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Motivation

At research level, the copper-indium-gallium-selenium (CIGS) thin film technology exhibits a
now record efficiency of 22.3% to be compared to bulk silicon technology which is at 25%
and 25.6% for monocrystalline and heterojunction with intrinsic thin-layer (HIT) structures,
respectively (non-concentrator illumination) (Figure 1.1) [NREL 20161 The CIGS-based
technology has so attracted considerable attention since it can provide high efficiency, more
than twice a-Si technology, and less environmental concerns than CdTe technology.
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Figure 1.1: Best research cell chart NRE-20161 (|t has to be noticed that higher efficiency
values for the CIGS based technology have been recently announced by both ZSW (22.6%
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Nevertheless, thin film technology still faces silicon supremacy even if its raw material
consumption is roughly 100 times less and hence thwarts the basic idea that was the seed of
its study. However scientific and technical aspects are not solely accountable and geopolitical
financial aspects have a major impact on the respective development and deployment of these
technologies. We will not enter this debate and we just report factual data on the current and
forecast technology deployment [CVR 20161 Main thin film technologies, CIGS and CdTe,
contribute equally to share together 8% of the whole market.

140.0 -
120.0 -
100.0 -
80.0 - —
B0.0 - —

40.0 - — B

Installed capacity [GW)

20.0 4

0.0 -

2012 2013 2014 2015 20M6 2017 2018 2019 2020 2021 2022
B ionacrystalline m bulticrystalline m CdTe mAmorphous Silicon® CIGS

Figure 1.2: Germany's market share (actual and forecast) of the main photovoltaic
technologies [¢VR 20161,

Contrary to bulk silicon technology, thin film solar cell technology is a very promising
solution, especially when it is applied to the fabrication of photovoltaic glass for building
integrated photovoltaics (BIPV) where the use of crystalline silicon-based technology leads to
a rather unpleasant aesthetics with checkerboard visual effect [for example, Himinsun 20161 (Fjgre
1.3a). In such applications, some new designs are based on micro-patterned or laser-machined

thin film cells leading to adjustable glass transparency (and consequently power generation)
by layout [CROSSLUX 2016]

Figure 1.3a: Bulk silicon based BIPV Fig 1.3b: Thin film based BIPV

[Himinsun 2016] [CROSSLUX 2016]
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As can be seen on Figure 1.1, thin film technologies have recent challengers that are gathered
together under the emerging PV banner. Particularly, the perovskite cell family exhibits a
sharp performance increase those last years. Nevertheless, these latter still suffer from up-
scaling and lifetime issues that CIGS technology has already proven to comply with. This is
reflected by Figure 1.2 where no deployment, and so related industrial development, of such
technologies are forecast in the following years.

One of the key steps in the fabrication of CIGS-based solar cells is the choice of the absorber
deposition technique, to which, cells performance is strongly dependent. Furthermore, the
choice of the nature and the deposition technique of the buffer layer is another crucial step for
achieving high performance solar cells.

At the industrial level, several companies working in this field have developed their
appropriate process. In table 1.1, we present the used process and the achieved efficiency by
the two pioneer manufacturers of CIGS thin film photovoltaic solar panels.

Company Solar Frontier AVANCIS
[Solar Frontier] [AVANCIS]
Back contact Sputtered molybdenum layer
CIGS deposition process Two steps process: material sputtering/selenization
Buffer layer: process/nature CBD/ZnS«01« Evaporation/In,S,
Window layer i-ZnO/IllA-doped ZnO
Sub-module efficiency % 17.5 17.9

High deposition rate
Good uniformity over large surfaces
Low cost
High yield

Advantages of using sputtering
process for CIGS layer
deposition

The need for a selenization step is still pointed out as a real

CIGS process .
issue

Drawbacks
Buffer layer Waste recycling of ZnOS

) High-cost
nature/process solution

Table 1.1: Followed process by the pioneer manufacturers of CIGS thin film photovoltaic
solar panels: advantages and drawbacks. (It has to be noticed that efficiency values are
here different from the ones shown in Figure 1.1 that refer to elementary cell data).

Thin film cell technology development and in a broader term photovoltaic research activity
started at IEMN in 2009 by the PhD of Thomas Aviles in the frame of a "Délégation Générale
a I'Armement" support. The goal was to investigate an energy harvesting technology able to
be integrated with other electronic functions onto the same chip. Photovoltaic technology was

© 2016 Tous droits réservés. -5- lilliad.univ-lille.fr
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then focused on since it allows furnishing larger energy amount that other alternatives such as
piezo- or thermo-electricity at this scale. Co-integration led us to thin film technology and our
core trade to physical vapor deposition. At that time, such an approach was quite innovative,
moreover taking into account the different guidelines we self-imposed. Main were: i) use of
single target for absorbing layer, ii) removal of hazardous gas or process and iii) decrease of
thermal budget. This PhD work is so in continuation of the previous PhD work of Thomas
Aviles It has been carried out in close collaboration with the new startup ’CROSSLUX"’
which works on the development of photovoltaic glass for building integrated photovoltaics
(BIPV) (see Figure 1.3b) Thomas Aviles is additionally involved in. Our ultimate goal is then
developing a full sputtering deposition process. Furthermore, reaching a reduced
environmental footprint drove us removing both selenization step and cadmium material from
the fabrication process.

Scientific approach

The outcome of these 3 years of PhD work is structured in five chapters. Chapters 1 to 4 are
composed of two parts: a first part in which the state of the art is given, while in the second
part we present our scientific contributions. CIGS cells being studied from a while, we
thought it was important to make a clear situational analysis before describing our work.

The first chapter will be devoted to understand the role of molybdenum layer as a back
contact, to understand, explain and develop an innovative solution for the commonly reported
substrate bending issue which can be of real concern in the BIPV application targeted by
CROSSLUX (up to 2m x 4m window glass size, in fine).

In the second chapter, after a very detailed overview on the already obtained results, an
original deposition process for the absorber layer will be presented. It gathers the three main
guidelines reported above, i.e. the use of a single quaternary target, no use of Se based process
and limited thermal budget.

The purpose of the third chapter will be to develop a standard (CBD-CdS) and an alternative
(room temperature sputtered zinc oxysulfide (ZnSxO1x)) buffer layers. Basically, only zinc
oxysulfide approach by sputtering was studied. However, the chemical bath deposition
technique for a usual CdS layer was developed in order to separate absorbing and buffer layer
contribution in cell performance as well as to compare more easily with literature results.

Our contribution in the development of a sputtering process for the deposition of the window
layer will be the subject of chapter 4.

The electrical characterizations and the microstructural analyses of full fabrication stages
towards the fabrication of working solar cells will be presented in chapter 5, before ending
this manuscript with the conclusions and a brief outlook.
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This chapter is mainly devoted to the development of an innovative solution for the
commonly reported substrate bending issue.

In the first part, we will justify the choice of both molybdenum material and sputtering
deposition technique for the deposition of the CIGS solar cell back contact. We will also give
a quick review on alternative materials for specific application, their advantageous and
drawbacks. A special interest will be addressed to the commonly reported substrate bending
issue. Finally, since we believe that this substrate bending is, in somehow, related to the stress
state of the as-deposited thin films, a detailed review on the origin of different stresses within
sputtered thin films will be given.

In the second part, we will first start by proposing a simple model explaining the dependence
of substrate bending on the initial stress state of the molybdenum layer. Then, we will show
that it is possible to overcome this issue by simply using a reactive sputtering process for the
deposition of the molybdenum layer. Finally, we will show that using a bilayer structure
Mo/Mo(O) allows a more precise control of the flatness of the annealed samples.
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Part A. State of the art

1.1. Why molybdenum (Mo) as a back contact material for CIGS solar cells in standard
configuration (substrate configuration with +2.5 um thick CIGS absorber layer)?

Over more than four decades of chalcopyrite solar cells development, molybdenum is always
used as a reference back contact material “’thanks to its low cost and abundance, excellent
mechanical and electrical properties, low reactivity with and diffusivity into the CIGS layer,
ability to conserve this properties at/after high temperature deposition/annealing process of
CIGS, and its ability to form an ohmic contact with the CIGS absorber layer’’.

On the other hand, sputtering deposition technique is commonly used for the deposition of
molybdenum back contact of CIGS solar cells. In addition to the reduction in fabrication cost,
the use of sputtering offers the possibility to manage the stresses within the molybdenum
layer. Furthermore, sputtered molybdenum layer density, which is easily controlled by
changing the deposition conditions, is known to play a very important role in controlling the
out-diffusion of alkaline elements from the substrate.

All these advantages and others, related to both molybdenum material and sputtering
deposition technique, make of the sputtered molybdenum layer a back contact of choice for
CIGS solar cells.

In the following, we give some details on the most important points previously highlighted.
1.1.1.Metal-semiconductor contact nature

One very important point that should be taken in consideration while choosing the back
contact material is the nature of the metal/semiconductor (CIGS absorber) contact: forming a
low resistivity ohmic contact is a mandatory condition for a better carrier collection and lower
interface recombination.

The nature of a metal/p-semiconductor contact is commonly expressed using the Schottky
model, which shows the hole barrier height (®yp) dependence on both the band gap (Egsc) and
electronic affinity (ysc) of the p-semiconductor, on one side and on the other side, on the work
function of the metal:

®pp= Egsctysc— Pm

Taking into consideration that an ohmic contact is only achievable for a low hole barrier
height (®wp), and both band gap (Egsc) and electronic affinity (ysc) of the p-semiconductor are
constant (for a given CIGS), therefore it is clear that the use of high work function metal (®m)
IS mandatory to get an ohmic contact. Theoretical calculations have shown that the barrier
height should be less than 0.3 eV, otherwise cell characteristics will be affected. As a

consequence, the use of a metal with a work function higher than 5 eV seems to be necessary
[A. Simchi. 2014 and references therein]
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Consequently, one can expect that a rectifying contact nature should take place in case of
using molybdenum due to its low work function (around 4.4 eV); whereas, this expectation is
in contradiction with experimental results in which an ohmic contact characteristics is
commonly reported [T Wada. 2001]

In fact, the use of a Schottky model to explain experimental observations might be confusing,
since it does not take in consideration neither the surface chemistry of both sides nor their
defect densities, which might highly influence the contact type in real conditions [FH- Rhoderick
19791 Furthermore, this model is only valid for abrupt interfaces which is not the case for
molybdenum-high temperature deposited/annealed CIGS interface.

A deep investigations of the Mo-CIGS interface have revealed the existence of an interfacial
layer (MoSe;), to which the ohmic contact behavior is commonly attributed [T+ Wada. 2001 [D.
Abou-Ras. 2005] - This MoSe, layer is, in few words, the result of selenium reaction with
molybdenum surface during the high temperature deposition/annealing process (more details
will be presented in §2.7).

1.1.2.Effect of sputtering deposition conditions on molybdenum layer properties

It is commonly reported that the kinetic energy of the sputtered Mo atoms arriving at the
substrate surface, which is itself dependent of both sputtering power and pressure, is a critical
parameter for the resulting layer properties.

