as 8 nm
after KCN treatment of the surfad® This may be related to the much larger scannieg a
(50 x 50 um) of this study compared to the scanning area B pm) in the work by
Shafarman et al. The three different series of @G&mnples presented on figure 15 show a
remarkable reproducibility in the evolution of thebughness with the etching, even for

sample from different batches (ZI and ZG batches).

—

3.5 min 6.7 min 10.0 min 13.3 min
~ 2.1 ym remaining ~ 1.5 ymremaining = 0.9 ym remaining = 0.25 ym remaining
Rms =113 nm Rms = 868 nm Rms =77 nm Rms =42

o .
>

50 pm

Figure 14. AFM images for different etching times. The renmiag CIGSe thickness is also
indicated. The initial RMS is about 230 nm.
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Figure 15. RMS measurements versus CIGSe thickness reduetiodifferent batches (ZI
and ZG).

We performed several analyzes on the CIGSe sulfaftee and after the chemical etching.
XPS measurements show that the surface chemistimisst not affected by the chemical
etching, which leaves a very “clean” surface fremnf oxides and pollution. Raman spectra
and XRD measurements did not indicate any otherification of the film composition or
the crystalline structure. Ultimately, the only paweter that is affected by the HBréBr
solution, beside the film thickness, is the surfasceghness. Both SEM observations and
AFM measurements showed that the smoothing of tinace occurs much faster than the
effective thickness reduction, which allows the cterelation of both parameters (film

roughness and thickness).

Confidential 93



Etching of the CIGSe absorber has been performdtefront side and after the etching, the
visual aspect of the film is strongly modified: bgismoother, the surface looks much more
specular and reflective. Moreover, SAA measuremetiswed to characterize the well
known Ga grading in the CIGSe. Successive etchirtheoGa-poor top region may result in
different optical properties of the film. Based threse considerations, a systematic study of

the optical properties before and after etchingeisded, and is presented in the following.

[11.4.b) Optical characterization of etched CIG3en$ and solar cells by

spectroscopic reflectivity and Photoluminescence

[11.4.b.i) Reflectivity measurements

The first observation that can be made when comgann etched CIGSe surface to a standard
as deposited CIGSe, without any characterizatiaol, ts the higher and more specular
apparent reflectivity of the etched surface. AFMfaoned that the roughness of the surface
was strongly decreased when etching the CIGSe atiiisobservation with the naked eye is
consistent. In order to quantitatively evaluate ékielution of the reflectivity properties of the
CIGSe layers, we performed total and diffuse reifidy using a Perkin-Elmer Lambda 900
UV/VIS/NIR spectrometer with an integrated sphéiigure 16 shows the total reflectivity of
three absorber films with a thickness of 2500 nion(etched), and etched 2000 nm and 500
nm, respectively. As the thickness is reducedrf@tence fringes emerge in the IR range after
the bandgap A =1050m). In this wavelength range the light is not absarlby the CIGSe
material; the appearance of these fringes is cabgdtle smoothing of the absorber surface
providing a more homogeneous thickness of the &lesofiim, which thus acts as an
interference layer. From the interferences, itasgible to calculate the thickness of the films

using the formul&>:

3, -A S d= A (m + %)

T2, -1,) 2n @

where d is the film thickness], — A, are two adjacent maxima, and n is the real pathef

refractive index of the material. On the other hatheé as-deposited CIGSe sample does not
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exhibit any interference fringes in this range doeits high texturation. In the CIGSe
absorption range (i.e. wavelength between 1100 noh 400 nm), the total reflectivity
increases with increasing the etching time. Theaanbment of the reflectivity for the 500 nm
sample represents a relative loss of light intgnpénetrating the absorber of about 25%
compared to the as-deposited non etched CIGSe saifipd difference between etched and
non etched sample is roughly constant with the Vesngh. Figure 17 shows the ratio of
diffusive reflectivity with the total reflectivity(Haze factor). As it is anticipated for a
smoother surface, the etched samples show a muar tiffuse reflectivity compared to the
rough as deposited CIGSe. The ratio strongly deeseaue to the reduced light scattering

effect, especially for non absorbed photons when E;, =1050hm. This is expected from

the mirror-like aspect of etched CIGSe samples.
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Figure 16. total reflectivity of CIGSe absorbers with diféert thicknesses; the thick black
solid line is the reference non etched 2500 nm rdlespthe thin black solid line is the etched
2000 nm thick absorber; the dotted line is the@adcd®00 nm absorber.
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Figure 17. Ratio of the diffusive reflectivity with the tdtaeflectivity when increasing the

etching duration (from the black curve to the radve)

These observations about the different light soatigproperties of the etched and non etched
sample, are forecasting different light trappingl aarrier collection effects between etched

and non etched samples.

It is interesting to note that when the cells asmpleted by deposition of the standard CdS/i-
Zn0O/ZnO:Al layer structure, the difference in retigity between standard and etched CIGSe
is strongly reduced (figure 18). This pseudo aetfiiecting effect occurs due to the improved
adaptation of the optical indexes at the interfae@@nO/CIGSe compared to the interface
air/CIGSe, as the real part of the optical indexthaf ZnO is about 2 on the whole analyzed
wavelength spectrum and the index of the CIGSeb@uf2.9%%. The ZnO window layer

causes additional interference fringes even inGl&Se absorption range due to the multi-
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reflection occurring in the window layer, and affélgce effective light intensity penetrating
the absorber bulk. It is possible to verify thag #pacing between two successive maxima of
the reflectivity curve matches the ZnO layer thiegs using the formula (2). In the non
absorption range, these fringes superpose withntieeference fringes originating from the

absorber layer, giving the non periodic fringe stowe observed.
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Figure 18 Total reflectivity of the complete solar cell gtafor a non etched thick absorber
solar cell (solid black line) and a etched 500 riosoaber solar cell (dotted line)

Even if the absorber reflectivity is increased bg tetching of the surface, this effect is
strongly reduced in the complete solar cell stdckrefore, the absorption of both etched and

non etched solar cell is comparable.
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[11.4.b.ii) Photoluminescence measurements

Another optical phenomenon which needs investigatsothe relation between the gallium
grading throughout the CIGSe layer and the resulbiandgap grading. From this grading
may result both a change in light absorption, andhe voltage of the complete solar cell
device. Photoluminescence using a home made setgp@rformed on CIGSe samples with
different etching time. These experiments have bmened out with Dr. Laurent Lombez

from IRDEP. The measurements are performed wittserlat an excitation energy of 514 nm.
Figure 19 shows the photoluminescence spectramauteor differently etched sample from

the reference 2500 nm thick CIGSe down to 500 nhe photoluminescence intensity is
governed by the generalized Planck law:

E
lp, = A(V)W
e KT -1

where Ap) is the absorption depending on the frequen®f the incident photon, E is the

energy, k is the Boltzmann constant, T is the teatpee andAp is defined as
Ap = Eg, — Eg, where E,and B, are the quasi Fermi level energies for the elestand

the holes respectively, in the CIGSe absorber. l@nléft edge of the peak in figure 19, the
energy of the photons is high enough to be fullyoabed by the material so we can consider

E-Au
the absorption term to be W1; moreover, we consider that " >>1. Therefore, in this

E-bu
wavelength range, the shift between the differemves is governed by the " term, i.e.

the open circuit voltage of the solar c¥)|. depends oreAy where e is the elemental charge
1.6 10" C. When the thickness of the CIGSe is chemicaljuced from 2500 nm to 1000
nm, we notice on figure 19 that the high energyeealthe peak (left) increases, meaning that
the open circuit voltage should increase in thet@imtaic device. Between 1000 nm and 500
nm however, no variation of the high energy edgthefphotoluminescence peak is observed,
leading to the assumption that thg.\8hould be roughly constant in this CIGSe thickness

range.

When the wavelength is increased and gets clostretbandgap, after the maximum of the
photoluminescence peak, the shape of the peakvsriged by the absorption term w\(

which cannot be considered equal to 1 anymore, sané related to the bandgap of the
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material. For CIGSe, the penetration depth ofdh814 nm laser is about 100 nm. Hence, the
observed shift toward higher energies of the rightt of the peak (low energy) with

increasing the etching time (i.e. etching depthyligates an increase of the bandgap within
this surface region. This bandgap grading is «test with the previously highlighted

gallium grading throughout the CIGSe, as an in@aedshe Ga/(In+Ga) ratio results in larger
bandgap in the absorber. However, the effect irPthepectra is very strong between etched
2000 nm and etched 1000 nm, while in figure 5, e¢ffect seems to appear sooner. It is
important to notice that the shape of the bandgagigg, from small to large, leads to re-
absorption and re-emission of emitted photons ftben deep large bandgap region by the
surface small bandgap region; this makes the Pttspdifficult to interpret in a quantitative

point of view. Bandgap grading in CIGSe is a welbwn property that has been found to be

benefic to improve light absorption in CIGZe

1.05 11 115 12 1.25 13 1.35

—IReferenceI 2500 nm I
== =etched 2000 nm
— — -etched 1000 nm
—— etched 500 nm

e

900 950 1000 1050 1100 1150 1200
Wavelength (nm)
Figure 19. Photoluminescence spectra for a reference ndre@t€lGSe 2500 nm absorber

(thick solid line), and three etched absorbers vditfierent thicknesses : 2000 nm (thick
dotted line), 1000 nm (thin dotted line) and 500 (tinm solid line)
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[11.4.b.iii) Conclusion

The characterization of etched absorbers revealadthe surface chemistry was almost not
affected by the chemical etching, while the surfameghness was strongly reduced. This
leads to an increased reflectivity and more specsiafaces. Photoluminescence analysis
indicates a shift toward higher energies (increabaddgap) of the right part of the

photoluminescence peak; this is consistent withvidrgation of the Ga content in the layer

that was previously highlighted by GF-AAS.

In the next part, both the etched and non etche@SEIl solar cells are electrically
characterized in order to extract the main photaolparameters, and evaluate the influence
on the device of the different parameters thatnaodified by the etching: absorber thickness,

bandgap and surface roughness.
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111.5) Electrical characterization of CIGSe solar cells with

absorber thinned by chemical etching

To investigate the impact of the etching on theaisotell parameters, electrical
characterizations on etched-absorber CIGSe sdllariweve been performed. The samples are
co-evaporated from the same batch, with a Ga ggadind are processed with the standard
CdS/zn0:i/ZznO:Al stack. The two electrical charaitations performed are Current Voltage
(J-V) measurements under illumination, and Spe&easponse (EQE).

[11.5.a) Experimental Setup

The investigated Cu(In,Ga)s@bsorbers (CIGSe) are deposited on Mo covereds digis
coevaporation at Wiirth Solar The absorber layers with a standard thicknesa %im are
chemically etched using an aqueous solution of BiBr/A KCN treatment on the CIGSe
surface is applied before the deposition of the @der by chemical bath deposition. By
increasing the etching time stepwise from 4 miri&min, we obtain layers with a nominal
layer thickness of 2zm, 1.5um, 1 um, 700 nm, 500 nm, 300 nm, and 200 nm respectively,
estimated by GF-AAS during the etching process. €leetrical properties of cells were
characterized by current voltage measurements aC24nder illumination (AM 1.5 global
spectrum). Individual cells of 0.1 cm2 were deleditby mechanical scribing. Absolute
spectral response measurements were made with achmomator (Spectral Products CM
110) under chopped illumination and a lock-in teghe. These two characterization tools are
described in the Appendix Il. Numerical Simulationsing SCAPS 2.9 of photovoltaic
parameters from J-V curves and Quantum Efficienayv€s are also presented as a
comparison to the experimental data. In these sition, the reflectivity of the surface has
been implemented according to the surface refliégtimeasured for each corresponding

experimental sample.
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[11.5.b) Current-Voltage characterization

The J(V) measurements are performed under illunwinatsing standard conditions (AM 1.5,
25°C). The obtained photovoltaic parameters asatiion of CIGSe thickness are shown in
figure 20, and compared to simulated parametergBCAPS 2.9° figure 21. As predicted
by the simulations, the Fill Factor (FF) remainagbly constant at a high value between 70
% and 75 % for all samples down to 500 nm (figubea2and 21.a), which indicates the good
guality and homogeneity of the material throughiingt thickness. For thinner absorber, and
contrary to the simulations, the FF dramaticallgrdases and the 100 nm thick CIGSe solar
cell is not functional. The simulations do not Hight such a decrease (figure 21.a) and the
simulated FF has an almost constant trend througheuabsorber thickness reduction. Back
contact investigations on the sample reveal thegmee of pinholes (cavities) on the back
side of the absorber (figure 12), which can strgrigcrease the shunt resistance and so the
FF by some short-circuit pathways for the carresveen Mo and CdS. This particular point
will be discussed in chapter V and cannot be mableteng SCAPS.

The open circuit voltage (figure 20.a) slightly ieases with increasing etching time when
thinning the absorber down to 500 nm, which camattrbuted to the grading of the band-gap
inside the absorber. The band-gap of the absothtace is smaller than the bulk value; when
the “original” absorber surface is removed, the dsgap of the “new” surface increases,
approaching the bulk value with increasing etchinge. This is in good agreement with the
results from photoluminescence measurements prayialiscussed. The shift of a few 10
meV in the Photoluminescence spectra between timeetuied absorber and the 500nm
sample matches very well the increase gf hetween both samples. No bandgap grading is
introduced in the SCAPS simulations and so no efiadhe \4 is observed. For thicknesses
thinner than 500 nm CIGSe however, thg ¥hows a strong decrease in our experimental
data, from 0.67 V for the 500 nm absorber down . @ for the 200 nm, and 0 V (no
working solar cell) for the 100 nm. This is conergt with the SCAPS simulations where a

Voc decrease is also visible, although it is noingportant (figure 21.a).

Two interpretations can be addressed for the stkbpglecrease for thicknesses under 500
nm: the first is related to the width of the spabtarge region (SCR). As it was shown on
chapter Il, when the absorber thickness becomesrltian the SCR width, the quasi Fermi
level separation does not reach its maximum ang#itand therefore limits the,ycompared

to a thicker absorber. The second possible intefioa is related to the previously mentioned
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“pinholes” at the back side of the absorber, thatravealed by the etching to ultrathin values
of the CIGSe. This last problem is specific to tise of an etching technique and will be
discussed in chapter V.

The . evolution for the experimental solar cells candbdaded into three parts; in a first
stage from 2500 nm to 2000 nm of CIGSe thickness,observe a strong decrease of the
current from 28.1 mA.cifito 25 mA.cnt. This decrease is stronger than expected from the
simulations, since the CIGSe thickness is much nmoportant than needed for a complete
absorption of the photons; the increased refldagtiof etched solar cells is not sufficient
either to explain thissddrop. It could be related to the roughness deerdeas was previously
highlighted. In a second stage, where the CIGSxktieiss is reduced from 2000 nm down to
500 nm, the Jsc value decreases from 25 mA.down to 21 mA.cri. This decrease occurs
rather slowly linearly compared to the first onedas consistent with numerical SCAPS
simulations presented on figure 21.b. The reductibrihe CIGSe thickness is the main
parameter involved in thesJdrop, since both the reflectivity and the surfaoceghness
remain unchanged. Thinning the layer leads to areased back contact recombination along
with non absorption of low energy photons. The lgapd shift also contributes to the
absorption decrease by excluding the lower enehgpigns from the absorption edge. When
the absorber thickness is below 500 nm, a stroag df the Jsc is observed, from 21 mA.cm
2 for 500 nm of CIGSe down to 16 mA.énfor 200 nm CIGSe. This decrease is observed
both in the simulations and experimentations, angdreowed Chapter I, it is only related to
incomplete absorption of the photons in the ulirathayer whereas back contact
recombination is not involved; the electric field the fully depleted absorber allows a
complete separation and collection of electron Ipales in this case.

The fact that Y. does not decrease with reduced thickness is agsrdvantage of the etching
technique. In comparison Ramanathan et al. shohatdthe absorber layer thickness has a
strong impact on ¥ for directly grown thin CIGSe films with a strompgradation in the
efficiency by about 50 % for sub-micron CIGSe absoifiims was reportetf. In our study,
the efficiency decreases from 13.7 % for the refeee2500 nm sample to 10.3 % for the 500
nm etched sample. As both FF ang. Yemain at high values, this efficiency drop isyonl
correlated to thesd decrease (Figure 20.b). For thinner absorbersthallparameters are

dramatically degraded and so the efficiency rapatyps to 0%.
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[11.5.c) Spectral Response

The . is found to be the key parameter driving the edficy decrease when thinning an
absorber down to 500 nm, and so EQE measurementpeaformed on the samples for a
better analysis of the absorption and carrier ctbbe in these solar cells (figure 22.a).
Corresponding simulated EQE are presented on fi@2rb. Interference fringes can be
observed for the etched CIGSe samples originatioigp the ZnO layer. The positions of the
maxima correspond to the positions of the minimahef reflective curves (compare figure
19), and vice versa. Figure 22aso shows EQE spectra which are corrected for the
reflectivity losses (dotted lines) compared to tlo@-etched sample. Therefore the EQE data
was multiplied by the adjusted ratio of the refieity data of the standard absorbesiRiard
and the etched sampleiRed(1—-Rstandard/ (1 -Retched. These data show the direct impact of the
absorber layer thinning on the EQE, the interfeeefmimges of the ZnO are vanished. From
the reference 2500 nm thick absorber solar cellrdaw500 nm, the UV part of the EQE is
relatively unaffected, with a drop from 0.83 to ©£.@t a wavelength of 550 nm; this is
consistent with the well known high absorption ¢cednt of the CIGSe at those wavelength
(Chapter Il, Figure 1.a) and it is nicely reprodiide the EQE simulations (Figure 22.b). As
the energy of the photons decreases, the absorptitine CIGSe is less efficient and so
carriers are generated deeper in the absorberefbner when the penetration depthenkration
becomes larger than the space charge region (S@R),w8ome carriers generated outside of
the SCR may recombine in the CIGSe before reactiiegp-n junction. If the absorption
occurs at a distance larger thas E W + L, a higher fraction of the generated electrons can
recombine in the CIGSe. For an ultrathin absorther,low energy photons may not even be
absorbed in the CIGSe and so be absorbed in théadk contact, which has a very low
reflectivity. These simplified mechanisms are iftased in figure 23, showing the calculated
penetration depth deduced fram measurements by ellipsometry. In the EQE curves, w
observe a strong decrease of the carrier colledooretched absorber as the wavelength
increase (i.e. energy decreases), the EQE of tlae cell dropping, at a wavelength of 900
nm, from 0.7 for the reference thick absorber dowvQ.3 for the 500 nm absorber and 0.2 for
the 200 nm absorber. The EQE SCAPS simulationlayietly overestimated compared to the
experimentation for the samples with a reduced rlesahickness. This is attributed to the
surface morphology which is not taken in accounttliyy SCAPS simulations and will be

discussed later in this chapter. However, we obthia good agreement between the
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experiments and the simulations concerning theugiol of the quantum efficiency when

reducing the absorber thickness.

For thicknesses higher than 500 nm, the decreaieedEQE in the IR range is most likely
due to back contact recombination combined with-alesorption of the photons; when low
energy photons are absorbed in the flat band regimn increasing proximity of the back
contact leads to a situation wherg < L,, where L, is the diffusion length of the generated
photon in the absorberylis the distance from the absorption point to thekbcontact of the
cell, which is defined aspl= d — LpenerratiokA) Where d is the absorber thickness and

LpenetratiokM) 1S the penetration depth before absorption fon@tgn of a given wavelength

For the ultrathin absorber devices (d < 500 nm)retibe SCR width is approximatively as
large as the absorber thickness (fully depletedrdes), it is most likely that most of the low
energy photons are not absorbed in the absorbersanare absorbed in the Mo, which
explains why the EQE drops down to 0.6 at a wawgleof 550 nm for the 200 nm CIGSe
sample. We showed in chapter Il that a fully deggledbsorber was nearly independent of
back contact recombination and that the CIGSe ghisor was the only parameter limiting

the quantum efficiency of the cell.

The bandgap shift from reference to etch absorbealso evident in figure 22.a and is
calculated using the onset of the reflectivity datahe position of the inflection point of the

EQE curve. As illustrated in figure 24, both methoare in very good agreement. The
calculated bandgap varies from 1.21 eV to 1.26f@\Vthe 500 nm thick sample; bandgap
determination was impossible both for the 300 nmh 200 nm thick samples due to the low
value of their EQE curves which leads to interfeeefringes becoming preeminent over the
general shape of the curve. According to referéhemd the Ga content measured by SAA in
part 111.3.b., the band gap should vary from 1.Mte 1.25 eV. These differences with the
experimentally found values are most likely duethe relative inaccuracies in the EQE

measurements, even though they are in the same.rang
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[11.5.d) Conclusion

The decrease of the efficiency of the solar cekmwheducing the absorber thickness has been
mostly attributed to reduced short circuit curr@figure 20.b); however, the CIGSe thickness
is not the only parameters that is influenced l®/ ¢hemical etching of the absorber. In the
part 1ll.4.a.iiii), we showed with AFM measuremefiigure 14 & 15) that the surface
roughness was strongly reduced during the etchiogess, leading to a more specular surface
for the etched samples compared to the referendemssited CIGSe. This evolution of the
morphology strongly influences the solar cell. e tnext part of this chapter, we will
investigate on the specific influence of the sufaoughness of the absorber on the
photovoltaic parameters of the solar cell, whilegiag the CIGSe thickness at a roughly

constant value.
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111.6) Influence of the surface roughness on the GkSe solar

cells

As it was previously highlighted, the reductiontbé absorber thickness and the enhanced
reflectivity of the solar cell due to etching am sufficient to explain the strong.dlirop that

is observed within the first stages of the etchifidpis important decrease of thec J
corresponds to the thickness decrease frompgh5down to 2um and the etching time
between 0 min to 4 min with a [Br= 0.02 M. In this range, we previously highligtitan

important decrease of the surface roughness (AFdrehations Figure 14 & 15).

The surface roughness of the CIGSe is a key paearfat the solar cell which needs to be
investigated independently from the absorber tresknvariation. In this part, we focus on the
study of short etched solar cells with an almoststant absorber thickness, but with a
progressive smoothing of the surface. An interpi@taof the evolution of the photovoltaic

parameters with the surface roughness regardimggitad hypothesis is proposed.

[11.6.a) Device characterization

The studied solar cells are from the serie (2)¢lb@ 13, previously presented in the part Il
of this chapter. The bromine concentration is;]Br 0.02M, and the etching times is varied
by steps of 30 seconds from 0 to 4 minutes. A K@&dtment was done on the absorbers prior
to the deposition of the standard CdS/ZnO:i/ZnCstdck. The solar cells are characterized

by spectroscopic reflectivity, J-V measurements 8pedctral Response.

lll.6.a.i) Current-Voltage characterization

The photovoltaic parameters of the solar cells;aex¢d from the J-V curves, as a function of
the CIGSe surface roughness (RMS) are presenteiijore 25. Each measurements are
separated by 30 seconds of etching. As observddgume 25.a, both the open circuit voltage

(Voo) and the fill factor (FF) remain remarkably comsfavhich is a strong indication that the
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chemical etching of the surface does not degraelguiality of the CdS/CIGSe interface. This
is in good agreement with the constant surface @dtgnof the CIGSe after etching deduced
from XPS measurements. However, the solar celtieficy decreases, from 14 % for the
rough non etched CIGSe solar cell (RMS =230 nowrdto 11 % for a smooth surface solar
cell (RMS =90 nm) (Figure 25.b). This decreaselésirly related to the decrease of the short
This

corresponds to a drop of about 17 % which is mughédr than the increase of the reflectivity

circuit current (&) from 29 mA.cnf to 24 mA.cn? as shown figure in 26.b.

of the complete solar cell with the etching (Figu2®. These key results are a strong
indication that the decrease in the short circuitrent is directly related to the effect of

CIGSe smoothing on photocurrent generation in tl&Se layer.
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Figure 25. Photovoltaic parameters from J(V) characterization CIGSe solar cells as

function of the surface roughness of the CIGSedias: (a) Open Circuit Voltage (Voc) and

Fill Factor (FF); (b) Efficiency and Short Circ@urrent (Jsc).
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Figure 26. Evolution of the total reflectivity of the compdel solar cells stack with different

CIGSe roughness

[1l.6.a.ii) Spectral Response

EQE measurements have been performed on the shsi([Eigure 27.a) as a function of the
roughness surface of the CIGSe absorbers. As caedig with the decrease of the CIGSe
roughness, there is a small downward shift in therall spectrum corresponding to the drop
of the photocurrent. Moreover interference fringpgpear in the external quantum efficiency
curves for flat CIGSe cells, corresponding to ifgeances in the ZnO layer. As observed on
figure 26, the reflectivity measurements show thatdecrease of the roughness of the CIGSe
surface leads to the presence of interferencedsinglowever the reflectivity of the solar cell
remains approximatively unchanged after smoothihg turface, and although the
interference fringes may have a small contributiothe current drop, this cannot explain the

strong EQE decrease observed.

EQE ratio of each etched sample with the referesareple is also presented on figure 27.b.
When the surface becomes flat, the losses areasedeat higher wavelength, which means
that the low energy carriers are either generated¢otlected less efficiently with a flat

surface. Textured surface produces light scatteinnthe absorber and thus increases light

absorption; in this study however, the absorbenase than 2um thick and considering the
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high absorption coefficient of CIGSS, it is unlikely that light trapping is needed far
complete absorption of light in the absorber. Tlgs supported by the reflectivity
measurements from figure 26 which show a roughlyivedent absorption between a rough

(RMS =230 nm) and a flat (RMS = 90 nm) completearscell.
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Figure 27. (a): Spectral Response (EQE) for different etghiimes; (b): EQE ratio for

different etching times
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[11.6.b) Discussion

Smoothing the absorber surface does not significaatiuce the absorption of the solar cell.
In order to interpret the reduction of thg, dne hypothesis would be that the photocurrent
decrease has to be related to an incomplete cawoikrction at the p-n junction when the
absorber surface is smoother. Since the CIGSe caurt@mposition and the structural
properties remain unchanged whatever the surfagghreess of the absorber (part 111..4.a), it
is possible to make the assumption that the parfate geometry is influencing the effective
volume of the space charge region in a way thatidvfavor the carrier collection for a rough
interface compared to a flat interface.

The typical roughness peak-to-valley of a co-evagat as deposited CIGSe is aboutn,
and the RMS is about 250 nm. In this case wher&ki¥8 is of the same order of magnitude
as W, it is very likely that the surface morphologii increase the effective volume of the
space charge region; by increasing the region widibre the electric field is developed, it
allows a complete separation of electrons-holessgar photons with lower energy and thus
increase the short circuit currentand the efficiency, as it is observed in our tosgmples

compared to flat samples.

A simple geometrical model that gives a first ordesight of the possible influence of the
surface roughness of the absorber on the spacg@echagion and the effective diffusion
length in the absorber is presented in Figure 2&hik figure W is the space charge region
width for a flat ZnO-CdS (medium 1) / CIGSe (medi@ninterface and W,gnis for a rough

interface corresponding to as deposited co-evapdrallGSe. The rough surface is
schematized as a regular pyramid with a top an@leith n; corresponding to the refractive

index of medium 1 and,rto the refractive index of medium 2. When a nornmaident
photon reaches the interface with an angle¢of-g—6’, the incident angle becomés

following the Snell-Descartes law:
sinc:isin(g—e) e (= Arcsir{ﬁcosﬁ} (1)
n

2 n2

from the scheme figure 28, we immediately deduedahmula:
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W W, .
COC = flat  —flat — COS[AFCSIF{& 0089}} Q)
erough erough n2
It is possible to make the same consideration endiffusion length L, however it is very
likely that it won't be affected at the same letledn the space charge region which is in

direct contact with the p-n junction. A more retitidehavior of the space charge region and

diffusion region is shown with dotted lines on fig28.

Figure 28. Schematic representation of the space chargerrégi a rough p-n interface

To support this hypothesis, we plot on Figure 29dkperimental internal quantum efficiency

(IQE) extracted from the formula

IQE(1) = [1- R(A)|EQE(A) 3)
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with R(A) being the reflection coefficient of the completdas cell device, given on figure 27
for the different samples, and EQE(eing the experimentally measured External Quantu
Efficiency given on figure 28. We observe on fig@2@ a moderate decrease of the IQE for
high energy photons, with an IQE at 550 nm paséiogn 0.92 for the non etched (rough)
sample to 0.87 for the 4 minutes etched sample qgdmo The IQE decrease becomes
however more important for the low energy phot@$900 nm, it drops from 0.74 for the non
etched sample down to 0.54 for the etched sampleeShe reflectivity contribution is
eliminated, this drop of the quantum efficiency hasbe related to the carrier collection

mechanism which is influenced by the roughness®fQdS/CIGSe interface.

1 O I I I ! _ I :OOO Ii:f;_perimentgl

09 | RMS=230 nm |

0.8+ i
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0.7 F , =
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0.6 i

L R _
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2'30"

0.3+ — 30" 3 -
— ! 3'30"

021 e 130" 4 i

01F —D =

OO 1 1 1 1 1 1
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Figure 29. Internal Quantum Efficiency (IQE) for differentching times; inset: fitting of the
tail of the IQE for a smooth CIGSe sample.
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[11.6.c) Analytical expression of the Spectral Resge

In the following, we simulate the IQE of a ClGSdasaell depending on the space charge
region width W and the minority carrier diffusioanigth L,. For an incident light with a
wavelengthA on the surface of a semiconductor absorber, thergéon function is defined

as follows:
G4, %) =a(@)F(A)L- R(A)|expl-a(2)x) (4)

where RK) is the reflectivity of the surface, ¥Yis the number of incident photons per’cm
per sec per unit bandwidtlki(A) is the absorption coefficient of the material, ands the
distance in material from the surface. For low dtifgn level condition (no concentration), the

minority carrier continuity equation is:

AR

g )\ dx T,

And the electron current is:

J, =qu nE+ an(dLj (6)
dx
Where E is the electric field, q is the elementadrge q = 1.6.18 C, p, is the electron
mobility in the absorbert, is the electron lifetime in the absorber, B the diffusion
coefficient of the electrons in the material, rtie photogenerated electron density andsn
the electron density in equilibrium in the dark.dar model, we consider that both sides of

the p-n junction have are uniform in doping, mdpiand lifetime. When combining equation

(5) and (6) and after resolution of the differehéiquation, we obtain the general equation:

X - (x) aF(-R)
n-n,)= Acoshh — |+ Bsinh — |- - exp— ax 7
()= soosf g | -<EL ot v
where Ly is the diffusion length., = /D, 7, . The boundary conditions are:

n-n, =0 for x = W where W is the width of the space chawgion.
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d(n—nO)

g } for X = xgc where S, is the back contact recombination
X

S,(n-n,)= —D{

velocity, and ¥cis the abscissa of the back contact (equal toliseraer thickness when the

origin is taken at the p-n junction).
This leads to the following equation for the phatwent due to the electrons:

_9F(-RjaL,
'Jn —meXd a\N)

n

v cost | -ex-ai) rsf * |t exd-a) ®
xqal, - i - = —
isinhl + cosré
Dn I-n I-n

where x = Xsc “W. When recombination is neglected, this equatiom loa written in the

simple form:

aLn
(1+at,)

J, =qF(1-R) expg(—aw) (9)
which is the well known Gartner's equatiBh Both for equation (8) and (9), the internal

‘]n

spectral response is obtained =—n
P P 0E qF(1-R)

In the case of the CIGSe solar cells, the Mo backact is well known for its ohmic behavior
thanks to the formation of a MoSénterfacial layer. In this case, the back contect

considered as a perfect trap for the electron aedrécombination velocity5, — «. The

Taylor's development of equation (8) wih, — « leads to the analytical formula:

exp(_a;)_ex;{_jj

n

1 L.a

1+al, La®-1 . {ij
SN ?

n

IQE =1-exp(- aW) (10)
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This is the equation that will be used in this garsimulate the influence of the space charge
region width on the IQE. Figure 30 summarizes tbengetry and the boundary conditions in

the following.