From the crystallographic point of view, highly oriented (110) sputtered molybdenum layers
are commonly achieved on glass substrates independently of the sputtering conditions and
even when (100)-textured molybdenum foils are used as substrates M- A- Contreras. 20001 however,
an enhancement of the crystalline quality is commonly reported for lower sputtering pressures
(higher Kinetic energy of the sputtered Mo atoms at the substrate surface) [C- Rover. 20131 [ZH. L.
2011 1 parallel to that, is was also found that the resistivity of sputtered molybdenum layers
depends on the crystalline quality and therefore on the sputtering deposition conditions: the

higher the kinetic energy of the sputtered Mo atoms at the substrate surface, the lower the
resistivity is [M. Jubault. 2011] [Z.H. Li. 2011] [C. Roger. 2013]_

On the other hand, the induced stresses within the sputtered molybdenum layers are also
believed to be dependent on the deposition conditions. As the deposition pressure increases,
the stress state changes from highly compressive to highly tensile passing by a zero point
(stress free point at low pressure) and then again down to zero (stress free point at high
pressure) [MHA- AlThan. 2001 "1y fact, this is a characteristic that is related to the sputtering
technique rather than the molybdenum material itself A Thomton- 19771 * A detailed study of the
origins of stresses within the sputtered molybdenum layers will be presented later.

Another very important property of sputtered molybdenum layers is the one related to their
adhesion to substrate. It is largely reported that sputtered molybdenum layers obtained at low
deposition pressure show a poor adhesion to substrate even if they are obtained at a deposition
pressure corresponding to the stress free point, while those obtained at high deposition
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pressure show a very good adhesion to substrate [ Scofield- 1991 It s jnteresting to note that
the adhesion is commonly evaluated using the so called tape test.

To sum up, using sputtered molybdenum layers with a good adhesion and a low resistivity is
mandatory for high efficiency CIGS solar cells. However, obtaining a single molybdenum
layer with both properties at the same time seems to be difficult, if not impossible, since the
first property is achievable at high deposition pressure while the second is achievable at low
deposition pressure (opposing conditions).

1.1.3.Multilayer structure

To overcome the adhesion/resistivity issue, Scofield et al. have developed a sputtered
molybdenum bilayer back contact which provides a good adhesion to the substrate while
maintaining a low resistivity ['H: Scofield- 19951 “Theijr pilayer structure is based on the use of a
combination of an adhesion bottom layer and a conductive top layer, sputtered at high and
low deposition pressure, respectively. It is worth to note that since the publication of their
work in 1995, the bilayer structure became a reference structure, used by everyone, for the
deposition of sputtered molybdenum back contact of standard CIGS solar cells (substrate
configuration).

Furthermore, a trilayer structure was also developed in the last few years. This trilayer
structure is based on the addition of a high pressure deposited third layer on the classical
bilayer, aiming in controlling the CIGS orientation [D:- Shin. 2012] [H.Yoon. 2014] (mqgre
informations will be given in § 2.4.1).

1.1.4.Sodium out-diffusion control

One very important advantage of using sputtered molybdenum layer as a back contact for
CIGS solar cells is the possibility of using it as a control valve for sodium out-diffusion (as far
as a soda lime glass substrate is used) to the CIGS layer. This sodium out-diffusion is known
to be easily controlled by the engineering of the molybdenum layer porosity through the
Changing of the deOSitiOﬂ conditions [J.H. Scofield2. 1995] [P. Bommersbach. 2011] [J.H. Yoon. 2012].
Furthermore, a clear relationship between the amount of the out-diffused sodium and the
oxygen concentration within the molybdenum layer (from residual oxygen in the deposition
chamber) was also found [ Scofield. 19951 [P Bommersbach. 20L]- the hjgher the oxygen
concentration the more important the amount of out-diffused sodium. It is believed that

molybdenum oxides at the grain boundaries play an important role in facilitating sodium out-
diffusion [M. Bodegard. 1999] [A. Rockett. 1999].

On the other hand, for a better control of the diffused sodium concentration into the CIGS
layer and/or to find an alternative sodium source in case of using other substrates than the
soda lime glass (flexible substrates: polyimide or metallic foils), sodium doped molybdenum
layers as a back contact were recently investigated DH: Yun- 2007] [P. Blosch. 2014] [M. Lee. 2015]
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1.2. Alternative back contact materials

In parallel to the development of molybdenum back contact layer for CIGS solar cells,
alternative materials such as: Au, Ag, Pt, Ni, Al, Cu, W, V, Cr, Mn, Ta and Nbp [ Orgassa. 2003]
[R. J. Matson. 1984] [S. Ashour. 1993] as well as some transparent conductive oxides [T. Nakada. 2005] [P.J. Rostan.
20051 "have also attracted some attention.

The reason behind the showed interest for alternative back contact materials is mainly due to
the development of other CIGS solar cell structures such as reduced CIGS absorber layer
thickness cells, bifacial cells and tandem cells, for which the use of the standard molybdenum
back contact is not any more suitable because of either its low reflectivity, its low work
function or its opacity.

1.2.1.Back contact for reduced CIGS absorber layer thickness

In standard CIGS solar cells, the fact that molybdenum has a very low optical reflection does
not create any problem since the entire incident light should be absorbed within the 2 pum
thick CIGS layer. However, for reduced CIGS layer thickness cells, only part of the incident
photons which energy is larger than the band gap can be absorbed within a single pass
through the absorber. In this case the optical reflection on the back contact might highly affect
the cell performance and therefore the use of an alternative material with high optical
reflection is highly recommended.

For this sake, various materials have been investigated and the obtained results have shown
that only few of them (Ag, Au, Al, and Cu) have a high optical reflection [#7% K. 2012]
However, the suitability of Ag, Al, and Cu has been questioned in view of their very low
work function which does not meet the ohmic contact requirement. On the other hand, even
though Au has shown high optical reflection and high work function, its high diffusivity into
the CIGS layer is still considered as a real issue.

To overcome these drawbacks, one should either use a room temperature deposition process
in order to prevent the metal-CIGS inter-diffusion, or add a transparent conductive oxide
intermediate layer between the CIGS and the low work function metal to ensure an ohmic
contact.

In this scope, Z.J.L. Kao et al. have first used a mechanical lift-off technique to peel a CIGS
layer, originally grown on molybdenum, from its substrate and transfer it to another substrate
using epoxy glue, and then deposited Au metal at room temperature (@75 Keo- 20121 Thjg
technique allowed them to fabricate reduced CIGS absorber thickness (down to 400nm) solar
cells without (almost not) influencing their performance. However, knowing that the main
reason behind the development of the reduced CIGS absorber layer thickness technology is
lowering the cell fabrication cost, is it worth to use gold as a back contact material?

A combination of high reflectivity metal (Ag) and a transparent conductive oxide (TCO) was
also used as a back contact for reduced CIGS layer thickness cells (A “ampa- 20071 “In this case
the TCO has a triple role: (i) in addition to its role as a back contact (see the next section), (ii)
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it is also used in order to allow non absorbed photons to pass through and to be reflected at the
metal surface, and (iii) to prevent the metal diffusion into the CIGS layer.

1.2.2.Transparent back contact for bifacial and tandem cells

In the framework of bifacial and tandem cell development, several groups have shown some
interest in developing alternative back contacts using different TCOs. First results have shown
that the use of TCOs as back contact is only possible for low temperature CIGS layer
deposition processes; otherwise, a dramatic degradation of cells performance take place due to
the increase in resistivity of the TCO layer [T Nakada 20051 " Thjs jncrease in resistivity is
commonly attributed to the formation of an intermediate Ga»Os resistive layer in case of using

ITO or AZO layer, and to the fluorine depletion in case of using FTO layer [T Nakada. 2005] [M.
Terheggen. 2002].

However, adding a thin molybdenum layer on the top of the TCO before the CIGS absorber
layer deposition was found to prevent the formation of the Ga.Oz intermediate layer and to
transform the rectifying contact to an ohmic contact [T- Nakada. 2004] [P.J. Rostan. 2005]: thanks to the
formation of the MoSe> layer either by a direct selenization of the deposited Mo layer before
CIGS deposition [P Abou-Ras. 20051 or by classical selenization reaction during CIGS deposition
[P.J. Rostan. 2005] “Based on this process, comparable efficiencies to those obtained using standard
molybdenum back contact were achieved.

1.3. Substrate bending after annealing

High temperature annealing of molybdenum coated soda lime glass substrates is commonly
reported leading to substrates bending.

Researchers from Saint-Gobain Glass group have investigated this phenomenon and have
concluded that the inhomogeneous temperature distribution over the substrate thickness is the
main cause of substrate bending [5- Jost- 20151,

According to them, the observed substrate bending (concave) can be explained as follow: the
inhomogeneous temperature distribution leads to a different expansion of the coated side and
the uncoated side (since the coated side is heated more than the uncoated side), which results
in substrate deformation (convex shape). Then, once reaching the substrate softening point,
the substrate bending disappears and the substrate gets back its normal shape (flat), thanks to
the mechanical relaxation of stresses due to the viscoelasticity of the substrate. During the
cooling down, a greater thermal contraction of the hotter side of the substrate would take
place which results in a bended substrate with a concave shape.

However, we have to introduce a somewhat discordant note into their explanation since it
excludes the possibility of getting convex substrates at the end of the cooling down and we
observed such a behaviour in some of our experiments.

As a solution, they have proposed the use of a both side heating system and the deposition of
an “"auxiliary®’ layer on the uncoated side of the substrate in order to ensure a symmetrization
of the temperature gradient along the substrate thickness. In other words, this auxiliary layer
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is used to counterbalance the stress existing on both sides of the substrate. One important
condition that should be taken in consideration while choosing the auxiliary layer is its
chemical neutrality otherwise an additional protective layer will be needed [ Jost- 20151,

Despite the predicted increase in production cost resulting from the use of an additional
layer, the suitability of this proposed solution for the development of photovoltaic windows
with controlled transparency should be questioned.

A more complete explanation of substrate bending was proposed by C. Broussillou, in which
both the temperature distribution throughout the substrate thickness and the tensile stress state
of the molybdenum layer (native tensile stresses resulting from the deposition technique and
created during the heating up due to the different thermal coefficients) were taken in
consideration [C. Broussillou. 2011]_

Based on these two explanations, we were able to establish a more generalized model for
substrate bending shape dependence, in case of a front side halogen lamps-based heating
configuration (RTA furnace), on the stress state within the molybdenum layer (free, tensile or
compressive). This model will be presented within the experimental results part.

But before that, we believe that a deep understanding of the origin of the different types of
stress, as a first step, is important to get in order to find a simpler solution than the one
proposed by Saint-Gobain Glass group to avoid substrate bending after the annealing process.

1.4. Different sources of stress in sputtered thin films

Visually, all sputtered thin films deposited on a given substrate are subjected to mechanical
stresses. Grouped under the generic term "residual stresses", they result from the contribution
of three types of stresses: thermal, intrinsic and extrinsic (not necessarily all of them at the
same time).