N-CdS P-CulnGase, Back contact
S =

¥

Figure 30. Schematic geometry and boundary conditions falyéical approximation of

photocurrent collection

From Capacitance-Voltage measurements at ambiemperature, we have deduced the
CIGSe acceptor density being32.10°; the space charge region W for a flat interface is

determined with the following simplified equation:

28 &,
W =\/ qlr\lao Ve —V) 11

Where \g, is the built-in potential (W~1), N, the acceptor density; the relative permittivity
of the CIGSe & = 13.6),&, the absolute vacuum permittivity, and V an applgdential.
When no voltage is applied, the W is equal tgW 275 nm. It is then possible to determine
L, for a flat interface by fitting the tail of the EQof the 4 minutes etched sample with the

Gartner’s equatiof”:

e‘O’Wﬂat

IQE=1-
Q 1+al,

(12)

wherea is the absorption coefficient of the CIGSe dedufteth ellipsometry measurements

%8 The fit is presented as an inset in figure 29 thedvalue for L is L, = 380nm.
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In order to evaluate the preeminence of W apthke one over the other, we simulate the IQE
of a CIGSe solar cell using equation (12) and vaoth parameters while keeping

Ly =W +L, =275+ 380=6551m at a constant value. The simulated IQE are predent
figure 31. As we can see, the lowest IQE is obthifte aW = O0and L =L, =655m

(configuration 1). In this extreme case, the gemeerzelectrons are not assisted by any
potential when diffusing to the p-n junction anck tbarrier collection is less efficient. As
observed on Figure 31, when increasing W and redutj, the IQE increases, mainly
between 520 nm and 950 nm (from 0.68 to 0.891 at800nm), because of the potential
which enhances carrier collection for photons atswrin the space charge region; when

L, =0and L, =W =6551m (configuration 2), the best IQE is achieved. Thlearly

highlights the preeminence of W over &s a critical parameter enhancing the IQE. This is
direct relation with the fact that the separatidnetectron-hole pairs in the space charge
region is complete due to the assistance of thetrelefield while the diffusion region is

electrically neutral (E=0).

1.0 T T T T T T I
09} increasing W, decreasing L_
0.8+ i
0.7 |- ]
0.6 - .
i W=0 L=655 nm
o 05 100 555 .
200 455
04 275 380
03 e 355 300 i
=400 255
0.2 —500 155 )
0.1 =500 55
’ e \N=655 nm L=0 ]

0.0
400

500

600

700

800
Wavelength (nm)

900 1000 1100

Figure 31 Simulated IQE curves where the space chargenmadffiand the minority carriers

diffusion length I, are varied while keeping W +,lat a constant value.
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In the hypothesis of the roughness influencing it is clear that the space charge region will
be the most affected parameter, being much thiandrcloser to the p-n junction thap It
results in an effective volume of the space chaeggon more important for a very rough
CIGS/CdS interface compared to a flat surface. giteeminence of W overylas a critical
parameter influencing the carrier collection haeerbdemonstrated, leading to a behavior of
the simulated IQE when increasing W comparable hatws observed in our experimental
data. The penetration depth increases with the lagth, therefore, the absorption in the
space charge region and so the carrier collecsoreduced in the case of a flat surface

compared to a highly textured surface.

This situation points out the interest of havinigpw doped region where the electric field can
develop. This situation is similar to the n-i-pustiure found in thin film silicon solar cells. To

maintain the voltage, it is important to maintaihigher doped p-type region in the back of
the CIGSe layer, which is indeed the case. An aiidit effect which has not been considered
in this study is the driving force created by bamugrading, which enhance the effective

diffusion length in the quasi-neutral region of &> .

[11.6.d) Conclusion

CIGSe surfaces have been chemically etched to eeth&r surface roughness from a RMS
of 230 nm to 90 nm, while keeping approximately #aene structure, surface composition
and absorber thickness (over 2 um). The influerfidkeoCIGSe roughness over the electrical
and optical properties of CIGSe solar cells hawnhavestigated. Reflectivity measurements
shows that the reflectivity of the smooth solaisétompleted with CdS and ZnO) slightly
increases. J(V) measurements and spectral resgbogethat both FF and Voc are constant
with the surface roughness, whereas the Jsc arsl ttieu efficiency decreases with the
decrease of the roughness RMS, indicating a stdepgndence between CIGSe roughness
and short circuit current. This Jsc decrease Vmghsurface smoothing is more important than
expected from the losses due to the increasedctiefty. We made the hypothesis that the
surface roughness influences the effective spaamgehregion width, leading to an increased
carrier collection for the case where the absorbdextured compared to a flat absorber.
Numerically simulated IQE highlight the importanoé the space charge region width

compared to the diffusion length as a critical pagter to enhance the carrier collection in the
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solar cell and show results comparable to the tespibserved in the experiments. The
roughness of the CIGSe/CdS interface is therefmuad to be a major parameter for efficient
state of the art solar cells. Moreover, this siarathighlights the interest of having a low

doped absorber region at the CdS/CIGSe to incréesaspace charge region and thus the

carrier collection.
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111.7) Chapter Conclusion

A chemical etching process, based on oxidatiomefGIGSe by Bt has been developed for
the purpose of reducing the absorber thicknessowithltering the properties of the film. The
work from Institut Lavoisier shows that it is pddsi to have a remarkable control on the
etching rate of the CIGSe, and Atomic Absorptior@&mmetry allows to precisely monitor
the etched thickness. A precision ©b60nmover the etched thickness is possible, which is in

the range of what is needed for ultrathin < 500QIGSe solar cells.

XPS analysis, along with Raman spectroscopy an@yXdiffraction analysis show a very
good stability of the surface chemistry and theemak composition and crystallinity. The
KCN treatment enables to reconstruct on etched €GBS initial surface configuration of as-
deposited CIGSe. In agreement with literature, dhemical etching of the absorber has a
strong smoothing effect which was characterized Atgmic Force Microscopy. This

smoothing of the surface results in a modificatbthe optical properties of the films.

A systematic study of the photovoltaic propertiéshe solar cells when varying the absorber
thickness has been carried out. As expected, the fmaitation of the efficiency when

thinning the absorber comes from the reduced abear@nd the increased back contact
recombination, which affect directly the photocutreFor ultrathin devices (<500 nm), the

incomplete quasi Fermi level splitting limits theage and the Fill Factor is also reduced.

The surface roughness is also of great influen@r the photocurrent generation of CIGSe
solar cells, regardless of the thickness of theoddes. Very short etching of the surface
allowed to precisely monitor the smoothing of th&s8e without affecting its thickness in
significant proportions; a study of the parametefsthe cells with the variation of the
roughness of the CIGSe/CdS interface was perforarai surprising findings showed that the
decrease of the photocurrent was not only relatdbe increased reflectivity of the solar cell,
but also to the carrier collection which is diffetdor a flat and a rough CIGSe surface. An
interpretation consisting in a modification of tBpace Charge Region effective width for a
rough interface is proposed, and numerical simatiof Internal Quantum Efficiency by

varying the space charge region width confirm theeoved trend.
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The decrease of the efficiency, from 14% for aneziee as-deposited solar cell down to less
than 10% for ultrathin devices, has to be overcantle an engineering both on the front side
and on the back side of the solar cell. The Quarkitfimiency measurements show that there
is a significant room for improvement of the prdpes of the cell, especially in the absorption

of IR photons.

Confidential 125



Confidential 126



Chapter IV

Front contact engineering of thin CIGSe

solar cells
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I\VV.1) Introduction

In Chapter Il and Ill, we had an overview of theepbmena responsible of the decrease of the
photovoltaic performances of CIGSe solar cells wieglucing the absorber thickness from its
initial value (2500 nm) down to an ultrathin le\i@D0 nm). We highlighted the fact that non
absorption of incident photons in the thinned CIGSihe main issue that needs to be solved,
by an optical engineering of the device. In thisagter, we will study the aspects concerning
front contact optical engineering.

We briefly recall the principle behind an Anti-retion coating (ARC) which is already a
widely used technique to increase the proportiothefincident light entering in the solar cell.
Besides the classically used ARC, we suggestedhapter Il the replacement of the U.V.
absorbing CdS buffer layer by a wider bandgap natsuch as ZnS. This already proven

technology*” 487074

showed a great potential enhancement for the ptigorof U.V. light

inside the absorber and thus for an efficiency owpment. To the best of our knowledge, this
type of buffer layer has never been used on aredt€iGSe surface; in this chapter, we will
compare the photovoltaic properties of CIGSe so#dis with different absorber thickness

between a standard CdS buffer layer and an alteen&hS buffer layer.

However, the best to expect from the alternativé Baffer is an absorption enhancement in
the U.V. range (about 400 nm to 500 nm) whereasmMiae spectrum, and particularly the
low energy IR photons, are concerned by the redabsdrption of the CIGSe when reducing
its thickness. It is therefore needed to increbheeoptical path in the absorbing layer by light
scattering. This problem, which is common to eveltyathin solar cell, is already widely
studied for the amorphous silicon (a:Si) technologyorder to obtain “optically thick,
electrically thin” materials. The random texturatiof the front Transparent Conducting
Oxide (TCO) has been increasingly developed inptet decadeS ™'’ even at the industrial
level with the Asahi U-type Sn (which is a standard in the a:Si technology) armate
recently the VU-type and the HU-typ® In this chapter, we investigate on the possibttit
transfer similar techniques to thinned and ultratlllGSe solar cells, and we give an

overview of the limitations encountered during ttisdy.
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An alternative solution could come by using nanewiand nanorods 22 These TCO pillar-
shaped structures are well known for their extrgrhégh light scattering propertiéd®°and
thus could provide an alternative and more efficay to improve ultrathin devices than

random texturation of flat TCO layers. This optisill also be studied in this Chapter.
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I\VV.2) State of the art

IV.2.a) Anti-reflecting coating layers

An anti-reflecting coating (ARC) is a thin film cirdg applied on the top of a surface to
reduce its reflectivity in a particular wavelengémge. The basic principle is that the reflected
light from different interfaces cancel each othgrdestructive interferences, maximizing the
light transmission. In the simplest case, an AR@ sngle layer deposited on the top of the
surface of which the reflectivity has to be redydbe goal is to obtain a quarter-wave layer
of a material, with a refractive index close to #werage value of the refractive indexes of the
two adjacent media (air and ZnO:Al in our case)that situation, two reflections of equal

magnitude arise at the two interfaces, and carmeh ether by destructive interference. An

illustration of this particular effect is shown dige 1.

Figure 1. Schematic representation of anti reflecting effec

The layer 1 increase the optical path of one otwwereflected rays. If the layer thickness e is

e=— 1
4an, @)
and if
1+n
n == 2)
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then the shift D between the two reflected rays is

D=2I><n1—d=% 3)

and the two rays are in opposite phase which lg¢addestructive interferences at the
wavelength\. However, this type of ARC is centered on a cart@avelength\ while a solar

cell needs a broadband anti-reflecting effect. Atrstiack of ARC layers with intermediate
optical indexes is required to achieve broadbartdedlection. It is also possible to use a

coating with a graded optical index.

An alternative option is to create an optical geadiwith pyramidal shaped ARC layer,with

dimensions of the order of the incident wavelertgtkhe layer of which one wants to reduce
the reflectivity. This particular shape gives aymkeprogressive index to the medium in the
vicinity of the surface, simulating a smooth traiosi of the refractive index by smoothly

reducing the amount of solid material in a planeafa to the surfac&” . It provides an

antireflection effect on a fairly large spectratlaangular range.

The most commonly used ARC in CIGSe solar cellsitiglle layer Mgk ARC #° with an

optical index of abouh,, ., = 13& the CIGSe absorption spectral region, depositethe

front ZnO:Al window.
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IV.2.b) Light scattering effect by texturation diet front ZnO:Al window

I\VV.2.b.i) Theoretical aspect

Scattering light at the front interface aims torease the optical path in the absorber as

schematized figure 2. The surface morphology olinait defined by the RMS roughness
and the height functiom x(y, yhich can be randomly or periodically modulatetie Tight
scattering properties of the film are characterizgdhe haze factoH (/1) given by the ratio
between scattered light with total light; the amgudistribution functionADF(6,1) where 8

is the scattering angle, defines the intensityrithgtion of scattered light as a function of the
angle at which the scattered light propagatess fjiven by the magnitude of the Poynting

vector. K. Jager and M. Zem&hpredicted the‘\DF(H,/l) of a surface from its morphology,

using 7 &,y ) as an input parameter and the first order Bormagmation:

_ A) t F —i( Kx+K,Y) 2
ADF(A,6) = Tpcosﬁ‘T [[.ze Y dxly (4)

Aot

where - is the normalization of the surface of the samgdgpending on the optical

measurement system, Kis the wave vector in the x and y directions, @ndontains the

height function and is given by

Z= Kl {1-exd-iK,n(x y)} (5)

1Kz
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L 7 g/ (height function)

Figure 2. lllustration of the scattering of light on a tHim with a rough surface®

4 different samples are tested to validate the m@adEluorine-doped tin oxide (FTO) Asahi
U-type with a g, =40nm, two ZnO:Al layer etched in HCI for 20” and 40teading to

o, =50nm and g, =100nm respectively (AZO 20" and AZO 40"), and a bordiped zinc
oxide with a pyramidal structure andza = 220nm (BZO).

This theoretical model is in reasonable agreemetit @xperimental data of AZO 20” and
FTO as shown figure 3.a, but doesn’t match for AHID and BZO. It is known that the Born

first order approximation works better for moderBtS roughnes$', and equation (5) was

modified for higher, leading to the equation
z" = %{1- exd-ikn(xy}  (6)
[

where k=K, .. In this case, known as modified Fraunhofer soatie the measured and

calculated intensities for AZO 40” and BZO matcluch better than with the Born first order

approximation as shown figure 3.b.
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Figure 3. Four samples at = 600 nm (Color line) (a) Measurements and thdiegtpon of

equation (4) with first order Born approximationggation (5)); (b) With a modified

Fraunhofer scattering extension (equation {8))

Numerical tools allows to predict the light scatigrbehavior of a textured rough surface.
Different types of structures have been investijateachieve broadband and efficient light

scattering, especially for Silicon thin film soleells; in the following, we will present an

overview of recent progresses in the field.
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IVV.2.b.ii) Light scattering by texturation of theoht ZnO

Texturing the front transparent conducting oxid€QI) has been reported as one of the most
effective solution to increase the light trapping very thin absorbers, leading to the
development of the reference industrial SfGsubstrate in thin film silicon solar cells Asahi
U-type “®. Kluth and L6ffl reported a method that allowstéxture a magnetron sputtered
ZnO:Al layer by wet chemical etching in HCY % to enhance the light scattering. This
method has been widely used since then in the 6éld:Si solar cell as one of the most
effective one to achieve low cost and efficienhtigcattering at the front interface of the solar
cell °*%° Starting from a ZnO:Al film with a thickness tgpily between 500 nm to 1000 nm,
the film is dipped in a HCI solution with a conceation of 0.5 % in most cas&s> for a few
seconds (less than a minute). This leads to artegkreduction between 100 nm to about 400
nm, and to the texturation of the ZnO:Al film dwethe preferential etching of the material at
the grain boundaries. The purpose is to obtainsfilmth high light scattering properties
without degrading its electrical properties (i.@t imncreasing the resistivity), with a sheet
resistance in the range of 5-08sq”*. The two important optical parameters that deteemi
the quality of the light scattering are the hazeapeeter H and the angular distribution
function ADF. The haze parameter is described agdtio of light that is scattered with the
total intensity of light at the interface. The AldEfines the intensity distribution of scattered
light as a function of the angle at which the et light propagates. In a paper from 2003
% J. Krc and M. Zeman report that by varying thehiztg duration from 1s to 30s in a 0.5%
HCI solution, it is possible to vary the root mesgjuare of the surface roughnessdrom 25

to 120 nm. Optical measurements using a spectroroetgled with an integrating sphere
show that the haze increases with increasingoth for the transmitted and reflected light,
and decreases with increasing the waveleadibr both (figure 4). The comparison of H for
reflected H and transmitted Hlight of the same substrate reveals that the extradt process

is more effective in reflection than in transmissid he calculated Hfor transmitted light is
much higher than the experimental one, whereasetftected H seems in better agreement
with the experiments although far from matching.
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Figure 4. Measured (symbols) and calculated (lines) hazanpeters in transmission (a) and
reflection (b) of the air/glass/ZnO:Al/air stack.

On the other hand, angular resolved scattering uneaments show that increasiagleads to

a decrease of the ADF parameters, i.e. hoghsamples have a more pronounced light
scattering into smaller angles centered aroundgpleeular direction (figure 5). Whatever the
o;, the ADF of the etched ZnO:Al remains lower thanthe commercial SnO2:F Asahi U-

type, and of course than lambertian light scatterin

1,0 o] 1.0 paggracr—r

nﬁﬂ ]
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Figure 5. Measured (symbols) and approximated (curves) langlistribution functions of
diffused transmitted (a) and reflected (b) light tbe glass/ZnO:Al stack with differewtr.
For comparison, the measured and approximated AD&noAsahi U-type SngF and a

lambertian diffuser are added?
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Although encouraging, these results show that tiesill room for improvement in light
scattering by the front TCO. In order to evaludie potential enhancements of the light
trapping by textured films, Krc, Smole and Topi¢ performed numerical simulation of the
effect of an hypothetic high haze parameter and ADR textured conductive oxide on the
guantum efficiency and short circuit current on:&i&olar cell. They observe a significant
improvement of the parameters of the cell up taaaehfactor of 40%. Beyond that point,
optical simulations do not show any significant @mtement on the,J indicating saturation
with respect to haze parameter. Similarly, a séitumas observed for very broad ADF, due to
absorption by the thin p-side of the a:Si insteadhe active intrinsic layer. However, this
would not be the case for CIGSe solar cells sirather the buffer layer nor the front window
are likely to absorb in the same spectral regiam GIGSe.

Tuning the surface morphology of ZnO:Al is therefdound to be a key issue in controlling
the light scattering properties for photovoltaigkgations. In a publication from 2007, F.
Ruske and W. Werner showed that it is possible adify the etching behavior of sputtered
ZnO:Al films by changing the oxygen partial pregsduring the deposition. Different surface
morphologies are realized depending on the pressuEhown in figure 6. For low oxygen
partial pressure (10 mPa), the surface shows ardoghness which progressively increases
when the pressure is increased up to 17.5 mPa,ansthucture size of about 200 nm. Further
increase of the oxygen partial pressure above 28 le&ds to a very rough film with steep
structure, which size decreases below 200 nm. @lptitaracterizations with an integrating
sphere (not shown, see referefiteindicates that the highest haze value is readbedn

oxygen partial of 17.5 mPa.

Confidential 137



\r

.5 mPale \.\-/' 20 mp n..% E.’ ’ -‘”

Figure 6. SEM cross section images of the surface struabiirénO:Al films after HCI

etching as a function of the oxygen partial pressluring the depositiof.

High haze ZnO:Al films such as presented in theepmppreviously discussed lead to
significant improvements in the quantum efficierafya:Si orpc:Si solar cells. An example
from the review of Miiller and Vanecek et &.is shown in figure 7. It demonstrates the
influence of the ZnO:Al surface roughness for twaSi cells deposited on glass/ZnO:Al
superstrate. Both the QE and the (1-R) curvestaes (R is the reflectivity). The cell with
the rough ZnO:Al shows as expected a much highera@# the main gain in the generated
Jsc comes from the red/IR region due to the introdulightt trapping. Additionally, QE is
increased due to an antireflection effect which elesady reported by referent®.
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Figure 7. Quantum efficiency and (1-R) curves j@f:Si pin solar cells with thin textured-
etched (dashed lines) and smooth ZnO:Al (solidslin&esulting s} are 20.8 mA.cf and
15.3 mA.cnif respectively”.

Unlike thin film Si solar cells, CIGSe is a substranly technology since it involves a high
temperature process and materials that are incadngatvith the superstrate process.
Therefore, texturing the front ZnO can only be perfed after full deposition of the solar cell
stack, and the air/ZnO interface is the only ore ttan be modified. Moreover, the high
absorption coefficient of CIGSe makes light tragpunnecessary in the standard conditions.
A recent study based on numerical simulations bgn@aand Topic et af! evaluated the
potential of a textured front ZnO:Al for CIGSe sotzlls application. It is demonstrated that
a high haze parameter and broad ADF at the air/Eh@oes not lead to large scattering
angles in the CIGSe, and so does not significamlyance the light absorption in this layer.
This is due to the refractive index of CIGSe whism = 29, that is larger than the one of
ZnO:Al n= 2. According to Snell-Descartes law, large scattgangles are transformed into
smaller ones when entering in the CIGSe and greatlyces the impact on the solar cells
parameters. However, the authors show that a sutstacrease of the QE is expected if the
CIGSe/CdS interface is textured, similarly to whappens in the superstrate thin film Si solar
cells. The second effect related to additional hmegs at air/ZnO:Al interface is the

decreased reflectivity of the solar cell, accordiogthe antireflection effect of textured
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surface that was discussed in the beginning of ¢hapter. This effect is observed in the

simulations and increases light absorption in tH@Sa*".

IV.2.b.iii) Light scattering by ZnO nanorods

Although light scattering at the front interfaceaisot more complicated in the case of CIGSe
solar cells compared to the thin film Si technologye demonstrated in the simulations
chapter Il that an effective antireflection (ARyéa on top of the CIGSe has the potential to
increase the absorption in the CIGSe by an absuhltee of 7 %. AR can be achieved either
by etching the ZnO as previously discussed, bus ipossible to achieve a much higher
surface roughness by deposing ZnO nanorods onfttipeaZnO:Al. Previous studies from
different groups already investigated on the us&Zm® nanorods and nanotubes for dye
sensitized solar cells and ETA ceffs® 8 192193 The interest is to take advantage of the
important developed surface and the light scatjepioperties of such structures. Moreover,
in a 2008 publication from Lee et af*, ZnO nanorods (NR) are reported as a very efficien
solution to achieve AR effect in solar cells. Thehars use a RCWA method to simulate the
reflectivity of a NR film, and they demonstrate ttikantrol of tip tapering of the NR allows to
significantly reduce the reflectivity of the film&.comparison of the reflectivity of differently
shaped NR is showed figure 8. We see that a rafigclower than optimized SiN ARC can
be obtained for highly tapered NR.
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Figure 8. Front reflectance spectra of flat top NR (redpered NR (orange), sol-gel ZnO
film (green), optimized SIN ARC on Si PV cell withetallic contact (blue), and highly
tapered NR (black)®*
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We reported an experimental observation of the sedueflectivity of vertically oriented
ZnO nanorods electrodeposited on ZnO:Al filffs A recent study'®® demonstrates
experimentally the potential of ZnO NR as an effecARC on CIGSe solar cell. The NR are
deposited by electrodeposition from an aqueougisalof 4.5 mM Zn(NQ), x 6H,O and 70
MM HNOgsdirectly on the ZnO:Al front window of the solarlicé\s expected, the reflectance
of the solar cell is significantly reduced whileetltQE in increased and the interference
fringes in the ZnO are vanished (figure 9.a). THeotis comparable to standard MgkRC
(figure 9.b) and further improvements are possnata future optimizations.

(a) 1.0 " ' ' S T () [ ([ reemp——

08¢

2 081 [/ _ cellwithout ARC 2 061 / _ _ cellwithout ARC
w —— cell after ZNA ARC deposition w —— cell after MgF; ARC deposition
QG o4t S04

0.2}

0.0

400 600 800 1000 1200 ©7400 600 800 1000 1200
Wavelength (nm) Wavelength (nm)

Figure 9. EQE of a solar cell before (dashed line) andr felid line) deposition of ZnO NR

(a); after (solid line) MgEsingle layer coating (B°

Another solution to improve the light absorptiontive CIGSe layer is to replace the CdS
buffer layer by a material with a wider bandgapchsas ZnS. Simulations from Chapter I
showed that such a buffer layer could greatly inaprthe efficiency of solar cells; in the

following, we will present a summarized state a& #rt on this topic.
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IV.2.c) Alternative ZnS/(Zn,Mg)O buffer layer for GBe solar cells

The standard buffer layer used in the CIGSe satdls ¢s the Cadmium Sulfide (CdS),
deposited by chemical bath deposition (CBD). ltgeflent band matching with CIGSe
(bandgap Eg = 2.4 eV and electron affinityd4.2 eV) associated with its very good coverage
of the absorber makes it an appropriate materiahi® p-n junction. However, the Cd toxicity
and the relatively low bandgap of the CdS, whibkaabs light in the U.V. range, led to an
increasing development of alternative solutiét%°°*°? One of the most proven solution of
alternative buffer layer is the CBD deposited Zn8fdr layer, which is already used as a
standard buffer layer in some industrially produc#@GSe moduleé’. Its high bandgap (3.6
eV), associated to a surface passivation due tontdoeporation of sulfur and short deposition
times (<10 min) makes it an excellent alternatv€dsS.

In 2009, two joint publication¥’ *® investigated on the combination of both a CBD dited
ZnS layer and a sputtered 4 g,O layer, in replacement to the standard CdS/Zniayér,
leading to significant improvements of the effiagrand the stability compared to previous
alternative buffer layer solar cells. The deposifwocess is as follow: co-evaporated CIGSe
films 2 are chemically treated in a KCN solutidh The ZnS layer is then grown by CBD
from aqueous solutions of zinc sulfate (0.1 M)pthiea (0.4 M), and ammonia (1.5 M). The
deposition temperature is tested between 60°C 8A@.9The ZnMgxO layer is deposited
by radio-frequency magnetron sputtering. Its bapdgaies from 3.3 eV for pure ZnO to 4.1
eV for Zn eMgo.4O. In this study, the bandgap of ZiMgxO was 3.6 eV. More details on the
ZnS/ Zn xMg,O bilayer deposition and composition can be foumdppendix IlI.

A comparison with standard CdS buffer is carriet the devices parameters are summarized
in table 1. The higher bandgap of ZnS leads taghdritransmission of the ZnS buffer in the
350-550 nm wavelength range, the Cd-free solas sbibw a significantly enhanced quantum
efficiency in this spectral region (figure 10). thie absorption edge of the CIGSe, the EQE of
the Cd-free cells is identical to the one with Au8fer, which indicates that the collection
length is not affected by the new buffer layer. loer, the . of Cd free cells is
systematically lower by an average of 40 mV comgdacestandard CdS/ZnO:i buffer solar
cells. The relative gain of about 12% g df Cd-free cells leads to a relative increaseboiud

9% in the efficiency as illustrated table 1.
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Buffer layer  CdS/zZnO:i ZnS/ZnMgO

Voc (mV) 690 665
FF (%) 76.4 77.4
Jsc (mA.cm?) 265 29.7
Efficiency (%) 14 15.3

Table 1L Compared photovoltaic parameters for CIGSe smls with CdS and ZnS buffer

layers*’

g 08{

Q f

£ 06 ¢

put {

S 9

2 044 |

5 |

8 0.2 f mCdS/I-ZnO d

¢ —0— ZnS/ZnMgO %
0.0 P ot

400 600 800 1000 1200

Figure 10. Compared EQE for CdS/ZnO:i and a ZnS§ ZMg.cO buffer layer’

According to Serhan et a*° the CIGSe/ZnS interface is the critical paramétat controls

the metastabilities observed in the solar cells;haee highlighted in the previous chapter
with XPS analysis that the bromine etching of ClGhefaces does not lead to any major
surface modification of the films, and KCN treatrherllows to reconstruct the surface
termination of the reference as-grown CIG%dn the experimental part of this chapter, we
will investigate on bromine etched absorber solisowith an alternative ZnS buffer layer

and discuss our results regarding literature aadfitical simulations presented in Chapter Il
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I\VV.2.d) Conclusion

Using textured TCO for light scattering has beeovpn as a very efficient way to improve
the light absorption in thin film solar cells suels amorphous silicon base solar cells;
Theoretical studies however suggest that one shootiicexpect a gain as important in the
CIGSe technology, because of the index matchingvdet the layer that reduces the
scattering angle. Recent studies on the influerfcén® nanorods on the front side of a
CIGSe solar cell demonstrated that a very goodlgction effect can be achieved with

such a structure.

As already discussed in Chapter Il, the replacerae@dS by ZnS as a buffer layer is a key
point to increase the short circuit current of sioéar cell. Literature however does not report

the deposition of ZnS on etched CIGSe surface.

Confidential 144



I\VV.3) Experimental Results

IV.3.a) Light scattering and antireflection effdot ultrathin CIGSe solar
cells by ZnO:Al chemical texturation and electroogipon of ZnO

nanorods

Increasing the light broadband absorption is a m&gesue when reducing the absorber
thickness like it was highlighted both in Chaptérahd Ill. The thin film Si solar cells
technology developed several ways to texture tramesp conducting oxides (TCO) and thus
increase the light pathway through the absorbelend@creasing the front side reflectivity. In
the following, we will transpose these techniqueshe CIGSe technology and study the
feasibility of increasing the light absorption iary thin absorber. In the first part, we discuss
on the optical properties of chemically etched ZW®iims, and then apply these etch to the
ZnO:Al window layer of thinned absorber CIGSe sdiafls. A comparative study with a
standard Mgk antireflection coating is proposed. In the follagipart, we push further the
surface texturation by electrodeposing ZnO nanomdZnO:Al films. We study the optical
properties of the nanorods films compared to etche@®:Al films, especially their light
scattering properties. ZnO nanorods are then apptiehinned absorber CIGSe solar cells

and electrical characterizations are performed.

IV.3.a.i) Texturation of ZnO:Al surfaces by chenlietching

Films on glass substrate

ZnO:Al films are deposited by sputtering with tharglard solar cell conditions on glass. The
film thickness is doubled (800 nm) compared tositasolar in order to avoid full dissolution
when etching the films and maintain good electrimalperties. The sheet resistance of the
films is characterized with a 4 probes Pro4 setppfJAS LABS), and the films morphology
is observed using SEM. The optical properties effilms are characterized in reflectivity and
transmission with a spectrometer (Perkin EImertddan900 UV/VIS/NIR) and an integrating
sphere. Both direct and diffused transmission asfteation are measured, unfortunately,

angle resolved measurements are not possible witlexperimental setup and thus the ADF
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cannot be characterized. The etching is performeahi HCI solution and the effect of both

the etching time and the concentration of HCl igl&d. The chemical reaction involved is
ZnO+2H"* - Zn* +H,0
The experimental protocol is as follows:

The ZnO:Al surface is rinsed for two minutes withlldore quality water (18.22.cm). This

is to make sure that the surface is completely wet.
The sample is etched for a given time in the H@itsan (see table 2 for conditions)
The surface is again rinsed for two minutes in ijgidte water

The whole process takes place at room temperature.

Sample Number C1 c2 C3 C4 C5 C6 Cc7

HCI Concentration

(% mass) 0.01% 0.03% 0.05% 0.10% 0.30% 0.50% 0.70%
Etching
duration (s) 15 90 5 10 5 2 1

25 120 20 20 10 5 2

40 150 50 45 20 10 5

60 60 60 40 15 10

90 90 75 60 30

120

150

180

Table 2 Etching conditions of ZnO:Al on Glass
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In order to maintain the good electrical propertéshe front TCO, we set the limit of the
maximum acceptable sheet resistance of the fil@0af2/sq. The sheet resistance of the
standard 400 nm ZnO:Al film is about 8-QJsq, and the one of a 800 nm film as used in this
study is about 4)/sq. The sheet resistance being partly relatecheofitm thickness, we
expect it to increase when etching the films. Sanhyl the preferential etching at the grain
boundaries may further affect the electrical tramsproperties of the films. The variation of
the sheet resistance as a function of different ld@hcentrations and etching times is

presented on figure 11.
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Figure 11 Sheet resistance of etched ZnO:Al films with eliéint HCI concentrations and

etching durations

We observe a relatively important spreading of tesults. As expected, low HCI
concentrations leads to lower sheet resistance, &er a very long etching (> 100 seconds).
The 0.01% HCI solution does not seem to signifigaaffect the surface since its sheet
resistance is almost unchanged; The 0.5% HCI swolutivhich is the most reported

concentration in the thin film Si solar cells fieldads to a sheet resistance of ZnO:Al lower
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than 20 Q/sq up to approximatively 20 seconds of etchinge Dl05% HCI solution offers a
sheet resistance lower than Q0sq up to 90 seconds of etching, and the aspettteofilm
seems very diffusive to the eye. These data hawe tcompared to optical measurements in
order to determine the best etching condition folyafo solar cells. All samples are tested in
total and diffuse transmission and reflection. @urpose is to determine the best conditions
in terms of light diffusion, total transmissionpoafl with a low reflectivity. The amount of
data being considerable, more details can be fdondeference’. The optimal films

properties are obtained with the following condigo
- 0.05% HCI and 90 seconds
- 0.1% HCl and 45 seconds
- 0.3% HCI and 40 seconds

Figure 12 presents the diffused transmission ctivakeis achieved for these three samples.