The thermal stresses are due to the difference in the thermal expansion coefficients between
the thin film and the substrate (some authors consider them as extrinsic stresses).

The intrinsic stresses are the component of stress in the thin film caused by the deposition
process itself, known to be easily managed through the control of the deposition process
parameters.

The extrinsic stresses result from the interaction of the thin film with its surrounding
atmosphere (environment) after deposition.

1.4.1.Thermal stresses

When a film coated substrate is at a different temperature from the one used during the film
deposition, a thermal stress will occur as a result of the difference in the film and substrate
thermal expansion coefficients.

-14-
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The film thicknesses are generally less than 10 times the substrate thickness, therefore
plastic deformation of the substrate can generally be neglected and the thermal stresses
induced in the thin film are given in a one-dimensional approximation 1A Thormton. 19891,

oth= Ef (Uf'as)(Ts - Ta)

Where Et is Young's modulus, of and as are the average coefficients of thermal expansion for
the thin film and substrate, Ts is the substrate temperature used for the film deposition, and Ta
is the temperature of the coated substrate under test.

Consequently, room temperature deposited thin films are thermal stress free; however, as the
temperature increases, tensile or compressive stresses will take place within those.

If the thin film has a higher coefficient of thermal expansion (CTE) than the substrate, then it
expands more than the substrate does, resulting in compressive stress generation in the thin
film while the substrate surface will be put into tensile stress. If the thin film has a lower CTE
than the substrate, then it will be put into tensile stress and the substrate surface into
compressive stress.

1.4.2.Intrinsic stresses
1.4.2.1. Tensile stresses

Hoffman’s “grain boundary relaxation” model is the most frequently cited to explain the
origin of tensile stress within polycrystalline thin films [R-W- Hoffman- 19761 © This model is based
on the consideration of the inter-atomic attractive forces between the columnar grains,
inducing an elastic deformation “relaxation”. This tensile stress is inversely proportional to
the grains “column” size, while it increases linearly as the distance between grains “columns”
increases. The validity/credibility of Hoffman’s model was experimentally verified for several
materials [ Thomton- 19771 "a5 \well as through numerical simulations (M- Andritschiy. 1993]

On the other hand, Abermann and his coworkers have shown through several experimental
studies that the tensile stresses in thin films are rather related to the crystallite coalescence [
Abermann. 1985] T explain these observations, W.D. Nix et al. have established a model which is
based on the crystallite coalescence during the initial stages of growth in polycrystalline thin
films with island growth morphology. They concluded that as the growing crystallites get in
contact each other at their base, the side-walls zipped together until a balance is reached
between the energy associated with eliminating surface area, creating a grain boundary and
straining the thin film [W-D- Nix. 1999,

It is worth to note that Nix’ model is not useful for the interpretation of the induced tensile
stress in sputtered molybdenum thin films after annealing process due to the high melting
temperature of molybdenum, however it could be helpful for the explanation of the induced
tensile stress in annealed CIGS layers (next chapter).

1.4.2.2. Compressive stresses

Intrinsic compressive stress was also observed in sputtered molybdenum thin films. The
origin of this type of stress was, in the best of our knowledge, discussed for the first time by
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F.M. d’Heurle in 1970 [FM- d*Heurle. 19701 'Ha sypposed that the origin of the compressive stresses
in sputtered thin films could be attributed to the "shot-peening” action of the deposited atoms
arriving at the surface of the film with considerable kinetic energy. According to d’Heurle, it
is conceivable that atoms might be inserted into small interstices, which if they remained
empty could cause tensile stresses, but instead cause compressive stresses.

Based on this explanation, several models quantitatively predicting the stress within the thin
films as a function of the sputtered atoms energy were established.

H. Windischmann’s model shows a stress dependence on the physical properties of the film
“’elastic modulus and molar volume’’ and the incident particles energy [ Windischmann. 1987]
This model is based on the knock-on linear cascade theory proposed by Sigmund [P Sigmund
1969 “and which is only valid when the following three hypotheses are verified: (i) particle
energy is high enough to penetrate the surface and randomly displace atoms from their
equilibrium positions through a series of primary and recoil collisions, producing a volumetric
distortion, (ii) deposition temperature is low, and therefore mass transport and defect mobility
is sufficiently low to freeze the volumetric distortion in place, and (iii) the relative volumetric
distortion is proportional to the fractional number of atoms displaced from equilibrium sites.
For more details, please refer to H. Windischmann’s paper [ Windischmann. 1987]

In fact, this model shows some limitations: (i) it is not valid if the energetic particles are
lighter than the growing thin film atoms, (ii) this model does not predict any limitation for
stress as the particles energy increases, while experimental results have shown that there
exists a limit energy value, above which the compressive stresses do not increase any more
(even decrease) [T. Yamaguchi. 1991].

To overcome these limitations, C.A. Davis has proposed a modified model. While it is still
based on the knock-on linear cascade theory, it differs from H. Windischmann’s model by
taking in consideration the so called thermal spikes effect “’local heating induced by
implanted atoms®’, leading to a local modification of the microstructure and therefore a stress
relaxation [K-H- Muller. 1986] [C.A. Davis. 19931 ‘This model offers a logical explanation of the observed
limit in compressive stresses by taking in consideration the existence of a balance between
implantation and relaxation processes.

1.4.3.Extrinsic stresses

Post deposition incorporation of impurities, such as oxygen, hydrogen, water vapor and
carbon monoxide, is also reported as a source of stress in thin films. The mechanisms
inducing such a stress are different and depend on the nature of the incorporated impurity:
oxidation, lowering the grains surface energy... etc.

E.H. Hirsch has found that tensile stresses in magnesium fluoride take place after exposure to
water vapor. According to him, they are originated from the electrostatic dipole interactions
between the adsorbed water molecules [E-H- Hirsch- 19801

In contrast to that, R. Abermann et al. have found that the exposure of chromium thin films to
H20 or CO environment gives rise to compressive stresses. They attribute that to the lowering
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in surface tension of the metal, owing to saturation of free surface valences at the grain
boundary surfaces. On the other hand, they have also found that chromium thin films
exposure to Hz, CH4 and N2 environment does not affect their stress state, while Oz exposure

gives rise to slight compressive stresses which for extended exposure time change to tensile
stresses [R- Abermann. 1984]

It is worth to note that those observations have been made on evaporated thin films; however,
since the induced stresses were not attributed to the deposition technique but rather to the
exposure environment and the material nature, on one hand and on the other hand, knowing
that sputtered thin films show in general more porous microstructure, one can then expect
similar effects or even more pronounced in case of sputtered thin films exposure to similar
environments.

1.5. Partial conclusion

In the first part, we have done our best in order to give a short but complete overview on
sputtered molybdenum thin films as a back contact for CIGS solar cells. The reasons behind
choosing such a back contact material and deposition technique were discussed. Then a
particular interest have been addressed to the commonly reported substrate bending issue: the
proposed explanations and the found solution have been reviewed. Finally, we have
concluded this first part by reviewing on the origins of stresses within sputtered thin films,
since they are believed to be the main cause of substrate bending.

In the next part, we will mainly show our innovative/original solution for overcoming the
substrate bending issue: starting by proposing a model and then presenting the experimental
results.
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Part B: Experimental results

1.6. Background and problematic

After the fabrication of a first set of samples, using Scofield’s bilayer structure [*H: Scofield. 1995]
and checking out the adhesion of the deposited thin films to the substrate (scotch test), mainly
two issues have been found: wrinkles at the molybdenum/substrate interface and substrate
bending once annealed.

Wrinkles at the interface were found to be originated from particles bombardment of the glass
substrate surface either during argon plasma etching (further cleaning of the substrate before
molybdenum deposition) or during the first stage of the molybdenum thin film deposition.

Therefore, this issue was simply overcome by both avoiding the use of the plasma etching
step and using a low sputtering power for the deposition of the first 20-30nm of the
molybdenum thin film (as a protection layer).

In a second time, finding a simple solution for substrate bending was our priority. Therefore
and as a first step, molybdenum deposition conditions effect, mainly sputtering power and
pressure, was intensively investigated (power and pressure were tuned from very low to very
high).

Unfortunately, all our attempts were in vain and in the best cases reduced bending was
achieved. ’We should never give up, failure does not mean impossible’’, that is our principle.

1.7. Proposed model explaining substrate bending

In the following, we will try to explain, through the schematic sketches presented in figure
1.1, the possible scenarios that might occur during and after the annealing of different stress
state molybdenum thin films in a front side halogen lamp-based annealing configuration
(Rapid Thermal Annealing —RTA- equipment).

v’ First of all, one should point out that the initial stress state (ci) of the sputtered
molybdenum thin films can be different from zero (internal or external stresses can be
present) (oi >0: tensile stress, oi <0: compressive stress) (1);

v' The inhomogeneous temperature distribution throughout the substrate thickness,
resulted from the use of such an annealing configuration should be taken in
consideration (2);

v Because the molybdenum layer has a lower expansion coefficient than the substrate,
the substrate surface is within compressive stress while the stress state within the
molybdenum layer is changed by adding the contribution of the thermal component
(om) (2);

v Up to the softening temperature (Tsoftening), the system (substrate and thin film)
expansion is, intuitively, expected to be governed by the substrate because that the
film thickness is less than 10 times the substrate thickness (3);
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v' One consequence of the inhomogeneity in temperature distribution throughout the
substrate thickness is the different expansions of the top and the bottom of the
substrate (3);

v At high temperature, this difference in expansion between the top and the bottom of
the substrate is expected to induce a substrate deformation (4);

v Once reaching the softening temperature, the substrate changes its nature from rigid to
viscous fluid-like and therefore the implied forces by molybdenum layer become
dominant.

v At this stage, the molybdenum layer releases its stresses (the initial stresses plus the
induced stresses during the heating up ‘“’thermal stresses‘’), leading to a substrate
deformation (bending);

v The shape of the induced deformation (bending) depends on both the nature and the
intensity of the released stresses (5), (7) & (9);

v In case that the initial stresses within the molybdenum layer are tensile (6>0), then
both initial and induced (thermal) stresses will pull on the substrate resulting in highly
bended substrate with a concave-shape (5);

v Similarly, stress free molybdenum layer should results in concave shape bended
substrate. In this case, only the thermal component of stress will act and consequently
less pronounced bending is expected (7);

v The greater thermal contraction of the hotter side of the substrate during the cooling
down will results in a more pronounced concave shape (6) (8);

v On the contrary, molybdenum layer with highly compressive initial stresses (higher
than the induced thermal component) is expected to result in a more pronounced
convex shape bending after stresses relaxation (9);

v Depends on the initial compressive stresses intensity and the annealing temperature,
flat or less pronounced convex samples are achievable once cooling down (10) (11);

As a conclusion, flat substrate after annealing process can be achieved by simply using as-
deposited molybdenum thin films in adequate compressive stresses. This conclusion can
explain the obtained reduction in substrate bending using high sputtering power at low
deposition pressure.
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Figure 1.1: Schematic sketches representing the possible scenarios that might occur during and after the annealing of different stress state
molybdenum thin films in a front side halogen lamps-based configuration.
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1.8. Annealing of air stocked molybdenum thin films

The annealing of air stocked molybdenum thin films for more than six months (they have
been used as sacrifice samples) during the recalibration of the annealing furnace has led to a
surprising result.