100 . . . . T
—0.05% HCI 90 sec

90 | 0.1% HCI 45 sec 7

80 L —0.3% HCI 40 sec _

70+ ]
c
S  gol o ——
% Total Transmission
é 50 L _
)
g 40 + 7
— 30 L Diffuse Transmission

20 +

10+

600 800 1000 1200 1400

Wavelength (nm)

400

Figure 12 Diffuse transmission for different of etched ZADfilms for different HCI
concentrations and etching times. The stack iss&a®©:Al.
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In these conditions, the reflectivity of the ZnO:#lm is lower than non etched ZnO:Al,
while the ratio of scattered transmitted light esnarkably increased. The three sample have
almost equivalent light diffusion properties; th&ubion peaks at about 60% for = 500nm

in each sample before decreasing in the red andred spectral region. As a result, the
diffusion is only 20% forA = 900nm which is the spectral region where light scatigisithe

most needed for ultrathin absorber CIGSe solascell

However, the only condition that leads to a filnthwa sheet resistance that is acceptable for a
TCO application on CIGSe is the 0.05% HCI and 9@osds of etching. This HCI
concentration is surprisingly lower to what is ugueeported in literature. We hint that this
may be related to the different deposition condgidor the ZnO:Al layer. The SEM cross
section view of the surface of each sample is pteseon figure 13. We see that the film
thickness is much lower (approximatively 200 nm) ®01% and 0.3% HCI which explains
why the sheet resistance is much higher than ®0t@5% HCI| sample (approximatively 500
nm thick). The three films present a high surfapeuration with random pyramids about 200

nm wide and 100 nm high.

O 05% HCl 90s 0.1% HCl 45s 0.3% HCI 40s

Figure 13 SEM cross section of HCI etched ZnO:Al films dasy substrate

The optical properties of the 90-seconds etched:Zhfim with concentration 0.05% HCI

compared to the standard non etched ZnO:Al areepted on figure 14.a (reflection) and b
(transmission). The interference fringes in theemefice sample correspond to the ZnO:Al
film thickness and appear due to the smoothnedkeofilm. These interference fringes are
still visible for short etching times (not showmhich allowed us to estimate the etching rate
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to about 3.5 nm per second for this HCI concemra(0.05% in mass). The interference
fringes vanish when the surface is highly textyetdhed sample curves on the figure). In the
CIGSe absorption range, the reflectivity of thenfils lowered (figure 14.b), however in
smaller proportion than expected if the films weeposited on CIGSe. This is due to the
differences in optical indexes between glass (n~dnfl CIGSe (n~2.9); while the reflectivity
of the air/ZnO interface is as expected reducethbysurface texturation, the inverse effect of
antireflection occurs (enhanced reflectivity) aé tAnO/glass interface {gss< Nnzno). The
overall reflectivity of the stack is therefore ordlightly lowered, meaning that the ZnO:Al
texturation overcompensates the enhanced reflgcfiect due to the deposition of ZnO:Al
on glass. In both cases (etched and non etchedatibebetween total and diffuse reflectivity

is very high; this high reflectivity haze is cortsist with previous observations from literature
93

The average total transmission is almost not aftedty the texturation of the films with a
transmission plateau of about 70% in the 400 nmMiGOInm range, which corresponds to an
absorption of about 8% on the complete stack ferefthed films. This relatively high value
can be explained by the fact that the optical patthe ZnO:Al is enhanced by the surface
texturation, and the scattering angle is even mmureeased in the glass substrate because of
its lower optical index, which leads to total refiens inside the glass for some rays and so
losses in the transverse direction. While the measudliffuse part of the transmission is
extremely low for non etched sample, around 5%henvthole spectrum, the etched textured
sample has a very high diffuse part which startabatutA=1000 nm and peaks at 520 nm
with a value close to 60% of diffusion. This result a haze factor ddnegthat increase from
about 30% ah = 1000 nm to Elchea= 90% at 520 nm. In comparison, the haze factothe
reference non textured sample ig:4 10% on the whole spectral range. The expectedtef
on light scattering of the surface texturation eenclearly visible. Unfortunately, all our
samples had a diffusion curve centered around 596 550 nm. The scale of the texturation
is related to the average size of the grain. Ireotd tune the diffusion properties, it would be

interesting to vary the size of the ZnO:Al graiwkich was not performed in this study.

Confidential 150



40r A | ——— 90s etched C3| 1
e reference

Reflectivity (%)

100 t t ' '
9 [ -
80 | i
70+ .
60 + 4 .

50) [ 1

40 ‘ . etched ]

30 H i}

10 ref )

Transmission (%)

Wavelength (nm)

Figure 14. Reflectivity (a) and Transmission (b) of non &dh(black) and etched (blue)
ZnO:Al films on Glass. Both the total (solid linehd diffuse part (dashed line) are presented.
The curves are the total ZnO:Al/Glass stack, amrdglass substrate has not been subtracted
from the data. The Haze factor H is representegkdnfor the etched dinheqand non etched
Hrer S@amMple.

These results show the potential of a textured ZhQurface for light scattering and
antireflection effect. However, these etching peeters were optimized for a ZnO:Al
deposited on a glass substrate; it is very likélgt tthe deposition of the ZnO:Al on the
CIGSe/CdS stack may change both the optical preseltecause of the optical index of
CIGSe which is higher than that of glass, but &lscause of the film morphology which may
change when the deposition is done on a differeistsate. In the following, we will
investigate on texturing the front ZnO:Al window @600 nm absorber CIGSe solar cell. We

will compare the standard ZnO:Al with the etche& and a classic antireflection coating.
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Texturation of the front window of Cl GSe solar cells

CIGSe solar cells with different absorber thicknassprepared using chemicakBtching of
the absorber, and completed with the standard selaprocess that is described in Chapter
lll, except that the front ZnO:Al window layer thigess is 800 nm instead of 400 nm. Each
solar cell is divided into smaller cells of 0.1 om0.1 cm (8 cells per sample), and the
photovoltaic parameters given are average valuethenwhole sample. The samples are
electrically characterized before and after théietg (texturation) of the ZnO:Al. The front
window of the solar cells is textured following theethod described in the previous
paragraph a.l. However, the direct application had previously optimized process (90
seconds, 0.05% HCI) on the Mo/CIGSe/CdS led toctiraplete dissolution of the ZnO:Al
window layer and new conditions had to be founde Téct that the ZnO:Al dissolution is
much faster on CIGSe/CdS than on glass may besdetatthe fact that the substrate greatly
influences the crystallinity and the stresses withie films, which leads to a different etching
behavior; such a study is however not carried outhis thesis, and we only focus on
optimizing the photovoltaic properties of the sotalls by etching the ZnO:Al films. The
concentrations and etching durations have beenifisamtly lowered compared to our
previous study about the etching of ZnO:Al on glasbstrate. The etching parameters used

on this study are summarized in table 3.

HCI concentration

(%omass) 0.01 0.025 0.2 0.4
Etching Duration (s) 20 15 3 2
40 25 6 5
60 40 10 8

80 60 15 12

Table 3. Etching conditions of ZnO:Al on Mo/CIGSe/CdS

Firstly, we focus on solar cells with a 500 nm kimess in order to optimize the HCI etching
time. In a second part, we study a complete salhiserie with different absorber thicknesses

and the optimized HCI etching.
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Optimization of the HCI etching on a 500 nm CIGSedar cell
J-V characterization

Each solar cell is characterized by J-V measureraader AM 1.5 illumination. The best
solar cell serie is achieved for the 0.025% HCloamtration, we therefore present the results
obtained for this sample. The average photovoftaiameters for different etching times are

presented in Figure 15 and are compared to theneteas of the same solar cells prior to the

etching.
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Figure 15. Photovoltaic parameters for a 500 nm CIGSe swéirbefore (black dots) and
after (blue dots) etching in a 0.025% HCI solutfon different etching duration. The error
bars are determined with the standard deviationla®d on each solar cell with Originlab

software.

We clearly see a general increase of all the agephgtovoltaic parameters after etching of
the front ZnO:Al window. However, the increase ildw 4% relative to the non etched
ZnO:Al film for the V,c and the FF, and cannot be considered as significa@n considering

the errors bars in the measurements. The only paessthat is enhanced to a value beyond
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the error bars is theg) with a significant + 8% increase for the 40 satortched sample,
increasing from 19.3 mA.chfor the standard flat ZnO:Al up to 20.8 mA.¢énfor the
textured ZnO:Al. Therefore, when texturing the ZADfront window, the efficiency
increases from 8.3 % to 9.6 % which representdadive increase of 14% of the efficiency
(figure 16.d) for this etching duration. One may teenpted to consider the +8% relative
efficiency increase that is observed for the otbtmhing durations as meaningful, it is
however lower than the standard deviation of th@.dBhis relatively important spreading of
the results may be related to an insufficientistyduring the etching of the ZnO:Al, which

led to inhomogeneities on the samples.

As expected and observed on figure 15, the effayi@nhancement when texturing the front
ZnO:Al can only be related to an increase in thertskircuit current; evaluation of the
spectral region where the absorption and/or theetarollection is enhanced is a key issue for
understanding the effect of the textured ZnO:Alta thinned solar cell. We performed EQE
measurements before and after the ZnO:Al texturatith a 0.025% HCI concentration and a
40 seconds etching time, on a 500 nm CIGSe solarTée obtained curve is compared with
a standard CIGSe solar cell with the same absdhickness (500 nm) and no etching of the
front ZnO:Al, and with a 500 nm absorber CIGSe iatell with a standard MgF
antireflection coating (ARC) that was depositedlastitut des Matériaux de Nantes” (IMN)
The EQE curves are presented in figure 16. We fisgice that the interference fringes are
different for the two reference solar cells in figuLl6.a and 16.b. This is due to the fact that
the ZnO:Al thickness is 400 nm in the first caser{dard conditions) and 800 nm in the
second case (so that the HCI etching does not ateipldissolve the film). By comparing
figure 16.a and 16.b, we observe that the MBRC and the textured ZnO:Al film have a
very similar effect on the quantum efficiency. Tiheerference fringes are suppressed in both
cases, and the EQE main increase is in the 400 HP0 ©m; it also slightly increases in the
infrared spectral region for the textured ZnO:ARile® the Mgk, ARC does not impact these
wavelengths. Eventually, the impact of both tecbhagyis very similar. This supports the fact
that light scattering at the air/ZnO:Al interface strongly limited by the optical indexes
(Nyo =2 and nggee = 29 when the ZnO:i/CdS/CIGSe interfaces are smooshjt avas
previously reported in referenée Textured ZnO:Al is however found to be a veryeefive
broadband antireflection coating. Its pyramid-typeggh texturation gives a pseudo-
progressive optical index at the air/ZnO:Al integavhich results in a substantial increase of

the short circuit current (+8%), that is confirmedEQE measurements.
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Figure 16. External Quantum Efficiency for a 500 nm CIGSéaseell. (a) Without ARC
(grey curve) and with MgFARC (dark blue curve); (b) With the standard ntched 800 nm
ZnO:Al front window (grey curve) and with a etchieattured ZnO:Al front window

Comparison between standard Mgk ARC and textured front ZnO:Al for different
CIGSe thicknesses

We compare the results obtained with MgMRC and HCI etching of the front ZnO:Al
window, on a solar cell serie with different CIG&8gsorber thicknessesyp®n, 1.5um, 1 um,
0.5um and 0.3um. The solar cells have been prepared using the setcth and the same
CdS/ZnO process; each sample is cut in two parns,being coated by the MgRRC, the
other being etched in HCI 0.025% for 40 seconde ERQE are presented in figure 17.a for
the Mgk, ARC serie, and in figure 17.b for the etched ZniGséyie.
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It is clear that texturing the ZnO:Al window layby HCI etching leads to an equivalent
antireflection effect than a standard MgkRC; for each CIGSe thickness, the interference
fringes are vanished in both cases and the EQHlglttlyg increased, especially in the visible

spectral region, up to about 750 nm.
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Figure 17. Compared EQE curves for different CIGSe thickasswith: (a) Mgk ARC

(dotted lines) and no ARC (solid lines); (b) etcHeaht ZnO (dotted line) and non etched
ZnO (solid lines).
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The photovoltaic parameters of the solar cells @esented figure 18. We see that both
techniques (MgF2 and HCI etched ZnO:Al) lead to parable results, although an important
spreading of the data appears for the FF (figurd)18he overall efficiency improvement is
very comparable between MgRRC and HCI etched ZnO:Al.
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Figure 18 Compared photovoltaic parameters for differenG8& thicknesses with MgF
ARC and ZnO:Al etching. (a) Efficiency; (b)sJ(c) Vo, (d) FF.

In this part, we evaluated the potential of a teedufront ZnO:Al window layer for a thinned
absorber CIGSe solar cell. We observed a substahti4% efficiency increase for an
optimized surface texturation on a 500 nm thickoalbsr, which is related to an increase of
the photocurrent of the solar cell. When compathy quantum efficiency to the EQE of a
solar cell with the same absorber thickness artdradard Mgk antireflection coating, we see
that the effect is almost similar, whatever the S&&hickness. While MgFARC is a well
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known and optimized process, it is interesting dterthat we obtained results almost similar
with texturation of the front ZnO:Al window. Howeyeno improvement specific to a light
scattering effect has been observed.

To go beyond the pyramid-type ZnO texturation, imgestigate in the following the

feasibility of ZnO surface with extreme light seaiihg properties and antireflection effect.

I\V.3.a.ii) Electrodeposited ZnO nanorods on ZnOfikhs for light scattering and

antireflection effect

ZnO nanorods aroused a great interest in the pastdeé because of the large variety of
morphology that can be achieved and their resulimgresting optical and electrical
properties. Among all the deposition techniquesgctebdeposition has emerged as a very
flexible effective way to deposit and tune the nhmipgy of nanorods films' 3 In this
work, our purpose is to deposit ZnO nanorods onofagne ZnO:Al by electrochemistry, and
to optimize the optical properties of the filmsiorease to the maximum their light scattering
properties. We use a ZIMKCI solution for the electrodeposition; this depios process is

based on the reduction of oxygen with the followiagctions:
O, +4e +2H,0 - 40H~ andZn* +20H~ - ZnO+H,0

The solution is @saturated by bubbling, and the deposition tempegas fixed at 80°C. We
use a saturated calomel electrode as a refereeceagle (SCE), and the applied voltage
versus SCE is —1.4V. We have demonstrated in argipehich is at the margin of the
subject of this thesis, that it is possible to taime orientation of the nanorods and so the
optical properties of the films by varying the daline orientation of the substrate. Varying
the deposition time, along with the ZnQoncentration are also important parameters that
influence the nanorods length and surface dengity.performed a complete comparative
study about the influence of the substrate and slBpo time on the nanorods film
morphology and optical properties, and the reasleeferred to referend® and*** for further

information on this topic.

In this thesis, we only focus on showing the po&rdf ZnO nanorods as a light scattering
film. We deposited the ZnO nanorods with a Zn€bncentration of 0.02 mM and a KClI
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concentration of 0.1 M. The amount of deposited 4a0Gnonitored by the Total Charge
Exchanged per surface units during the electrode@ogTCE), which is in direct relation
with the length of the nanorods and the amountepiodited material. The substrate used is a
800 nm ZnO:Al film deposited on glass by sputterifgis film has been etched with an HCI
solution like described in the previous part ostbihapter. The pre-texturation of the substrate
is necessary to reduce the density of nucleatis sind thus the density of grown nanorods;
it also allows to grow non vertical nanorods. Feg® presents the SEM pictures of nanorods
when deposited on a non etched ZnO:Al substratgir@i 19.a) and on an etched ZnO:Al
substrate (figure 19.b). We clearly see a stroriteréince between the two films; when
deposited on the non etched ZnO:Al, the nanoroeveartical and their density is very high,
of the order of 10Qum™. If the ZnO:Al substrate is pre-etched in HCI, tremorods grow with

a much lower density (20-30m™), and are highly disoriented. We also show (figligec),
that is possible to grow vertical nanorods on tpedf the pyramids, if the ZnO:Al substrate
is HCI etched under certain conditions (very lowlld@ncentration < 0.02%). In this case, the
pyramids have a flat tip, which is the nucleatiemter for the nanorods. However, this work
is at the margin of our subject and we won’t expandhis topic.

Non etched 0.1% HC1 0.01% HCI1
/n0O:Al substrate 25 seconds 40 seconds
[ Las ‘:1_;‘ '.' ' ' ’!'t‘.’" ‘ ) i G R NI G 4 ~

N, ™ \

Figure 19. SEM cross section and top view of ZnO nanorogmsiked on ZnO:Al substrate;
(a) non etched substrate; (b) etched substrate BIC¥@and 25 seconds; (c) etched substrate
0.01% HCI and 40 seconds
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Growing non vertical and low density nanorods igedesl for a maximum light scattering
properties of the films as we highlighted it ineefnce®®. We present in figure 20 the optical
properties (transmission and reflection) of nanerdilims grown on a etched ZnO:Al
substrate (0.1% HCI for 25 seconds) with a TCE ®@{C3cni®. This film is the one with the

highest light scattering properties that was aaden our study™*
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Figure 20. Optical properties of ZnO nanorods electrodepdstn ZnO:Al/Glass substrates.
The Haze factors are shown in red.

We first notice that the total transmission is bl by an approximative value of 5-10%
compared to the standard etched ZnO:Al film (sgar& 14 for comparison). This might be
due to multiple reflections in the highly nanostured film; it may also be related to the fact
that a large part of the scattered photons hacattesing angle higher than the total reflection

in the glass and so are lost by multiple transveeflections inside the glass. In the CIGSe
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absorption range, the diffusive transmission cuwaweost matches the total transmission. The
Haze factor is higher than 70% Xat= 1000 nm and increases to about 90-100% =at900
nm. This result is much higher than our previouwsilts with etched ZnO:Al film as can be
seen on the figure 20 (solid red line versus datéedine), and also much higher to what was
previously reported in literatur&. Moreover, the shift of the Haze factor toward tRe
spectral range is of major importance for solal agplication as it allows to more efficiently
scatter photons that have a lower energy and slesseabsorbed when reducing the absorber
thickness. In the mean time, the reflectivity of fiim with ZnO nanorods remains at a high

value (>20 %) when deposited on a glass subsfmatthe reasons that are given in part a).

The application of ZnO nanorods on 500 nm thinnkesioeber CIGSe solar cells has been
carried out and the complete set of results isrtefdn the master thesis of Bo Chary
Figure 21 shows the SEM cross section view of a 50® CIGSe solar cell with
electrodeposited nanorods on the front side ofcéle The TCE during deposition is 2.5
C.cmi®. This relatively low TCE leads to short nanorodsabout 500 nm in average value,
with an average diameter of about 80 nm. The pluitaie parameters of the solar cells were
determined by J-V measurements. Compared to thar @l before deposition of the
nanorods, the § is unchanged at about 630 mV. The FF howeverasigly decreased, from
70% to about 60%. The ZnO nanorods are reportbave a lower carrier concentration than
the ZnO:Al front window'** which may therefore influence the making of thateot on the
top surface of the solar cell. The Jsc of the so#diris also roughly unchanged (at about 21
mA.cm®) compared to a solar cell with a HCl-textured ZADas can be seen on the EQE
curves figure 22. Overall, the addition of nanoraufstop of the solar cell decreases the
efficiency from 9.7% for a solar cell with a cheally textured ZnO:Al to 8.4% for a solar
cell with nanorods, and no enhancement of the ntrie observed. Although the
antireflection effect of the nanorods is confirm#tkre is no additional gain due to the higher
scattering of light in the IR range, and we alssevlbed a decrease of the FF that was not

reported in the paper from Aé et &F.
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7nO nanorods

Zn0O:Al 400 nm

Figure 21 SEM cross section view of a 500 nm CIGSe soldmvgth electrodeposited ZnO

nanorods of the front window

1. . ! !

¢ etched ZnO:Al
0.9 ZnO nanorods
0.8+ standard flat ZnO
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Figure 22 Compared Spectral Response for a 500 nm abs@li&Be solar cell with a
standard non modified ZnO:Al front window (grey we), an HCl-etched ZnO:Al front
window (blue curve) and a ZnO:Al with ZnO nanordiamst interface (green curve).
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I\VV.3.a.iii) Conclusion

Texturing a ZnO:Al film by HCI etching or by eleotteposition of ZnO nanorods showed a
significant increase of the light scattering pragsr of the films. A Haze factor of nearly
100% up toA =900nm has been achieved with ZnO nanorods depositededchad ZnO:Al
film. However, we believe that light scatteringthe air/ZnO interface is not suited for an
application to thinned absorber CIGSe solar celts matter the haze at the front interface.
The different refractive indexes in the layer sgigrreduce the light scattering of the air-ZnO
interface and thus no gain attributed to the diffnsof light in the absorber layer has been

observed in the photovoltaic properties of thersoddis.

Texturing with HCI the air/ZnO:Al interface demorsted an important potential as a very
effective antireflection coating, leading to a tela increase of 14% of the efficiency of a 500
nm absorber solar cell, and the spectral respdmee&ex] an effect that was comparable to a
standard optimized MgFARC. ZnO nanorods have a similar antireflectiofe&f although
the FF of the solar cells has been degraded prplwald to the lower conductivity of the

nanorods.
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IV.3.b) Comparative study between standard CdS aleinative ZnS
buffer layers on chemically thinned CIGSe absodudar cells

In this part, we compare the photovoltaic paransetérntwo series of CIGSe solar cells from
the same batch (batch J6) etched to different Bbsdhicknesses. The serie (1) is realized in
the standard conditions with CdS-50 nm/ZnQO:i-70 am buffer layer; serie (2) has an
alternative ZnS/Zpn,Mg,O buffer layer. The deposition of the alternativgfér layer has
been carried out in the frame of the PhD thesiShithaud Hildebrandt'>. The experimental
process is as follows: co-evaporated CIGSe surfaees etched in a bromine solution and
treated with a KCN solution, according to the metlizscribed in the Chapter Il of this
thesis. Different absorber thicknesses are realizB80 nm (non etched sample), 1000 nm,
800 nm, 500 nm and 300 nm. For serie (2), the Znf&blayer is grown by Chemical Bath
Deposition (CBD) from an aqueous solution of zimdfate (0.1 M), thiourea (0.4 M), and
ammonia (1.5 M) at a temperature of 80°C. The dépadime is 8 minutes which leads to a
layer thickness of about 40 nm. More details alibatpreparation of ZnS can be found in
references™ and '*°. The Zn.MgxO layer is deposited by radio-frequency magnetron
sputtering in a Plassys MP 300 device, with a fmssesure of 5.1bmBar and a working
pressure of 16 mBar. More experimental details are given in refiee*’. The ZnO:Al front
window layer is grown in the standard conditionante as chapter Ill) with a nominal
thickness of 400 nm and a sheet resistance of a®diit Q/sq. After deposition of the
ZnO:Al, the solar cells are annealed in air formidiutes at 200°C and a light soaking under
A.M. 1.5 illumination during 1 hour is performed.

The solar cells are analyzed with current-voltaggsarements J-V under standard A.M. 1.5
illumination; the external quantum efficiency EQIE tbhe solar cells is also characterized

using the same experimental setup as in Chapter Ili
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I\VV.3.b.i) J-V characterization

The photovoltaic parameters are extracted fromJthe curves and their average value is
presented in Figure 23. An important spreadinghin results for the CdS buffer layer solar
cell is observed; this is interpreted as inhomodmsein the CIGSe batch. It is possible to
refer to Chapter 11l for a different set of resultsthe same conditions without this relatively
important spreading of the parameters. From 1500down to 800 nm of CIGSe, the ZnS
buffer layer solar cells have a roughly equivaleoltage and fill factor to the CdS buffer
layer solar cells, with value of 580 mV and 67-7086.expected, the short circuit curreg J
is much higher with ZnS, decreasing from 31 mAZ(1500 nm absorber) down to 29
mA.cm? (800 nm absorber), when thg df the CdS solar cell decreases from 27.5 m&.cm
down to 26 mA.crif in the same thickness range. This results in @nativefficiency superior
for the ZnS buffer layer compared to CdS (figured2Irom 1500 nm to 800 nm absorber
thickness. For lower thicknesses however, the hehaf the ZnS-buffered solar cells is
different compared to the CdS-buffered solar c&tsth the \4; and the FF strongly decrease
down to 0.47 V and 55 % respectively for the Zn#dyed 300 nm absorber solar cell, while
the CdS-buffered solar cell has a rather constamdtfor those two parameters. The Jsc
continues to decrease for both series, and stilhnes to a higher value with the ZnS buffer
layer (24 mA.crif versus 22 mA.ci at 300 nm of CIGSe). This does not compensate the
losses in ¥ and FF, and the solar cells with standard CdSebudfyers outperform the ones
with ZnS buffer layers for thicknesses lower th&@® &m (ultrathin), with an efficiency for
the 300 nm CIGSe of 8.8% versus 6.4% respectively.

The predicted increase of the With the replacement of CdS by ZnS is observeaun
results. The fact that the alternative buffer laigedeposited on an etched absorber does not
significantly impact the other parameters of thé, agith a roughly identical behavior as

previously seen for standard 2500 nm thick CIGSe.
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Figure 23. Comparison of the photovoltaic parameters of edchbsorber solar cells with

CdS and ZnS buffer layers.

IV.3.b.ii) External Quantum Efficiency charactetina

To push further the characterization, we performEEQeasurements on both sample series.
Figure 24 presents the selected EQE curves foe tifeerent absorber thicknesses: reference
2500 nm, etched 1500 nm and etched 500 nm. Thea@dZnS buffer layers are compared.
For the reference thick solar cell, the gain in th¥. range is visible with the ZnS buffer

layer, however, the overall quantum efficiency asvér by about 5% on the rest of the
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spectrum (from 550 nm to the bandgap); this mayrddated to an insufficient carrier
collection due to defects at the P-N interfaceasecof ZnS. Experiments are being performed

to fully optimize the ZnS and understand the merdmas at stake at the absorber/buffer

interface.
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Figure 24. Compared EQE for three different CIGSe thicknedsetween a standard CdS

buffer layer (solid lines) and an alternative Zngfér layer (dashed lines)

This difference between CdS and ZnS in the 550 400 nm spectral range is however not
found for lower absorber thicknesses; in this ctsejnterference fringes, mainly due to ZnO
window layer, are shifted between CdS and ZnS bufiat the average EQE is roughly
equivalent between the two buffer layers. The ghifthe interference fringes is most likely
due to the fact that the ZnS/ZnMgO stack has amifft thickness than the CdS/ZnO:i. For
these the etched CIGSe solar cells (1500 nm andn&90Q the increase in the U.V. range
(from 350 nm to 550 nm) is also clearly visibledahe important absorption of the CIGSe in

these wavelengths, combined with two constructiterference fringes, allows the 1500 nm
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and 500 nm CIGSe solar cells to surpass the refer2B00 nm solar cell. The measured EQE
are consistent with the averagethat was deduced from the J-V curves, and repmeket|
the expected behavior that was observed in the ncahesimulations in Chapter Il. These

results are also in good agreement with the liteedt.

IV.3.b.iii) Conclusion

Similarly to what is commonly observed on statdba-art thick absorber CIGSe solar cell,
replacement of the CdS buffer layer by ZnS sigaiiity increases the short circuit current
due to its higher bandgap that allows the CIGSabtsorb the incident light in the 350 nm -
550 nm spectral range. ZnS was deposited on etshddce without any supplementary
optimization compared to the standard conditions, improvements are very likely in future
developments®®. Similarly, an important drop of both the FF ahe ¥, are observed for

ultrathin absorbers (500 nm and 300 nm) and futlkperiments are needed.
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I\VV.4) Chapter Conclusion

In this study, our purpose was to increase thetstiocuit current in a 500 nm CIGSe
absorber solar by a front contact engineering ef dvice. Based on the simulation from
Chapter Il, and on previous studies especiallyhm thin film Silicon solar cells field, we
investigated on two ways to increase the light giitgmn in the CIGSe: (1) the texturation of
the ZnO:Al front contact by etching and nanorodscbdeposition for antireflection effect
and light scattering; (2) the replacement of tlemdard CdS buffer layer by ZnS which has a
higher bandgap energy.

- The texturation of the front ZnO:Al window laydry HCI showed a broadband
antireflection effect when applied to CIGSe solalls; whatever the absorber
thickness. The photocurrent increase was alreadlgeasame level as an optimized
MgF, ARC, and it is likely that there is still room fomprovements. We also
managed to significantly increase the light scatteproperties, and shift the haze
factor to the infrared wavelength by electrodepgsinO nanorods on top of the
ZnO:Al; unfortunately, the application to solar Iselegraded the fill factor without
improving the photocurrent in the device due to tbeer conductivity of the
nanorods, which reduced the efficiency. ZnO nan®tded to the same antireflection

effect that etching the front ZnO:Al window.

- The ZnS buffer layer allowed a substantial inseeaf the absorption in the U.V.
spectral range which led to an increase of thequuotent and thus the efficiency of
the solar cell. However, we noticed that the vadtagd the fill factor were degraded
when reducing the absorber thickness lower thanr880further improvements are
needed to optimize the ZnS/CIGSe interface in tee of an etched absorber, and a
PhD thesis including this aspect is currently eatout at IRDEB™,

The front contact engineering that we used in 8tigdy allows to visibly increase the
photocurrent in the solar cell, but no increasecifigeto thinned and ultrathin devices has
been observed. Increasing the absorption in thared spectral range has been identified in
Chapter Il and Il as the key issue for improvindpsnicrometer absorber CIGSe solar cells,
and the Spectral Responses here show us thatishstitt a lot of room for improvements in
these wavelengths. In the next Chapter, we willlgtine back contact engineering of very

thin and ultrathin CIGSe absorber solar cells.
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Chapter V

Back contact engineering for thin and

ultrathin absorber CIGSe solar cells
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V.1) Introduction

In Chapter Il, we proposed a theoretical insightsohutions to improve the performances of
thin and ultrathin absorber CIGSe solar cells lyraasing the light trapping and improving
the quality of the electrical contacts. Althouglorft contact engineering allowed to
substantially enhance the photovoltaic paramedérsery thin absorber solar cells, the
greatest scope for improvement is in the engingesfrihe back side of the device.

Previous studies on the back contact of a CIGSar sm#ll, especially for the purpose of
ultrathin devices, are fairly rare; the high tengtere substrate based process for the growth
of the CIGSe absorbe=(B0CC ) reduces the range of compatible materials.ybt#num
(Mo) has become the reference material as baclacoint the field of CIGSe solar cells and
alternative metals have most of the time perforpearly in comparison. In this Chapter, we
decided to introduce a novel approach based oniftkadf (i.e. peeling) of a CIGSe layer
from its original Mo substrate, allowing to proced® back surface of CIGSe at low
temperature (same approach as the front surfade thet CdS). This method significantly
broadens the range of compatible materials for loackact application.

In the first part of this chapter, we will give amerview of previous works about alternative

back contacts in CIGSe, specifically for ultrathimsorbers application.

In a second part, we characterize chemically, affyicand electrically the back surface of
CIGSe using the lift-off process, and demonstrageimprovements that can be achieved by
using Gold (Au) as a reflective alternative metath contact with a very thin 300-400 nm
absorber CIGSe solar cell. Different metals ar® atwvestigated, and their electrical and

optical interface with CIGSe is characterized.