These samples were supposed to have a concave shape once annealed (previously observed on
annealed samples from the same fabrication run); however, a convex shape was obtained!!! At
that time, we had no idea about the effect of the surrounding atmosphere on the stress state of
the thin films, summarized in section 1.4.3.

Based on that and as a first reflection, an accelerated aging process (low temperature
annealing either under air environment or O» gas) was investigated: unfortunately, the
obtained results were disappointing.

Possible explanations: either oxygen was not at the origin of the changed properties of the
aged molybdenum layers or the accelerated aging process led to the formation of an oxide
layer at the surface preventing the diffusion of oxygen into the grain boundaries.

Whatever was the reason, the accelerated aging process did not work.
1.9. Reactively sputtered Mo(O) thin films

Our persistence in finding a solution for the substrate bending issue has conducted us to the
investigation of enforced oxygen incorporation into the sputtered molybdenum layer using a
reactive process.

The obtained results were more than surprising: we were able to change the bending shape
simply by tuning the oxygen flux during the sputtering process. The first obtained set of
samples is presented in figure 1.2.

As can be seen, the concave bending radius was found to increase when an oxygen flux of
0.4sccm is used, while an oxygen flux of 0.5sccm was found to be sufficient to change the
bending shape from concave to very slightly convex. Furthermore, a more pronounced convex
bending was observed for an oxygen flux of 0.6sccm, while higher oxygen flux led to a
reduced convex bending.

Unfortunately, the precise control of the oxygen flux in order to achieve a perfect flatness of
the substrate was not possible since the minimum tuning step is 0.1 sccm (precision limit of
our sputtering equipment).

We should never give up!! An alternative solution to overcome this limitation was found and a
perfect flatness of the substrate was achieved. But before presenting this solution, we first
present some analyses we have performed to understand the origin of the observed bending
changes as a function of oxygen flux.

© 2016 Tous droits réservés. _21_ lilliad.univ-lille.fr



Thése de Boubakeur Ayachi, Lille 1, 2016
Chapter 1: Back contact

0 sccm 0.4 sccm

“-
—_

0.5 sccm 0.6 sccm

— e e——— e

0.8 sccm

- —
Figure 1.2: Photographs showing the change in bending shape after annealing of reactively
sputtered molybdenum thin films on glass substrates as a function of oxygen gas flux.

The SEM surface and the corresponding cross sectional images of the reactively sputtered
molybdenum thin films using different oxygen flux are presented in figure 1.3. As can be
clearly seen, molybdenum thin films microstructure was found to be highly affected by the
presence of oxygen during the deposition process. The thin films morphology was found to
gradually change from regular grains surface with well-defined edges (for oxygen-free
process) to grinded grains surface (for oxygen flux of 0.6sccm). Correspondingly, the cross
sectional feature was found to have a gradual change from clear columnar structure to fibrous
structure.

This change in the microstructure can be simply explained by the knock-on linear cascade
theory [P Sigmund. 19691 high energy particles penetrate the surface and randomly displace atoms
from their equilibrium positions through a series of primary and recoil collisions, producing a
volumetric distortion.

Consequently, and based on Davies’ model, previously reviewed in section 1.4.2.2, the stress
state within the as deposited molybdenum layer is expected to change from tensile to highly
compressive. Therefore, applying our model for substrate bending shape dependence on the
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initial stress state within the molybdenum layer, one can find out the perfect coherence
between the observed change in the bending shape and the found change in microstructure.

For higher oxygen flux (0.8sccm), the cross sectional feature and therefore the surface
morphology have shown some improvement. This is most likely related to the local heating
induced by implanted oxygen atoms (thermal spikes effect), leading to a local modification of
the microstructure and therefore balancing, in part, the induced damage. This might explain
the reduced compressive stress, and therefore, the increase in bending radius after annealing.

On the other hand, XRD analyses, presented in figure 1.4, reveal a decrease in the (110) peak
intensity with a shift towards lower diffraction angles as the oxygen flux increase. These
observations evidence the crystalline quality deterioration and the change of the stress state,
which is in a good consistent with the previous SEM results.

Furthermore, no crystalline oxide phases such as MoO2, MoOs and Mo020s, were observed,
however, that does not mean they are completely absent since they might exist in an
amorphous state [T. Yamaguchi. 1991]_

Finally, it is of high importance to note that previously reported defects as a consequence of
high compressive stresses [ Tranchant. 20071 \yere not observed neither before nor after the
annealing process.
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Figure 1.3: SEM surface (on the left) and cross sectional (on the right) images of sputtered
molybdenum layer at different oxygen flux and annealed at 540°C under N2Ha.
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Figure 1.4: XRD patterns of Mo and reactively sputtered Mo(O) thin films after annealing
at 540°C under N2Ho.

1.10. Mo(0)/Mo bilayer structure for a perfect flatness of substrates

Because of the faced difficulty in precisely controlling the oxygen flux, an alternative solution
was investigated. This is based on counterbalancing the high intensity compressive stress by
the deposition of a tensely stressed top layer. Consequently, the total stress of the structure is
easily and more precisely controlled by varying the tensely stressed layer to the
compressively stressed layer thickness ratio.

Furthermore, using this bilayer structure for controlling substrate bending has in fact two
additional advantages compared to a single Mo(O) layer: (i) avoiding Ga>Os formation at the
interface with the CIGS layer, (ii) avoiding any series resistance related issues (once
integrated in cell fabrication process) due to the observed increase in resistivity of the Mo(O)
thin films, as shown in figure 1.5.

The elemental distribution throughout the bilayer structure depth was investigated and the
obtained SIMS profiles are given in figure 1.6. The SIMS depth profile of oxygen in a single
molybdenum layer is also shown as a reference background signal. It is important to note that
these analyses have been performed on a complete solar cell structure, and therefore, the
elemental profiles are obtained after annealing.

As can be seen, the oxygen signal clearly evidences the presence of two layers: Mo and
Mo(O). Furthermore, the non-abrupt cut-off in oxygen signal is attributed to the target
contamination: the Mo top layer was immediately deposited and no target cleaning was then
performed between the Mo(O) and Mo layer deposition steps.

-25-
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On the other hand, the fact that oxygen signal shows a non-zero level within the top
molybdenum layer and a slight increase at the interface Mo/CIGS might indicate the oxygen
diffusion from the Mo(O) bottom layer to the Mo top layer due to the annealing process.

Therefore, a deep investigation of the Mo/CIGS interface seems to be necessary in order to
check out whether Ga>Os is formed or not. If it is the case, adding a buried oxygen-diffusion
barrier within the bilayer structure can be used as a solution.

Finally, the abrupt change in molybdenum signal at the Mo/Mo(O) interface is believed to be
related to the different sputtering rates due to the different matrix structures.
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—— Resistivity after annealing L 15
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Figure 1.5: Variation of molybdenum thin film thickness and resistivity as a function of
oxygen flux.
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Figure 1.6: (a) and (b) SIMS depth profiles of molybdenum and oxygen in a Mo/Mo(O)
bilayer structure. (c) SIMS depth profiles of oxygen in a single molybdenum layer.

1.11. Chapter conclusion

Based on previous explanations of substrate bending proposed by S. Jost and J. Palm, and by
C. Broussillou, we have proposed a more generalized model showing the dependence of the
substrate bending on the initial stress within the molybdenum layer. We have concluded that
flat substrates are achievable by simply adjusting the compressive stresses within the
molybdenum thin films.

Experimentally talking, with some chance and a lot of persistence, an original method for
substrate bending management was found. Comparing to that previously patented by S. Jost
and J. Palm, our proposed process has the superiority of simplicity and low cost since it does
not require the deposition of additional layers on the back surface and it is based on the use of
one side heating configuration.

The observed change in reactively sputtered molybdenum thin films microstructure and
therefore the stress state, on one hand and on the other hand, the corresponding bending
shape, were found to be in an excellent coherence with our proposed model for bending
dependence on the stress state.

For a better control of the initial stress intensity and in order to avoid any undesirable effect
on cell performance, Mo/Mo(O) bilayer structure was investigated. The obtained results have
shown that it is easier to control the substrate flatness by tuning the top to the bottom layer
thickness ratio than by tuning oxygen flux.

Finally, using this process for substrate bending management is very useful especially for the
development of room temperature deposited CIGS thin films followed by an annealing step
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where the recrystallization of the CIGS thin films is found to contribute, in part, into the final
substrate bending.
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This chapter is devoted to the development of an original deposition process: low cost, easily
up scalable and environmentally friendly.

We will first start by giving a detailed overview on already obtained results, discussing their
advantages and drawbacks. We will also try to find a logical correlation between the obtained
results from different laboratories and/or give an interpretation for the divergent points of
view and the confusing points.

In a second part, we will first start with a quick review on the already obtained results within
our group: the solved issues and those still to be resolved. Starting with this, we aim to give a
background which justifies our working approaches. Then we will present our contribution
and highlight the possible approaches for further improvement.
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Part A. State of the art

2.1. CIGS material

Historically, the first chalcopyrite solar cells were based on CIS material. However, the need
for higher band gap material, in order to satisfy the modified Shockley-Queisser limit for high
efficiency simple p-n junction solar cells [CH- Heny. 19801 = requires the use of a modified
chalcopyrite material. It was found that partial replacement of indium in CIS by either gallium
or aluminum leads to higher efficiency [S- Marsillac. 20021: neyertheless, the safety issues related to
the use of aluminum makes the use of gallium more favorable [5- Karthikeyan2014]

In the following, we give a brief presentation of CIGS material properties:
2.1.1.Structural properties

From the crystallographic point of view, the chalcogenide structure, which is the required one
for photovoltaic application, is based on two overlapped anion and cation sublattices with
face-centered tetragonal structure: the cations (Cu, In, Ga) and the anion (Se) occupy the unit
cell sites and half of the tetrahedral sites, respectively. According to L. Ribeaucourt, the
chalcogenide structure differs from other possible structures of CIGS material by the regularly
ordered distribution of cations within the same xy plane [-- Ribeaucourt. 2011],

Furthermore, it is widely reported that the linear variation of the unit cell parameters as a
function of Ga/In ratio is verified (Vegard’s low).