In order to further reduce the absorber thickness thinner value, we showed in Chapter II
that using a classical CIGSe/metal interface wasffitient to achieve enough light trapping,
and alternative materials and structures are neduogth for optical and electrical

considerations. Therefore, in a final part, we stigate on the use of ZnO:Al transparent

back contact that will allow to apply more advandight trapping structures to ultrathin
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CIGSe absorberd < 300nm), and electrical characterizations of the CIGS@Zontact are

performed. An optical proof of concept device usiniggmbertian back reflector on a 200 nm
absorber CIGSe solar cell will be presented, anthpawed to numerical simulations. A
spectacular increase of the light absorption in08& 8m CIGSe solar cell structure with a

lambertian back reflector will be demonstrated.
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V.2) State of the art

V.2.a) Metallic back contact

The “historical” back contact for Culngesolar cells is molybdenum (Mo), although gold
(Au) was also used in the first CISe solar cellthie late 70's*"**8 but was later abandoned
in order to meet the low cost objectives of thenredogy. In the early 80’s, Russell et Hf
investigated on the Mo/CIGSe interface; they showiedt the contact has rectifying
properties when processed at low temperature. paper from 1983, R.J. Matson et Hf
presented the results about the characterizatitimeohterface between CulnSand different
metals including Mo using Electron-Beam-Inducedr€nt, Capacitance-Voltage (C-V) and
interface chemical analysis. Highly reflective nietauch as silver (Ag) and copper (Cu)
performed poorly whatever the deposition method doeinterdiffusion of the metal
throughout the CIGSe layer even at room temperatar¢his paper, they showed that the
Mo/CIGSe contact behavior was strongly dependenthendeposition method with a poor
reproducibility, and only Au and possibly nickeliYNhad a reproducible ohmic behavior.
However, later studies showed that the high temperaleposition process of the CIGSe on
Mo led to a reproducible ohmic contact formatféh'** via the formation of an intermediate
MoSe layer at the metal/semiconductor interfdéeOver the progress of the research on
CISe/CIGSe based solar cells, Mo has become tleeerefe back contact metal for CIGSe,
meeting both the low cost requirements and thetredat compatibility with CIGSe.
However, in a publication from 1988, Moons et &lowed that the best contact ohmicity on
CIGSe can be achieved using A% thanks to the high work function and chemical
compatibility of CIGSe with Au.

In standard CIGSe solar cells, the absorber thekmetypically between 15m and 2.5um

as previously mentioned, which is sufficient fomyguete absorption of the incident light
because of the high absorption coefficient of CiIG$mwvever, when the absorber thickness is
reduced, the reflectivity of the back contact beesma key parameter to optimize for not
degrading the cell performances. The low refletiof Mo *° does not meet the requirements
for application to very thin absorber (¢im) solar cells and alternative metals have been
considered. In an early publication in 2003, K. &sa et af-* fabricated Cu(In,Ga)$eolar
cells with a variety of different back contact niet@V, Mo, Cr, Ta, Nb, V, Ti, Mn) and

investigated the influence of reducing the absortieckness. Three different CIGSe
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thicknesses were tested (1800 nm, 900 nm and 45®ymirect deposition of CIGSe on the

metallic substrate, and scaling of the depositiore$. The composition of the CIGSe layer
was analyzed by scanning electron microscopy (S&M) energy dispersive X-ray analysis
(EDX); the authors found that during the depositbithe CIGSe, the metal contacts W, Mo,
Ta and Nb are almost inert whereas Cr, V, Ti andtéfrd to react with Se. For Ti and Mn,

the reaction is total and the metal films are catgdly consumed whatever the deposited
CIGSe thickness; therefore, it was impossible torifate a solar cell from these metal
substrates. EDX analysis of the metal/semicondunterface revealed the formation of a thin
and well defined selenized metal film for Mo, TadaNb. A similar selenized metal film, but

with more graded boundaries, is also observed foar@ V, in agreement with the fast

interdiffusion process with these metals.

The reflectivity of Ta, Nb, W, Mo and Ag in air waalculated (figure 1.a) from the complex
refractive index to evaluate the potential of eawtal to provide sufficient reflection in the
case of very thin absorber layer. Ag was only sttbae an example of a very reflective
metal, but is not applicable as previously report€d The reflectivity of Ta and Nb was
found higher of about 10 % than Mo and W in the aad infrared (IR) part of the spectrum
(A > 700 nm). This spectral region being the mogtcaliin the case of thinned absorber, the
authors stated that replacing the back contact ayoil Nb should allow a significant

improvement of the optical properties of very thiliGSe solar cells.
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Figure 1. (a) Optical reflectivity spectra for different taés in air; (b) Simulation of the
optical absorption of different back contact meialCIGSe solar cells as a function of the

thicknessd,ss.- JossiS the calculated current density that is loghie back contact by optical

absorption?*
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In order to evaluate the current density loss atltack contact depending on the reflectivity
of the metal, the author described the solar celstack of perfectly smooth plane-parallel
layers with abrupt surfaces and used the matrim&tism to calculate the electromagnetic
field distribution in the solar cell stack, the igpt index and the thickness of the different
layer being the only input parameter to fully detere the optical properties of the complete
stack %2 Figure 1.b presents the calculated current densiés dss under A.M. 1.5

illumination as a function of the absorber thiclads,, for different metallic back contacts.

They saw that for absorber with the standard thasknaround 2000 nm), the influence of the
reflectivity of the back contact is negligible atiee current loss is almost zero whatever the

metal. The losses increase when reducing the afrstrltkness, and fod g, <1000m,

the influence of the back contact reflectivity be@s clearly visible, the most reflective
metals allowing to limit dss The difference between Ta/Nb compared to Mo/\dseto
increase when the absorber thickness is reducectheisioned by the authors, a reduction of
Joss does not result in an equal increase of the shiantit current of the solar celly) since
light reflected from the back contact can escapenfthe front side of the solar cell if not
absorbed in the second pass. They therefore suffiyeséry sub-micronic absorber devices
the replacement of the conventional flat solar sglicture by structures using light trapping

or light scattering.

In this paper, the solar cells with alternative baontact were also electrically characterized
using J-V measurement under A.M. 1.5 illuminatiand the extracted photovoltaic
parameters of two sets of solar cells are preseigede 2. The first set had an absorber

thickness ofd_ s, = 900nm without bandgap grading, and the second set hadceased
bandgap at the back surface (Ga-grading) with aoréler thickness odl .., =1400hm. For

the solar cells without graded bandgap, the auttférsbserved a successive decrease of the
efficiencies for different back contacts in theardV, Mo, Ta and Nb. The losses are from a
decrease in open circuit voltageg:\and fill factor FF, while thesdscatters from about 27 to
28.5 mA.cn¥, most likely due to slight thickness variation the absorber layer from a
sample to an other. When a bandgap gradient isduated, it causes a “reflection” of the
minority carriers diffusing towards the back comt&é For the back side graded solar cells,
the authors observe that thg.\éf devices with W and Mo remains unchanged, wisetba

Vo Of devices with Ta and Nb increases almost tddtel of W and Mo. This indicates that
the interfaces CIGSe/Ta and CIGSe/Nb are passiygtéde graded bandgap at the back side
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of the device while W and Mo seem to provide aisidifit self passivation. The short circuit
current in this case differs by approximately 1.8.om?, since the absorber is 500 nm
thicker in this case (Ga-graded solar cells). Havewno effect from the reflectivity of the
back contact is observed by the authors in thisobetxperiment, and it is very likely that
more reflective metals like Ag or Au should be ugemhe wants to increase the absorption in

the CIGSe for thinned absorber solar cells.
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Figure 2. Conversion efficiency), open circuit voltage ¥, Fill Factor FF and short circuit

current Jsc of CIGSe solar cells with back coniaGtMo, Ta and Nb. The open circles

presents solar cells with a Ga-grading at the bdek& s, =1400hm), the squares cells

without Ga-grading d,es. = 900nm) *??

Such a Ga grading has been widely investigated b¥dbff's team in reference>*% In

this case, the Ga grading was introduced durindjittstestage of the co-evaporation process to
produce a CuGaSnterfacial layer between the CIGSe and the backact. As we reported

it in Chapter I, this Back Surface Field (BSF) lapa a 2um CIGSe solar cell allowed to
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increase both the FF of about 5%, and thg & 30 mV, but surprisingly the Jsc was
unchanged in referenéé According to the authors from refererféethe reduction of back

contact recombination was counter balanced by ase@ bulk recombinations in the CIGSe.
In reference®®, Lundberg et al. found that a Ga enrichment athihek side of the CIGSe

allowed to increase the low energy photons gengreaerier collection by reducing the back
contact recombination, as can be observed in tleet& Response figure 3. They showed
that by reducing the CIGSe thickness down to 500thmbeneficial effect of the Ga-grading

was increased, leading to an average +2.5% relativease of the efficiency.
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Figure 3. EQE for devices with and without Ga-grading buikr Cu/(In+Ga) ratio. The
CIGSe thickness is a standard 2000 fim.

Transition metal nitride are credible alternaties reflective back contact application, as

they combine a relatively high reflectivity and @od chemical stability.

Malmstrom et al. demonstrated in 2083 an optical gain in the EQE at 500 nm absorber
thickness by using a TiN back reflector. Howevel\ Xields to a higher reflectivity, and they
reported in 2004 the application of ZrN as refleetback contact on a 500-600 nm absorber
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CIGSe solar cell$®. In this study, different solar cell configuratiare studied: a standard
Mo back contact, a direct ZrN/CIGSe contact (camfagion A), a direct ZrN/CIGSe contact
with a Ga grading at the back side (configurationa®d a ZrN/CIGSe with an interfacial thin
MoSe layer (configuration C). Figure 4 compares thecsfs device reflectance (R)) and

the EQE K) for the ZrN back contact samples (A,B,C) and ¢beesponding Mo reference
samples. They noted that the reflectivity of ale thamples with a ZrN back contact is
significantly higher than with the standard Mo backitact; this corresponds to light reflected
at the back contact that escapes from the solar et difference between the three ZrN
sample is most probably related to slight diffeena the absorber thickness between the
samples. As expected, the ZrN reflector cells eximberferences and an increase of the EQE

in long wavelength range compared the solar cetls standard Mo back contact.
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Figure 4. Comparison of specular device reflectance andreat quantum efficiency spectra
of the best solar cells of reference samples wahdard Mo back contact (dashed lines) and

ZrN reflector samples (solid lines) in configuratia, B and C*?°

Table 1 summarizes the photovoltaic propertiehefdifferent solar cells. It is observed that
unfortunately, the gain in the EQE is partly offegta degradation of the,yand the FF for

configuration A and B. This indicates that the &imaic properties of the device have been
modified by the introduction of the new ZrN backntact. As pointed by the authors, the
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band structure of the metal/CIGSe interface isrdateed by the difference in work functions
and density of interface states, which directly atipthe back contact recombination rate of
the electrons as well as the contact resistancef Rhe holes. The FF and,Vdecrease is
interpreted as being related to the fact that thekviunction of ZrN is significantly lower (4.7
eV) than the work function of CIGSe (5.3-5.5 e¥/}. With a Mo back contact, it is well
known that a MoSe2 interfacial layer that lowers tacombination rate of the electrons and
the contact resistance of the holes is formed duttie CIGSe deposition process, which is
not the case when deposing CIGSe on a ZrN subsiragrefore, with the introduction of a
thin MoSe2 layer at the ZrN/CIGSe interface (comfagion C), it is possible to retrieve a
series resistance equivalent to the reference sahrwith Mo back contact, as well as
increase the ¥ and FF. On the other hand, and despite the baptgcal properties of the
ZrN back reflector, the averageg ik at the same level as the reference solarwhbith is an
indication of collection losses. In configurationtBe introduction of a Ga grading at the back
side of the CIGSe allows to significantly increéise J. of the ZrN solar cell compared to the
reference Mo back contact (26.9 mA:€mersus 25.5 mA.cif). The authors anticipate
further improvement of the performances of the rsoédls by combining the Ga grading with

the interfacial MoSglayer on a ZrN back reflector.

Configuration A B C
Voc (mV) 456 (535) 572 (637) 580 (518)
FF (%) 62.8 (72.5) 66 (70.9) 70.5 (69.8)
Jsc (mA.cm-2) 24.9 (25) 26.9 (25.5) 25.4 (25.5)
n (%) 7.2(7.9) 10.2 (11.4) 10.4 (9.2)

Table 1 Average A.M. 1.5 solar cell parameters open dircoltage (Vio), fill factor (FF),
short circuit current ¢ and conversion efficiencyf of the ZrN back contact solar cells (in
parentheses: Mo reference devices for each coafign). The CIGSe thickness is 500-600

nm. 125

In order to further enhance the reflectivity of thack interface, different studies suggested
the introduction of a Transparent Conducting OXiEO) at the interface between the metal
and the CIGSe.
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V.2.b) Transparent back contact

In a publication from 2007, Campa et &.studied from a theoretical point of view the
potential of a flat highly reflective TCO/metal lkiacontact in thin CIGSe solar cells. The
introduction of a thin TCO layer - in this case ZrQ@llows to increase the reflectivity of the
back interface thanks to an optical index matchiMgreover, the ZnO can be used as a
protective layer to prevent diffusion of metal atom the CIGSe, and thus allows to use
metals such as Ag. The authors used the opticallator Sunshing®® to carry out the
simulations. In this study, a very thin 360 nm abso CIGSe solar cell is simulated and the
influence of different back contact configuratioesanalyzed. The ZnO layer at the back side
is 100 nm thick and the metals considered are MbAp Figure 5 presents the simulated
External Quantum Efficiency for the 360 nm absorbelar cell with three back contact
configurations: ZnO/Ag, ZnO/Mo and a standard Makbaontact. The authors observed a
slight improvement of the EQE for the ZnO/Mo configtion compared to the standard Mo

back contact solar, with AJ_. = 033mAcm™ . The increase is much more important for the
ZnO/Ag configuration due to the much higher refdty of Ag, and a significant
enhancement of the EQE is obtained in the long lgagth range compared to the standard
solar cell @AJ_ = 248mAcm™). However, the authors also underline the fact thdarge

amount of the light that is reflected at the backtact still escapes from the solar cell due to

the insufficient light trapping.
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Figure 5. Simulation of the effect of different back corttaon the EQE of a 360 nm CIGSe

solar cell*
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Introducing a transparent conductive spacer ab#tuk side of the solar cell is of particular
interest in the scope of using alternative eleatriosulator materials as back reflector;
moreover, it could act as a barrier to prevent imerdiffusion of undesired species
throughout the absorber during the high temperapmezess. Most TCOs are n-doped
semiconductor, and interface with the p-CIGSe cdeddl to a rectifying behavior instead of
ohmicity, which would irreversibly degrade the peojes of the solar cell. The most
extensive work on the topic of transparent backarfor CIGSe solar cell has been carried
out by the team of Prof. Nakada during the lasedet*”**° They demonstrated that it was
possible to achieve efficiency comparable to Mokbaantact by using highly doped Snb
(FTO) or SnQ:In (ITO) as transparent back electrode in a stah@sb um CIGSe solar cell
127" The best efficiency achieved were about 15% HothFTO and ITO, although ITO
showed a better temperature stability which isaaitto further enhance the efficiency. Using
these TCO back contacts, it was possible to fateribafacial 1000 nm thick CIGSe solar
cells for tandem applicatioff® with a 11.3 % efficiency for front side illuminati and 8.9 %
efficiency for back side illumination. This resuft remarkable given the relatively low

absorber thickness and the fact that the back cbista n-doped semiconductor.

ZnO:Al offers interesting properties if used asaglbcontact in CIGSe solar cells; it is both
highly conductive, very low cost and is alreadydisefront electrode in CIGSe solar cells.
However, n-type ZnO:Al and p-type CIGSe interfafasns a rectifying junction rather than

an ohmic junction. Rostan et al. reported the za#ibbn of a transparent and ohmic
ZnO:Al/MoSe contact for CIGSe solar celtd’ by selenizing a very thin Mo layer (less than
20 nm) on top of the ZnO:Al using a NaF precurdon prior to the deposition of the CIGSe.
The MoSe2 layer allows to modify the contact prtipsrbetween n-ZnO:Al and p-CIGSe and
leads to an ohmic behavior; figure 6 shows the darkent-voltage characteristic of different
interfaces with CIGSe: Mo/CIGSe, ZnO:Al/Mo/NaF(M@BEIGSe, and a direct

ZnO:Al/CIGSe interface. They saw that the ZnO:AlMg/CIGSe had a purely ohmic

behavior with a contact resistance R 0.6Q.cnm” while the direct ZnO:Al/CIGSe interface
forms a junction with a rectifying p-n diode chamistics and a zero voltage resistance
of R=272Q.cn?’. The lowest resistance was however achieved Wétstandard Mo/CIGSe
interface with a resistance d® = 0.045Q.cn®. By using the alternative transparent back
contact, the authors realized a solar cell whicht@yoltaic parameters are listed in table 2,
and compared to the parameters of a standard C$8l8e cell with Mo back contact. The

short circuit current and the open circuit voltagéh the transparent back contact are even
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higher than those of the Mo reference back comtecice. However, the FF is degraded with
the transparent ZnO:Al/MoS€FF = 65.4%) back contact compared to standardbisick

contact (73.3%); this is directly related to thegher serie resistance in the first case

(R=29Q.cn versusR = 039Q.cn?’ for the reference solar cell).
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Figure 6. Dark current-voltage characteristics of CIGSeftwuctures with different back

contacts (inset). The considered back contactZm@eAl, ZnO:Al/MoSe2, and as reference,

pure Mo™*°.