On the other hand, the phase diagram highlights the existence of a tight region for single
chalcopyrite phase corresponding to a copper concentration around 24%; otherwise, multi-
phase material will be obtained [N H- Quang. 2004]

2.1.2.0ptoelectronic properties

As mentioned above, the reason behind alloying Ga to CIS is to obtain an optimum band gap
(higher than that of CIS). Other than the increase in band gap value as a function of Ga
concentration, it was found that this increase is only related to the shift of the conduction band
towards higher energies, while the valence band energy remains constant [S: Shabati2014]  The
dependence of the band-gap energy on Ga concentration is commonly expressed as follow:

Eg= (1 — x) Eg®"S + x E®®S — bx (1 — x)

Where EgC'S is the band gap of CIS (0.94eV < Eg®'S < 1.04eV), Eg®Sis the band gap of CGS
(1.65eV < Eg®®S < 1.7eV) and b is the bowing parameter (0 < b < 0.3) (see [F. Pianezzi..
2014] and references therein).

Moreover, it was proved that the presence of a minimum concentration of Ga leads to low
defect concentrations and therefore reduces recombination losses [¢: Hanna-2001]
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In parallel to that, it was found that sulfur might also lead to an increase in band gap energy;
however, in this case, the conduction band remains constant while the valence band shifts to
lower energies as sulfur concentration increases [ <obavashi. 2015]

In the same context, it is widely accepted that Cu vacancies are the main origin of the p-type

nature while Se vacancies and Ga or In on Cu antisite defects are considered as compensating
donors [F. Pianezzi.t. 2014]

Other important properties of CIGS material, as an absorber for thin films solar cells, are its
direct band gap nature and its high absorption coefficient (about 10° cm™), which might
explain the low thickness needed for light absorption [P- Rudmann.t. 2004]

2.2. Deposition techniques

Knowing that CIGS material for solar cells application is a subject of interest since the
seventies, one should not be surprised by the number of developed deposition techniques. In
general, they are classified in two categories: vacuum and non-vacuum techniques. Among
the non-vacuum techniques, electrodeposition is the one that showed competitive efficiencies,
both on laboratory (17%) and industry (14.9%) levels NSl Despite the fact that this
technique has several advantages such as: low cost, simplicity, ease in upscaling on large
surfaces and others, one should worry about the waste recycling and the amount of needed
chemical products.

On the other hand, high efficiency solar cells are commonly obtained using the so called
vacuum processes. Recently, efficiencies as high as 22.6% [“VI and 22.8% [T Kato- 20161 \yere
obtained using co-evaporation and sputtering processes, respectively.

In the following, we will briefly present the different co-evaporation techniques, while the
sputtering techniques will be presented in detail in an independent part.

2.2.1.0ne stage evaporation process

It consists of the simultaneous evaporation of all elements (Cu, In, Ga and Se) at constant
evaporation rates and substrate temperature, throughout the whole process. The evaporation
rates should be adjusted in order to get a final composition that is slightly Cu-poor. As far as
we know, the highest efficiency achieved using this process is about 16.3% (without anti-
reflection |ayer) [P-M-P. Salomé. 2015].

2.2.2.Two stages evaporation process

The main difference compared to the one stage process is the transition from Cu rich
conditions in the first stage to Cu poor in the second, by changing the evaporation rates of
metallic elements at the end of the first stage. It has to be noted that the Se evaporation rate is
kept constant throughout the whole process while the substrate temperature is changed from
400°C in the first stage to 550°C in the second (for more details, see [D. Rudmann.t. 2004]
and references therein).
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2.2.3.Three stages evaporation process

In the contrary to the previously described processes, in the three stages process neither
evaporation rates nor substrate temperature are constants throughout the whole process.

In the first stage, In, Ga and Se are simultaneously evaporated at a relatively low substrate
temperature (around 350<C). During the second stage, only Cu and Se are evaporated, at
higher temperature (around 550<C), until the film becomes slightly Cu rich. Keeping the
temperature constant, In, Ga and Se are again evaporated in the third stage to form the slightly
Cu poor CIGS layer.

This process offer the possibility of changing the elemental depth profile, which is proved to
enhance cells efficiencies (to be discussed in the gap grading section).

Recently, efficiency as high as 22.6% was achieved using this process [“5*1,

2.3. Sputtering process

In contrary to the evaporation technology, sputtering from either alloys or metallic targets is
considered as a promising technique, since it leads to good deposits uniformity over large
surfaces and high deposition rate, while keeping a low fabrication cost.

Over years, several sputtering processes have been developed. From one process to another
the type of targets, the deposition temperature, the post deposition annealing atmosphere ...
etc, might change.

In the following, we present an overview on the sputtering processes that have already led to
functional solar cells:

2.3.1.Sputtering from multi targets

In this process, separate targets are used as a metallic elements source, while Se (or Se excess)
is introduced by different ways:

The so called two steps process which is based on the selenization at high temperature of
sputtered CulnGa precursor using H»Se gas, is known to be the most efficient one. Using this
process, researchers from Solar Frontier Company have recently announced a new record of
22.8% on laboratory cells [T K& 20161 However, other than the use of an additional
sulfurization step, no further details on the used process are published!!

On the other hand, J. Schulte et al. have reported on the possibility of using reactive sputtering
at high deposition temperature for the formation of CIGS layer in a single step process. To do
so, H>Se was used as a reactive gas. They have proved that good crystalline quality and single
chalcopyrite phase are achievable if a sufficiently high H>Se gas and substrate temperature are
used. Using this process, efficiency as high as 14.3% was obtained [ Schulte- 2015]

In order to find an alternative way for selenization, other than using H>Se toxic gas, some
groups have studied the rapid thermal annealing of a Se layer deposited on the top of a
CulnGa precursor sputtered from two targets [#H b 20181 [W-T. Lin. 2014] " Tq the pest of our
knowledge, the highest efficiency obtained using this process without and with an additional
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sulfurization step is about 8.29% [#H L 20181 gnd 12,79 [SS Kulkami. 20091 = regpectively.
Furthermore, X.L. Zhu et al. have reported an efficiency of 13.6% using Se pellet instead of
H.Se gas XL 20w 20131 - ynluckily, both techniques have led to relatively low efficiency
compared to that obtained using H2Se gas.

2.3.2.Sputtering from ternary target

It consists of the selenization of CulnGa precursor sputtered from a ternary target. Among the
advantages of this process, one might note the simplicity and the high in-plane elemental
distribution homogeneity; nevertheless, it is commonly reported that this process suffers from
Ga accumulation towards the back contact [HR- Hst- 20121 [K.H. Lizo. 2013] = According to K.H. Liao
et al., this back segregation of Ga is believed to be originated from the difference in the
chemical affinities between Se and In and between Se and Ga <1 He0- 20131 Ag 3 consequence,
low open circuit voltage is commonly observed.

To the best of our knowledge, the highest efficiency obtained using this process is about 6.3%
[H.R. Hsu. 2012]

2.3.3.Sputtering from quaternary target

It is interesting to note that the properties of CIGS thin films sputtered from a quaternary
target were first studied in the early 90s [-H- Rojas. 1992] [J.L.H. Rojas. 1993] [T. Yamaguchi. 1992]- ho\wever,
no solar cells were prepared at that time. In the recent years, a sharp orientation towards the
development of solar cells using this process, mainly for industrial reason, has taken place.

Even though the huge number of groups working on this subject, only few of them were able
to success in fabricating solar cells. In table 2.1, we summarize all published works reporting
on solar cells fabricated using this process.

Following a selenization free process, some groups have showed efficiencies up to 10.6%
using RF-sputtered absorbers. Other groups have reported comparable efficiencies using the
pulsed-DC mode.

The main reason behind the tendency to the substitution of the RF mode by a pulsed-DC one
is believed to be related to the considerable reduction in cost, which is very important from
the manufacturing point of view. However, all of them use high temperature deposition
process which is considered as a drawback for an in-line processing.

On the other hand, L. Ouyang et al. have reached an efficiency of 16.7% using an additional
selenization step [- ©wang- 20151 \which is, in fact, in contradiction with the main purpose for
developing this process (avoiding the use of an additional Se supply).
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Targ | Sputtering Deposition Additional Se source Buffer layer | Efficie | year Reference
et mode temperature KCN surface ncy %
type RT HT Selenization sputtering treatment CdS | zZnS
gas Se vapor
Middle ? ? X ? X 9.6 2013 [3. Liu. 2013]
frequency
ME X X ? X 8.6 2014 [L. Ouyang.2014]
X ? RF 36 2014 | [J.XIANG. 2014]
x ? X 8.9 2011 | [J.A. Frantz. 2011]
X ? X 9.9 2011 | [J.A. Frantz2. 2011]
Radio- X ? X 12 | 2014 | [G.X.Liang. 2014]
frequency
RF " « 10.6 2012 [J.A. Frantz. 2012]
' 2014 | [J.D. Myers. 2014]
2013 [X.L. Zhu. 2013]
? ? ?
X : X 108 1 5012 | [X. zhu. 2012]
- X X ? X 79111 | 2011 [J. H. Shi. 2011]
%)
g DC !t X X ? 16.7 | 2015 | [L.Ouyang. 2015]
2 X X X 10.1 | 2012 | [C.H.Chen.2012]
o
£ X X X 8 2011 [C.H. Chen. 2011]
>
4 4.4
X ? X 2013 [Y.S. Su. 2013]
? ? 6.7
X X X 8.2 2013 | [C.H Chen. 2013]
X ? X 8.9 2011 [Y.S. Su. 2011]
Pulsed DC
X X X 5.8 2014 [J.D. Myers. 2014]
X ? X 11 2015 [C.H. Hsu. 2015]
X ? X 11 2015 | [C.H. Hsu2. 2015]
X x+Ga ? X 125 | 2015 [T.Y. Lin. 2015]
X X 3.1
X 2013 [Y.C. Wang. 2013]
x+Ar etching X 5.2

(X): Yes; (-): No; (?): not mentioned

Table 2.1: Overview on CIGS based solar cells achieved by sputtering from single quaternary target.
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2.4. CIGS orientation
2.4.1.0rigins of preferential orientation

From the energy point of view, first-principles calculations on chalcopyrite structure reveal
that the nonpolar (110) surface is more stable than the polar one (112); nevertheless, the
introduction of defects, such as Cu vacancies (Vcy) in Cu-poor conditions, and/or Cu-on-In
anti-site defects (Cuin) in In-poor conditions, makes the (112) polar plane lower in energy than
the nonpolar plane V& Jaffe. 2001]

From the practical side, the deposition parameters, the Na concentration and the Mo surface
density have been considered to be the most likely origins of the preferred orientation of the
CIGS layer:

* Using the three stage process, S. Chaisitsak et al. [5- Chaisitsak- 20021 haye jnvestigated the effects
of the deposition parameters on the orientation of the final layer. They have resulted to the
following conclusions: (i) the growth of (112)-oriented and (220)-oriented CIGS films are
closely related to the (006)-orientation and (300)-orientation of the precursors at the first
stage, respectively, (ii) the orientation of the (InGa).Ses precursor itself depends on Se flux

-35-

lilliad.univ-lille.fr



Thése de Boubakeur Ayachi, Lille 1, 2016
Chapter 2: Absorber layer

during the deposition, (iii) highly (300)-oriented (InGa).Sesz precursor is not necessary, but its
existence is required for obtaining CIGS films with (220) preferred orientation, (iv) the
increase of the substrate temperature has the same effect as decreasing the Se flux due to the
Se sticking coefficient decrease with increasing substrate temperature.

* M.A. Contreras et al. [MA Contreras. 2000 haye jn an early time, observed a similar relationship
between the orientation of the In,Ses precursor and that of the CIS films. Their explanation of
this relationship was based on the symmetry between the orientation of the In.Ses and CIS
phases. Also, they highlighted the effect of Na concentration on CIS films orientation: the
(220) orientation is obtainable for low Na concentration, while higher Na concentration lead
to the (112) orientation. They concluded that Na lowers the surface energy of CIS during
nucleation and growth, leading to the most stable and favorable (112) preferred orientation.

* In a recent work, D.H. Shin et al. [P Shin-20221 haye found that the orientation of CIGS films
depends rather on that of the MoSe> layer which itself depends on the Mo surface.

* In a more recent work, J.H. Yoon et al. have combined the effect of Na concentration and
that of Mo surface density on CIGS layer orientation - Yoo 20141 They have concluded that a
highly dense Mo surface does not strongly force the CIGS film to grow with any specific
orientation. In this case, a high concentration of Na tends to enhance the development of the
(112) orientation, while a lower one leads to a randomly oriented CIGS films. On the other
hand, they have found that such a Na effect is negligible in the case of high pressure deposited
Mo surface and the ability of the porous Mo surface to force the (220) orientation is much
stronger.

It is important to note that all the previous investigations on the origin of the preferential
orientation of a CIGS layer were performed using the three stage process. In the case of
sputtering from quaternary target at room temperature one might expect similar relationships
between the Mo surface density, the Na concentration and the CIGS orientation, to that given
by J.H. Yoon et al.: high dependence on the molybdenum surface density, while sodium
concentration might only play a decisive role in case of using dense molybdenum surface.

2.4.2 Effect of preferential orientation on cells performance

Many works have shown an enhancement in cells characteristics once the CIGS preferential
orientation changes from (112) to (220)/(204). Such an enhancement is commonly attributed
to the better p-n junction quality. It was found that Cd atoms, issued from the CdS buffer
layer, show higher diffusivity into (220)/(204)-oriented CIGS layers than into the (112)-
oriented layers. This is due to the fact that the (220)/(204) planes are characterized with a

much more open structure as compared to the (112) planes [P- Shin. 2012] [-H. Yoon. 2014] [S. Chaisitsak.
2002] [M.A. Contreras. 1999].

On the other hand, W. Witte et al. have found that the deposition of a very thin buffer layer
(CBD: CdS or ZnQOS) on a (112)-oriented CIGS layer results in a sparsely covered surface;
whereas, a very dense coverage of a (220)-oriented CIGS layer was observed for the same
buffer layer thickness [W- Witte. 2013]
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2.5. Impurities effect
2.5.1.Metallic elements effect

It was largely reported that metallic impurities incorporated in the CIGS layer affect in a
negative way the functionality of the solar cells. Because of the high purity of evaporated
elements, it was thought that these impurities might be incorporated in the absorber layer by
diffusion, either from the bottom layer (the Mo layer and/or the substrate which is the most
likely source) or from the top layer (the buffer layer: during deposition or after heat
treatment).

As the early developments of CIGS solar cells have been carried out using SLG substrates,
such a problem was not addressed until the day researchers started developing solar cells on
stainless steel foils. Among the elements composing the stainless steel foils one can note Fe,
Cr and Ni.

F. Pianezzi et al. have reported on the effects of both Cr and Ni on cells characteristics. They
showed a decrease in cells efficiency from 17.2% to 9.8% when only 0.4 at% of Cr is
incorporated in the CIGS layer. They also reported on a dramatic decrease in efficiency (from
17.2% to 2.6%) when almost the same quantity of Ni, as compared to that of Cr (0.4at %),
was incorporated [P Panezzi- 20151 The same group has previously reported on the effect of Fe
impurity, and a decrease in efficiency from 13.4% to 9.0 % was observed (7 Pianezz. 2012]

The relationship between the incorporated Fe concentration and the cells efficiency was
studied by at least two groups: T. Eisenbarth et al [T Eisenbarth- 20121 gng R Wuerz et al R Weerz
20141 Both of them have shown that even a small concentration of Fe, in the range a few
hundred of ppm, might dramatically affect the efficiency of the solar cells.

Using the admittance spectroscopy, F. Pianezzi et al. have attributed the degradation of cells
characteristics to the introduction of deep defect levels in the absorber: the Cr impurities show
a deep defect level with an activation energy Ea above 500 meV, the Ni impurities show two
defect levels with Ea at 310 meV and 500 meV, while a deep defect level at around 320 meV
was observed for the Fe impurities [F. Pianezzi. 2015] [F. Pianezzi. 2012].

2.5.2.Sodium effect

It is well known that Na might affect structural properties of CIGS layers, both grain size and
orientation; nevertheless, the way it affects is still a subject of debate (rather, a confusing
subject) since one might find inconsistent results.

Several groups have reported an increase in CIGS grains size in case that sodium is either out
diffused from the SLG substrate or incorporated from alternative Na sources [ Granaih. 2000] [Q
Guo. 2013] [M. B. Ard. 2000] [J. Eid. 2015] "1y conjunction to that, other groups have observed a decrease

in grains size as far as Na is present during the CIGS layer growth [P- Rudmann. 2003] [D. Rudmann.
2004] [J. H. Yun. 2007] [S. Ishizuka. 2009] [V. Izquierdo-Roca. 2011]

That leads to the conclusion that the effect of Na on grains size is rather, in somehow, related
to the growth conditions. It was also reported that Na during the layer growth limits metals
inter-diffusion which leads to a strange GGI (Ga/Ga+In) profile [ Rudmann. 2003]
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In contrast to the ambiguous effect of Na on the grains size, everyone agrees with its effect in
improving CIGS electrical properties, regardless of its incorporation process: before, during
or after the CIGS layer growth. It is largely reported that Na plays an important role in
improving cells efficiency through the passivation of defects at the CIGS grain boundaries: (i)
elimination of compensating Incy donor defects, (ii) formation of acceptor-like Nain defects,

and (iii) neutralization of Se vacancies and In dangling bonds donor defects [P- Rudmann.t. 20041 [S.
Ishizuka. 2009]

Finally, it is interesting to note the stimulating effect of Na on the formation of MoSe>
interfacial layer, which might directly influence the nature of the electrical contact between
the CIGS absorber layer and the Mo back contact layer [P Rostan. 2005]

2.5.3.Potassium effect

By the end of 2008, CIGS based solar cells have already reached a record efficiency of almost
209 [I- Repins. 2008] " Sjnce that time and over more than five years, scientific community has
faced some difficulties to further improve cells efficiency. In the recent years, a remarkable
leap in cells efficiency has taken place: thanks to the introduction of potassium element.

Perusing in previously published papers, one might find out that the effect of potassium on
CIGS solar cells characteristics was already studied in an earlier time: Contreras et al. have
replaced the naturally out diffused potassium from the soda lime glass substrate using a thin
KF layer on the top of the Mo layer. They concluded that potassium plays the same role as
sodium does in passivating defects but not at the same level because of the lower potassium
diffusivity in CIGS (larger atomic radius) M- Contreras. 1997]

In a more recent work, researchers have confirmed that the incorporation of potassium
directly in the CIGS bulk during the layer growth leads, in the best case, to a similar
efficiency compared to that of the reference cell [ Panezzi- 20131 “eyen though the GGI profile is
stronger due to the effect of potassium on the metals inter-diffusion [A Laemmie. 2015]

In fact, the novelty is rather in the way that potassium is incorporated and in the way it reacts
with the CIGS layer. For the first time, Chirila et al. have found that a post deposition of few
nanometers of KF (15 nm) on the top of CIGS layer results in copper and gallium depletion,
limited to the near surface (about 30 nm below the surface), while a considerable amount of
potassium is incorporated. Copper depletion is thought to be a consequence of an
electrochemically induced migration towards the bulk, while potassium incorporation is
believed to be a result of partial ion exchange of Na with K within the CIGS layer. Using this
post deposition treatment, they were able to reach, for the first time, an efficiency of 20.4%:
even though a thinner CdS buffer layer was used, a better p-n junction quality was obtained.
They attributed that to the surface modification which facilitates Cd diffusion in the Cu
depleted surface [ Chirila. 2013]

From the same group, F. Pianezzi et al. have showed that the improvement in cells
characteristics should not be attributed only to the increase in holes concentration resulted
from potassium passivation of defects at the grain boundaries [™ Pianezzi- 20141 - Calculating the
activation energies, they concluded that the recombination at the interface CdS/CIGS is not
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any more possible in K-PDT (post-deposition treatment) devices even if a thin CdS layer is
used which is not the case in K-PDT free devices. According to the authors, a strong
electronic inversion of the CIGS surface (from p to n type), due to the high density of Cdcy
shallow donner defects, is highly believed to be at the origin of the suppression of
recombination at the interface.

As another consequence of the copper depletion, a lowering in the valence band energy by
about 0.4eV, was observed by Pistor et al., leading to an increase of the open circuit voltage
of 60—-70mV compared to the untreated absorber [7- Pistor- 20141

T. Lepetit et al. have investigated the effect of K-PDT on two types of CIGS layers. They
found out that the presence of the OVC (ordered vacancy compound) layer is mandatory to
ensure a beneficial effect of K-PDT, otherwise a detrimental effect will be obtained due to the
formation of Cu,xSe phase. Based on a deep investigation of the CIGS surface before and
after K-PDT, a hypothetical model explaining what happens was proposed. They suppose that
during K-PDT, a consumption of the OVC takes place resulting, at the end of the treatment, in
the formation of KiInSe, new layer accompanied by a gallium fluoride phase. During the
CBD-CdS buffer layer deposition, they suppose that the KiInSe, layer transforms to a
CdIn(S,Se,OH)4 layer while the gallium fluoride phase dissolves in the bath. Experimentally,
they confirmed the formation of a 5 nm-thick CdIn(S,Se,OH)s thin layer in between the
stoichiometric CIGS layer and the CdS buffer layer. This new layer is believed to form a
buried p-n junction with a low distance between the Fermi level and the conduction band at
the interface, which prevents interface recombinations [T -epetit: 20151,

2.6. The role of the band gap engineering

Two types of band gap grading were investigated by the CIGS community: simple and double
grading. The simple band gap grading is characterized by an increase of the GGI ratio towards
the back surface, while an increase of the GGl ratio both towards the back and front surfaces,
leading to its minimum in between, are the characteristics of the double graded band gap.

2.6.1. Simple graded band gap

T. Dullweber et al. have reported on the effect of the band gap grading towards the back on
cells performance. Their experimental and simulation results have led to the conclusion that
the band gap grading contributes to the enhancement of cells characteristics through the
reduction of back surface recombination [T Pullweber- 20011: thanks to the additional force at the
back interface, resulting from the change in the band gap over some distance x related to the
Ga-grading, that drives the photoelectrons away from this interface.