Back contact Voc Jsc FF n Rs
(mV) (mA.cm™) (%) (%) (Q.cm™)
Molybdenum 601.2 31.3 73.3 13.8 0.37
ZnO:Al
+ 10 nm MoSe, 613.8 335 65.4 134 29

Table 2 Photovoltaic parameters of CIGSe solar cells dferdnt back contact, from

reference*°
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As previously reported, the high temperature sabstbased process of the CIGSe deposition
is a problem for using alternative materials askb@mntact. Another idea is to process the
back contact at low temperature after depositiothef CIGSe, in a superstrate-like process,
although standard superstrate process is not appgicto CIGSe without an important
decrease of the performances of the solar celleMoto and Anegawa et al. used a lift-off

technique®! 132

to peel a CIGSe layer originally grown on Molybden from its substrate
and transfer it to a polymer substrate, in the saafrealizing high performance flexible solar
cells. The lift-off process that is used in thesed®es unfortunately creates damages in the
CIGSe layer (cracks) that irreversibly decreases dblar cells performances. The authors
proposed different techniques to reduce the striairthe material during the lift-off, and a

efficiency of 6.6% is achieved after lift-off, stimg from a reference 11.4% solar céfl

V.2.b) Conclusion

In the literature, we have seen that replacemettteoback contact of a CIGSe solar cell is a
key issue to design high performance thinned alesoamd ultrathin CIGSe solar cells.
However, the high temperature substrate based ggocemplicates the use of alternative
materials, and previous studies could not take @tdg® of the best candidates materials as
light-trapping efficient layers; therefore, the mgin efficiency were only moderate compared
to the reference Mo substrate. An extensive woekbdeen done in the past decade to achieve
ohmic transparent back contacts for CIGSe. Thiseiy/ interesting since it significantly
broadens the range of materials that can be usadask contact for CIGSe solar cells. The
lift-off process that has been used for flexibléas@ells by Minemoto and Anegawa is an
interesting path as it would allow us to processhihck contact at room temperature, but it is
necessary to control the technique sufficienthatoid the degradation of the CIGSe films
during the lift-off.
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V.3) Metallic back contact

V.3.a) Introduction

In this section, we consider the use of alternatitals as reflective and ohmic back contacts
on very thin absorber solar cells, down to 300 Antift-off technique is used to separate the
CIGSe layer from its original Mo substrate, and @tenal characterization of the back side of
the solar cell is performed (SEM, SpectroscopicipEtimetry, XPS). From these
characterizations and based on literature datsstuay the optical potential of a wide range
of metals as reflective materials for the back fl€€IGSe solar cells. Also, the different
metals are electrically tested on CIGSe by Transions Line Measurement (TLM) to
evaluate their potential as low resistivity ohmigntact. The material that combines low
resistivity and high reflectivity is used as aresatiative back contact on a solar cell serie with
different absorber thicknesses, from 1800 nm daw®00 nm, and compared to standard Mo
back contact solar cells with the same absorbekilesses. The complete serie is electrically
characterized, and the alternative reflective baoktact solar cells show an important
increase in the performance of very thin absorbevicgs compared to the default

configuration.

V.3.b) Experimental

The Cu(In,Ga)Se absorber samples are prepared on Mo/soda limes glabstrate by
coevaporation at Wiirth Soldr(same as in Chapter Il and IV). The absorber rgyare
etched from the front side using the chemical brmmprocess that was described in the
Chapter Il and the solar cells are completed it standard CdS — 50 nm/ZnO:i — 70
nm/ZnO:Al — 400 nm stack and a Ni contact grid (200) is deposited on top of the device.
The solar cells are encapsulated using a comme&@amponents epoxy (Araldite 2020) and
a 2 mm soda lime glass, and the lift-off is perfedrby mechanical separation of the two
glasses. When separated from its Mo substrate, didéis (Mo side and CIGSe back side) are
characterized by X-ray Photoelectron Spectroscogingu a monochromatized AK

excitation and a Thermo Scientific K-Alpha analyaed spectroscopic Ellipsometry without
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any additional treatment in order to investigaie pioperties of the Mo/CIGSe interface. It is
possible to etch with the bromine solution the bsidle of the lifted-off CIGSe solar cell, thus
combining front side and back side etching. Theraltive metals on the back side of the
solar cell are deposited by thermal evaporatioroaim temperature directly on the CIGSe
surface. The solar cells are characterized usinigalad under A.M. 1.5 illumination Current
Voltage (J-V) measurements, and the resulting cuare fitted using a two diodes model.
The ohmicity of the different metals on CIGSe amalized by Transmission Line
Measurements after deposition of metal pads orb#lok side of a directly lifted-off CIGSe

layer (no CdS or ZnO on the front side).

The lift-off of the CIGSe consists in a mechanisaparation of the CIGSe layer from its
original Mo substrate. The different steps of ilftedff are schematically represented figure 7.
After deposition of the CdS/ZnO:Al front window, waechanically scratch the solar cell
down to the Mo with a doctor blade at one edgeh(\aitvidth of about 2 mm) of the sample
before deposition of the Ni grid (figure 7 step By. doing this, the Ni also deposits on a
small area of the Mo, which is important for thdaing. The Ni grid is then evaporated on
top of the solar cell (figure 7 step b); a 2 mntkisoda lime glass is bound on the device with
the epoxy (figure 7 step c, the epoxy is represktri@nsparent on this scheme). When the
epoxy is completely dry (typically after 12 houadthough annealing at 60°C speeds up the
process), we cut the epoxy on the edges with aoddiade (figure 7 step d) to ease the
cleaving. The final step consists in the lift-d#alf. We started by applying a lateral opposite
strain between the two glasses, but we noticedahagrtical strain leads to the same results
and doesn’t degrade the CIGSe layer either (figustep e). Our best results were achieved
with a vertical strain that cleaves the two pafise Ni/Mo interface having a low adhesion,
the two metals separates during the lift-off amskgure 7 step e. This allows to keep the
electrical contact with the front side of the satatl which is now recovered by epoxy and
glass. If the operator performs correctly the défe steps, the strength needed for the lift-off
is very low because of the relatively weak integfdetween CIGSe and Mo. However, some
relatively rare samples seemed much harder toflifthan others without any relation to their
efficiency and quality. Additional experiments areeded to determine the reason why some
samples are more adherent than others. It is plelkhahat the lamellar sheet structure of
MoSe is beneficial for the lift-off. However, accorditig referencé>? it is possible to grow

either vertically or horizontally oriented MoSsheets depending on the CIGSe deposition
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conditions. Such change may modify the adhesiompgites of the CIGSe to the Mo
substrate.

CIGSe/CdS/... CIgSe/ cds/...
Mo Mo
Glass Glass

Ni contact grid Glass + epoxy glue Cutting the glue

on the edges

d

4

. "'{SPD/ 359D <::I [aJSe/CdS/...'

sse|o Mo

Mechanical cleaving Glass

Figure 7. Schematic representation of the different stdps mechanical lift-off of a CIGSe

solar cell

It is also possible to perform a direct lift-off ansingle CIGSe layer without CdS or ZnO:Al.

In this case, there is no constraint due to theessty of keeping an access to the front
electrical contact, and the lift-off just consistbonding the glass with the epoxy directly on
top of the CIGSe and cleaving mechanically the @&8m its Mo substrate. This method is

used for material characterization of the Mo/ClGi&erface (XPS), optical characterization

(ellipsometry) and electrical characterizationhad tifferent metal contacts (TLM).
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V.3.c) Chemical analysis of the Mo/CIGSe back conitaterface

After the lift-off of a single CIGSe layer, the spla is similar to what is shown figure 8 and
both part (Mo side and CIGSe side) can be analgeparately by XPS measurements. This
XPS study has been done in collaboration with alleagues from “Institut Lavoisier de
Versailles”.

Figure 8. Picture of a CIGSe single layer (right) aftet-off from its original Mo substrate
(left)

Figure 9 shows the XPS survey spectra of both Cl&@®keMo surfaces after the lift-off. The
spectrum of the initial Mo back contact in Figura & dominated by core levels and Auger
lines of Mo and Se, demonstrating the diffusiorSefinto the Mo back contact. The Se/Mo
ratio is estimated with the Se 3d and Mo 3d covele The Mo 3d peak is corrected from the
Se 3s overlapping contribution. Quantification erfprmed with the Thermo Avantage©
software using respective peak areas (Shirley bgmkground subtraction) and taking into
account the respective photo-ionization cross sesti inelastic mean free paths and the
transmission factor of the spectrometer. The Sefddim is found to be close to 1.9 which
indicates the formation of a MoSéayer on top of the Mo back contact, as it hasnbee
investigated by various group$™3* ', This interfacial layer has been reported as resde
for a quasi-ohmic contact between the Mo back cvraad the absorber lay&ft 1t 2 1%
despite the low work function of Mo. The three detpectra (insets) show the high
resolution Ga 2p and In 3d spectra, whereas th&Clines are not detected. This is an

indication of the diffusion of In and Ga into theoMback contact, which, with an atomic
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concentration of <1%, remains considerably weakan the diffusion of Se. These results are
coherent with investigations by Weinhardt et#, who also reported the diffusion of Ga into
the back contact, whereas a Cu diffusion was ns¢ed.

The XPS spectrum of the CIGSe back surface in Ei§ub shows the core level and Auger
lines of the absorber elements Cu, In, Ga, andJSimg the intensities of the core level lines
Se3d, Ga3d, In4d and Cuzp Gazp),, respectively the overall XPS composition of the
CIGSe back surface was calculated leading to Galr, Cu/(Ga + In) = 0.2 and Se/(Cu +
Ga + In) = 1.2 corresponding to 2Se/(Cu + 3Ga ) 3I0.9. The standard composition for
front surface Cu(lny,Ga)Se2 absorbers is determined by atomic absorpf@ttoscopy

(see Chapter IlI) titration and corresponds to 0.5, 1.1 and 0.9 which are the reference
values. In comparison to these values, we obsef¥e depletion and a Ga enrichment at the

CIGSe back surface. At this surface, only tracedafind a small amount of O are detected.

Ga2p Se LMM
Mo 3p
Mo 3s Mo3d

P e T AR H Se3p

‘1140 1120° 960 94 ) ‘
— ) / ‘ - Se3d
>
S |Mo MNN (a)
.*?XF’S-AlKoc:::::::::::4’:50::‘?4(:)::::{
L b In 3d Gass
2 Ga 2p ( ) Ga 3p
i O1s

O KVV |

1200 1000 800 600 400 200 0
Binding Energy (eV)

Figure 9. (a) XPS survey spectra of the Mo back contaetr dift-off. The three insets show
detail spectra of the Ga2p, Cu2p and In 3d corellénes. (b) XPS survey spectra of the

CIGSe absorber back surface
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Figure 10 compares spectra in the energy range @f3pl and Mo 3d core levels for a
reference front side CIGSe surface, a referencesMéace and for the lifted CIGSe back
surface. The CIGSe reference surface (front sislgyrépared by wet chemical etching in a
bromine solution which does not modify the compositand leaves a de-oxidized surface as
previously studied in Chapter Ill. The Mo is dipp&d HCI before reference spectra
acquisition. Despite the presence of Se LMM and_@& Auger lines and the overlapping
between Se 3s and Mo 3d peakd the comparison between the respective energy
distributions in these spectral regions excludeptesence of Mo at the back side of CIGSe
(within the 0.1 at.% detection limit of XPS) andusha possible diffusion of Mo atoms into
the absorber layer. This finding, combined with #@desence of Cu on the back contact
surface, shows that the lift-off technique allowesprecisely separate the CIGSe from its
substrate at the very interface between the twertayThis process is therefore directly
applicable for the replacement of the back contdareover, the lift-off as we perform it is a
very powerful tool that opens the way for sharp esalistic optical characterizations of the

back interface.

(a) In 3d (b) Mo 3d

CIGSe lifted

Mo 3p
|

CIGSe lifted

ClGSe ref.

Intensity (a.u.)

ClGSe ref.

Mo ref. Ga MM —
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Figure 10. XPS spectra of the CIGSe absorber back surfas@S€ (front side) and Mo

references in the Mo 3p (a) and Mo 3d (b) energgeavindows

In the following part, we optically analyze the MG Se interface by using the lift-off and

the potential of alternative metals as more reiffedback contacts is also discussed.
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V.3.d) Optical characterization of the Mo/CIGSeenfiace and alternative

back contact interface

In order to calculate the optical reflectivity diet Mo/CIGSe interface, we used Spectroscopic
Ellipsometry measurements on both sides of a Cl&®eples after lift off (figure 8). We
determine the complex refractive indék=n-ik from measurements of the real and the

imaginary parts ., Kyo » Nciese Keisse) fOr the Mo side and the CIGSe side. In both sdke

determined values describe the entire material camgs considering the intermixing at the
interface and the resulting interface chemistry ihaiscussed in the previous part. Due to the
high absorption of the 2500 nm CIGSe material, whichibits the contribution of the
epoxy/glass substrate, we assumed an infinite Bbesdilm thickness and thus did not
perform a multi-layer analysis as commonly doneeltipsometry data. The optical functions

of CIGSe (¢ gse Keicse) are plotted in Figure 11 together with literatulata. The extinction
coefficient k4. is in good agreement with the data by Alonso et*3land is between the

values of Orgassa et af> and Theodoropoulou et &f°. The values ohs, are comparable

to the data by Theodoropoulou et'df.and are considerably smaller than the data bys&on
et al.»*® and Orgassa et df2 In the range/ =1000hm, interference fringes appear caused
by the low absorption of the CIGSe material for l@wergy photons and the resulting
reflection of light in the substrate. The assumpid a semi-infinite condition on the CIGSe
film is no longer valid and the data become inaatajrthey are therefore shown as grey lines.

Our data still show however a reasonable agreemigimtiterature data.

According to the simulations presented in Chaptemtreasing the reflectivity at the back
interface of the solar cell is a key issue to gigantly increase the absorption in a very thin
CIGSe layer. High reflectance at the back contact be obtained by a large contrast in
refractive indexes between the absorber and thie dmadact material. In order to evaluate the

potential of different metals as back contact atlles, we simulate the reflectivitR at the

metal/CIGSe interface by using the optical data i previously obtained by ellipsometry
on the back side of the CIGSe and on the Mo substamd refractive indexes for different

metals from Palik® (Ag, Al, Cu, Au, Ni, Pt, pure Mo) computed in tReesnel’s equation for

2

l

>

Metal

Metal +

normal incident direction on a flat interfacR = CiGSe

S| 3
l

>

CIGSe
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Figure 12 is the calculated reflectivity for thaiferent metals on a lift-off CIGSe layer. The
curve referred to as “real interface” is the cadted reflectivity on CIGSe of the Mo side of
the sample (figure 8) after lift-off, i.e. the “teldack contact”. As observed, the real back
contact shows a very poor reflectivity, beldv=20 @én the whole absorption spectrum of
the CIGSe (~ 400 nm to 1100 nm) and it is everhé@%-5% range for wavelength lower
than 800 nm. This is attributed to the Mg$8#erfacial layer that was previously observed by
XPS. Pt, Ni and metallic Mo show better reflecivroperties, but still with values below

50% on the CIGSe absorption spectrum, decreasing do R = 20% for a wavelength of
A =500hm, which means that these metals are not suitablefestive back contacts for

application to very thin absorber 