However, due to the increase in band gap, a trade-off between carrier collection enhancement
and low energy photons generation shall be found.

2.6.2.Double graded band gap

As was said by T. Dullweber et al.: “’the key objective is to design a larger band gap for lower
recombination and a lower band gap for better absorption’” [T- Pullweber.2. 2001]
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For better understanding the mechanisms behind the improvement of both current and
voltage, one prefers dividing the GGI profile in three zones:

* The grading towards the back surface zone: an increase of the band gap towards the back
surface creates a back surface field which is believed to increase the collection efficiency by
reducing the recombination velocity at the back contact.

* The minimum band gap zone: it is mainly designed for better absorption of the long
wavelength light, and therefore enhancement of the short circuit current Jsc.

* The grading towards the font surface zone: as it includes the space charge region, one might
expect the high dependence of the Vo on the band gap grading within this zone. A higher
band gap is expected to result in a higher Vo, while the decrease towards the notch should
enhance the absorption within the space charge region.

2.6.3. Double grading profile and its effect

Simulation results from S.Y. Kuo et al. have shown the dependence of cells performance on
the grading profile and the depth of the so called notch/valley (minimum band gap). Despite
the increase in absorption resulted from a deep valley, a strong increase towards the front
surface might create a high barrier for electrons. As a solution, they have shown that a highly
graded band gap towards the back is necessary to provide the electrons more energy to
overpass this barrier; otherwise, recombinations will take place in the valley [5-Y: Kuo- 20141,

From the experimental side: efficiency as high as 21.7% have recently obtained by P. Jackson
et al. [P Jackson- 20151 'They showed that a strong GGI grading including a high GGI at both the
front and the back with a low minimum in between, leads to a gain in the short current
density, due to the better absorption in the longer wavelength region, without a significant
loss in the open circuit voltage or fill factor. One should mention that their samples have
undergone a K-PDT, which is a key step for reaching such a high efficiency.

2.7. MoSe; interfacial layer
2.7.1. Formation conditions

It is commonly observed that MoSe: interfacial layer takes place during the growth of co-
evaporated CIGS films or the selenization of metallic precursors (regardless of the deposition
method: sputtering, electrodeposition...). In both cases, this layer resulted from the reaction of

the Mo surface with Se, leading to a conversion of the dense cubic Mo surface into a layered
hexagonal MoSe; layer [T. Wada. 2001] [D. Abou-Ras. 2005] [S. Nishiwaki. 1998]

A deep investigation performed by D. Abou-Ras et al. shows that this Mo surface conversion
to MoSe; layer is both temperature and duration dependent: the higher the temperature and
duration, the thicker the MoSe; layer is [P Au-Ras 2005 They have also reported on the effect
of temperature on the orientation of MoSe> layer: the MoSe> c-axis changes its orientation
from normal to parallel as the substrate temperature increases. Furthermore, the orientation
dependence of this layer on Mo surface density was also investigated: c-axis parallel and
random orientations are obtained on low and high Mo surface density, respectively [P Shin-
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20121 In parallel to that, P.J. Rostan et al, have proved that sodium is indispensable as a
catalyst for Mo selenization during CIGS growth [ Rostan. 2005]

2.7.2.Effect on CIGS adhesion and metal-semiconductor contact type

For a good adhesion of the CIGS layer, it is largely reported that the c-axis of the hexagonal
MoSe; layer should be parallel to the Mo surface; otherwise the CIGS layer peels off easily [
Abou-Ras. 2005] [S. Nishiwaki. 1998 ] [T. Wada. 20011 “ According to D. Abou-Ras et al., the poor adhesion is
related to the Se-Mo bonding type: along the c-axis, Se—-Mo-Se is of van-der-Waals type,
while Se-Mo-Se normal to the c-axis is of covalent type.

On the other hand, because of the low work function of molybdenum material, one can expect
holes blocking attitude at an abrupt back interface (CIGS/Mo), resulting from the high Mo
®pn Which leads to a Schottky contact. Thanks to the MoSe, wide band gap p-type
semiconductor interfacial layer, an ohmic contact instead of a Schottky contact, resulting from
the creation of a back surface field, was reported by T. Wada et al [T Vada- 2001],

Furthermore, J-H. Yoon et al. have reported on the change of the contact resistance as a
function of the orientation of the MoSe; layer: a twofold reduction in CIGS/Mo contact
resistance due to the change of the orientation of the MoSe, layer from c-axis normal to
parallel was obtained D Yoon-2.2014]

Finally, due to the high reactivity between Mo and Se, it is interesting to note that selenization
of metallic precursors for long time might lead to the formation of a too thick MoSe> layer. As
a consequence of a thick MoSe: layer, X. Zhu et al. have obtained a high series resistance and
therefore low cells performance %M 20121 To limit the thickness of the formed MoSez layer,
researchers from NEXCIS have introduced a buried molybdenum nitride layer, at about 50
nm from the surface. This layer acts as barrier for Se diffusion, and therefore limits the MoSe>
thickness [S. Angle. 2014].

2.8. Partial conclusion

In this first part, we have tried to give a clear overview on what is already achieved by
summarizing all important findings and conclusions. More attention has been payed to the
sputtering based processes since it is the one used in this work. Points of view and
explanations from different schools have been taken in consideration, and interpretations of
the confusing subjects have been proposed.

It is worth to note that some results from literature were discussed even though no related
experiences will be presented within the following experimental part (such as the effect of
band gap engineering and potassium impurity). By doing that, we aim leaving a complete
paper/review for the one who will take over!!

In the next part, we will present an original absorber deposition process which is based on
magnetron pulsed-DC sputtering at room temperature from a single quaternary CIGS target
using argon plasma without any additional selenium supply, followed by annealing under
inert atmosphere. One thing to keep in mind is that all annealing processes, if not mentioned,
were performed using a halogen lamp-based RTA system.
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Part B. Experimental results

The results presented in this part are, in fact, the continuity of a previously started study made
in our group by Thomas Aviles. Therefore, by the time | took over, mainly two points were
already overcome: the target composition and the CIGS thin films delamination.

(i) The target composition

The exact composition of the target was already determined after the fabrication of a first set
of samples by comparing the compositions of the obtained films and of the stoichiometric
target used for these first tests. Therefore, it is worth to note that all CIGS thin films that will
be presented in the following were prepared from a single non-stoichiometric quaternary
CIGSe target which composition has been slightly enriched with Se and slightly depleted in
Cu, with respect to the stoichiometric composition, in order the adequate film composition to
be obtained once annealed. This adequate composition was targeted to be Cu/(In+Ga) ~0.9,
Gal/(In+Ga) ~ 0.3 and Se/(Cu+In+Ga) ~ 1.1. The elemental composition and the calculated
ratios of the as deposited and annealed CIGS thin films are summarized in figure 2.1.
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Figure 2.1: Measured elemental composition of as deposited (a) and annealed (c) pulsed-
DC sputtered CIGS thin films using EDX. Calculated elemental composition ratios before
(b) and after annealing (d).
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(i) CIGS thin films adhesion to Mo back contact (delamination issue) and argon
outgassing

Intuitively, a low pressure condition has first been used for the deposition of the first set of
CIGS thin films. This choice was made aiming to achieve high crystalline microstructure.
However, two dramatic consequences were observed once the CIGS thin films went through
the recrystallization annealing process.

The first is related to the peeling off of the CIGS thin films, as can be seen in figures 2.2(a)
and (b) (even though the used low pressure process condition corresponds to the stress free
point), while the second is related to the out diffusion of incorporated argon' due to the
peening effect (argon outgassing), creating micrometric holes (crater-like shape), as clearly
shown in figure 2.2(c).

(a) (b)

EHT = 7.00 kV Signal A= InLens  Signal =0.3478 WD = 5§9mm .
Mag= 109X Signal B=SE2  Mixing=Off StageatT= 0.0° MIGHHE—

EHT = 4.00 kv Signal A= InLens  Signal= 1.000 WD = 46mm
Mag= 194 X Signal B=SE2  Mixing=On StageatT= 0.0°

Blemh—

EHT = 10.00 kV Si InLens Signal= 1.000 WD= 3.0mm .
Mag= 100X Si SE2  Miing=On StageatT= 0.0° SPEFHH—

Figure 2.2: SEM surface images of low pressure deposited CIGS thin films. (a) and (b)
Show the CIGS thin film peeling off. (c) Shows the induced crater-like defects from argon
outgassing.

1 One has to keep in mind that our sputtering process is only based on inert gas, Ar.
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Proposed solution for better adhesion: Bilayer structure

As a first step, the adhesion problem was overcome by imitating Scofield’s bilayer structure
for well adhered molybdenum back contact layer: a high pressure (HP) deposited CIGS thin
layer (100-300nm) followed by a low pressure (LP) deposited thick layer (2um). The cross
sectional image of the annealed CIGS bilayer structure is presented in figure 2.3.

EHT = 7.00 kV Signal A= InLens Signal=0.7303 WD= 3.4mm .
Mag= 30.00KX  Signal B=InLens Mixing=Off StageatT= 0.0° SJGIMH—

Figure 2.3: SEM cross sectional image of the annealed CIGS bilayer structure.

By using this bilayer structure, the CIGS thin film peeling off was not anymore observed;
however, the effect of argon outgassing was still observed.

2.9. Stack of reduced thickness CIGS bilayers for argon outgassing management

To overcome the argon outgassing issue, reduced thickness CIGS bilayers stacking was
investigated.

This was expected to play a double role: (i) by reducing CIGS bilayer thickness, we aimed
facilitate the argon outgassing and therefore limiting the induced damage, (ii) covering the
induced crater-like defects, if any, by alternating their positions and therefore avoiding short
circuit paths once this layer is used for solar cells fabrication.

The effect of the adhesion layer thickness, the annealing time and temperature were
investigated, and the following conclusions were obtained:

v"Using the bilayer structure for each stack was found to be a key point for keeping a
good adhesion;

v Reducing the adhesion layer thickness of the first bilayer was found to have dramatic
consequence (peeling off);

v Deposition and annealing of an adhesion layer (of 100nm-thick) as a seed layer, as
shown in figure 2.4(a), allowed reducing the thickness of the adhesion layer of the
following bilayers (down to 10nm). The SEM cross sectional image of the annealed
stack (5 bilayers) is shown in figure 2.4(b);

v Final annealing longer than 30min at the same temperature (550°C) was found to
result in slightly improved inter-diffusion of the different interfaces, as can be
concluded from comparing figures 2.4(b), (c), (d), (e) and (f);
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v" Annealing at higher temperatures was found to lead to an improved interfaces inter-
diffusion, as can be deduced from comparing figures 2.5(a), (b) and (c)/(d);

v Independently of the annealing time and temperature, argon outgassing induced
surface defects (crater-like) were not anymore observed,

v' The observed holes, especially at the interface between the first bilayer and the
adhesion layer, are real and are not a sort of grains displacement related to the
preparation of samples for SEM cross sectional imaging (cleavage). This was
confirmed using a FIB-SEM imaging, as shown in figure 2.6.
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Figure 2.4: SEM cross sectional images of (a) 100nm-thick adhesion layer annealed for
5min. (b) to (f) a stack of 5 bilayers (10/150nm) on 100nm-thick adhesion layer subjected
to a final annealed for different times: (b) 5min. (c) 15min. (d) 30min. (e) 45min. (f)
60min. All samples have been annealed at 550°C under N2H. atmosphere.
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Figure 2.5: SEM cross sectional images of a stack of 5 bilayers (10/150nm), on a 100nm-
thick adhesion layer, annealed for 30 min at different temperatures: (a) 550°C. (b) 570°C. (c)
and (d) 580°C.

EHT = 7.00kV
Mag = 48.78 KX

Figure 2.6: FIB-SEM cross sectional images of a Shilayers stack CIGS film annealed at
580°C for 30 min.
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On the other hand, XRD analyses, have shown that, independently of the used bilayer
thickness, annealing temperature and time, highly oriented (112) single chalcopyrite structure
is obtained for all samples. In addition, a slight progressive improvement of the crystallinity
as the annealing time increases can be deduced by comparing the XRD patterns in figures 2.7
(a) to (d). Finally, slightly better crystallinity was observed in case of annealing at higher
temperature, as shown in figure 2.7(e). This results are in good agreement with the SEM
observations.
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Figure 2.7: XRD patterns of 5-bilayers stack CIGS films obtained after different
annealings. (a) to (d) final annealing at 550°C for different periods: (a) 15min, (b) 30min,
(c) 45min, (d) 60min. (e) final annealing at 570°C for 30 min

However, changes in elemental concentration with the final annealing time and therefore
deviations from optimal composition were observed, as can be seen in figure 2.8(a) and (b).
An increase in both selenium and indium concentration was observed for longer annealing
time. In fact, this rather reflects the depletion in copper and gallium (which is still not clear
for us) since neither additional supply of selenium nor of indium were used. Furthermore, this
does not mean that there were no selenium loss but rather that copper and gallium losses were
more important!!!

On the other hand, higher annealing temperature was found to have almost no harmful effect
on elemental composition (calculated composition ratios are still acceptable).

Finally, as shown in the inset of figure 2.8(a), argon concentration within all samples prepared
using this stack process is in the range of 0.07% to 0.1%, which is in fact the same order of
the measurement error.

NB: For better accuracy, means over 10 measurements on the same point were calculated.
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Figure 2.8: Variation of the elemental concentration (a) and the corresponding elemental
ratios (b) in a 5-bilayers stack CIGS film as a function of annealing time and temperature
(EDX measurements).

Partial conclusion: *’Limits of this process’’

Talking about microstructural quality, it was found that it is quite hard, if it is not impossible,
to get defect-free CIGS layer. Annealed samples at low temperature and for short time have
shown clear interfaces between the bilayers. Improved microstructure was obtained by either
increasing annealing time or temperature; however, in the first case composition deviation
from optimal one was found while in the second large holes were observed.
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From the industrial point of view, one should admit that this process leads to a considerable
waste in both time and energy, and therefore finding an alternative solution for argon
outgassing management would be highly appreciated.

2.10. Third developed process: high pressure process

After the Scofield-inspired CIGS bilayer structure and the stack of reduced thickness CIGS
bilayer processes, a third process was investigated.

Our previous efforts were not in vain since this third process is in fact inspired from the
examination of the obtained SEM cross sectional images of the annealed 100nm-thick
adhesion layer (deposited at high pressure) shown in figure 2.4(a): so why not trying the
deposition of the entire CIGS layer at high pressure!!. The obtained results were surprising!!

Despite the reduced argon peening effect at high deposition pressure (due to the low particle
energy), the porous structure facilitates the outgassing of argon and limits, if not eradicates,
the induced damage.

In the following we present, in detail, the properties of the obtained CIGS thin films using
such a process.

Figure 2.9 shows the cross-sectional SEM images of the as deposited and annealed CIGS thin
films. As can be seen in figure 2.9(a), the as deposited thin film shows a clear
columnar/fibrous microstructure, which is in a good consistency with Thornton’s model P
Thornton. 19741 “Sych a structural feature is characteristic of low temperature deposited thin films
due to the low surface mobility of deposited particles, resulting in a tendency of the initial
nuclei to grow in the direction of available coating flux A Thormton. 19741

After post-annealing, coalescence process and large grains are observed. The resulting thin
film microstructural properties are then similar to those obtained when using usual co-
evaporation or sputtering-selenization techniques: grain size larger than 2 micrometers and
good adhesion to the Mo back contact, as can be seen in figure 2.9(b).

Furthermore, small holes within the thin film volume are observed. This is believed to be
originated from the tensile stress relaxation resulted from the arrangement and shrinkage of
the disordered material P Thormton. 1989]

On the other hand, the EDX quantitative analysis was performed on as deposited and annealed
thin films in order to assess the changes in chemical composition after annealing “’For better
accuracy, means over 10 measurements on the same point were calculated "”. The obtained
results confirm that the annealed thin film is still slightly Se-rich (Se/Cu+In+Ga=1.13), and
slightly copper poor (Cu/ In+Ga= 0.9), while the ratio Ga/Ga+In is equal to 0.3.
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Figure 2.9: Cross-sectional SEM images of high pressure deposited CIGS thin films: (a)
as-deposited film, (b) annealed film at 540°C for 30min.

However, one may wonder about other possible negative consequences of using high pressure
deposition process such as phase decomposition. For this reason, X-ray diffraction data of the
as deposited and annealed thin films were recorded and the XRD patterns are presented in
figure 2.10. As can be seen, both thin films reveal a chalcopyrite polycrystalline structure with
a (112) preferred orientation. The relatively weak and large peaks of the as deposited thin film
are attributed to its limited crystalline quality, while the very intense and narrow peaks
obtained after annealing clearly express the high crystalline quality, which is consistent with
the previous cross-sectional SEM images.

Furthermore, the origin of the (112) preferred orientation was previously explained in details
in 82.4.1: either due to the low (112) plan energy of the Cu-poor chalcopyrite structure

compared to that of the (110) [ %affe. 2001 " or to the effect of molybdenum surface density [+
Shin. 2012] [J.H. Yoon. 2014]

Also, it is interesting to note that no extra peaks corresponding to metallic or other compound
phases, such as In.Ses, Cuiilng, CusGas, CulnSe;, CuGaSez, were detected. However,
knowing that the characteristic XRD-peaks of the CIGS chalcopyrite phase and those of the
CuzSe secondary phase have almost the same position, one cannot confirm the absence of this
secondary phase just by analysing the XRD spectra. To remove this ambiguity, Raman
measurement seems to be useful for further investigation before confirming whether such a
secondary phase exists or not.
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Figure 2.10: XRD patterns of high pressure deposited CIGS thin films. (a) as-deposited
thin film, (b) annealed thin film at 540°C for 30min.

As can be seen on the Raman spectrum in figure 2.11, the annealed thin film shows an intense
and sharp peak at 175 cm™ related to the A; vibrational mode, and a weak and broad peak at
217 cm™* which corresponds to the B,/E vibrational modes. Both of them are characteristics of
the chalcopyrite structure [J. Xiang. 2014] [L. Ouyang. 2015] [L. Ouyang. 2014].

The high intensity and sharpness of the A: mode is largely reported as a sign of the high
crystalline quality of the chalcopyrite phase - Shi- 20111 [L. Ouyang. 2015] [H. Kong. 20141 “which is in a
good consistency with the SEM and XRD analyses.

On the other hand, no peak in the range 258-263cm™, which is characteristic of the Cuz.xSe
secondary phase vibrational mode [ *iang. 2014] [J.H. Shi. 2011] [L. Ouyang. 20141 " \yas detected; this
demonstrates the single phase chalcopyrite structure.

Moreover, no peak at 156 cm, corresponding to the vibrational mode of the ordered vacancy
compound (OVC) [L- Owang 20151 '\wa5 observed.
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Figure 2.11: Raman spectrum of a high pressure deposited CIGS thin film annealed at
540°C for 30min.

Finally, the SIMS depth profiles of the constituent elements of the annealed CIGS thin film
are presented in figure 2.12(a). As can be seen, all elements show a homogeneous
composition distribution along the CIGS thin film depth, evidencing a uniform and single-
phase CIGS thin film which supports our previous conclusions.

On the other hand, it is interesting to note that Ga accumulation toward the back contact,
widely observed in CIGS thin films prepared by the two-stage process [HR- Hsu- 20121 [IKCH. Liao.
2013] [A. Rockett. 2000], was not observed.

It was suggested that such a Ga accumulation in selenized thin films, leading in general to a
reduction in Voc [MR- Hsu. 20121 [KH. Liao. 2013] "5 que to the difference in the chemical affinity
between Se and In compared to that between Se and Ga, resulting in In and Ga migration
toward the surface and back contact, respectively [ 1220131 "On the contrary, because of the
already bonded Ga and In to Se in the sputtered thin film from a quaternary target, such a
migration of elements is suppressed.

Furthermore, it is particularly interesting to note that Se signal exhibits a peak at the CIGS-
Mo interface, as shown in Figure 2.12(b), which might be attributed to the formation of
MoSe; interfacial layer.
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Figure 2.12: (a) SIMS depth profiles of the constituent elements of a high pressure
deposited CIGS thin film annealed at 540°C for 30min. (b) Zoom in SIMS profiles.

2.11. Short annealing time process “10 min”

The effect of reducing the annealing time, while keeping the same temperature, on the
microstructural properties of high pressure deposited CIGS thin films has also been
investigated. The cross-sectional SEM image and the XRD analysis of the obtained film,
shown in figures 2.13 and 2.14, respectively, reveal a clear similarity to that obtained after
30min of annealing: (i) grain size larger than 2 micrometers and good adhesion to the Mo
back contact; (ii) highly oriented (112) single chalcopyrite phase.
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From the technological point of view, annealing time is not a matter of interest, however, this
become of high importance once transferring the process from laboratory to industry.

In the light of this observations and purely for industrial sake, shorter annealing time process,
down to 1min, is planned to be investigated in the future.
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Figure 2.13: Cross-sectional SEM image of a high pressure deposited CIGS thin film and
annealed at 540°C for only 10min.
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Figure 2.14: XRD pattern of high pressure deposited CIGS thin film and annealed at 540°C
for 10min.
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2.12. Induced cracks in molybdenum after CIGS recrystallization

Unfortunately, the recrystallization annealing process of high pressure deposited CIGS thin
films was found to induce cracks in the molybdenum layer:

The SEM imaging of the CIGS surface has revealed the presence of some kind of "white line"
patches, as shown in figure 2.15(a), while no changes in the GIGS features could be deduced
by zooming in, as shown in figure 2.15(b).

However, the FIB-SEM imaging, with a tilt of 52° has shown a clear valley-like feature
corresponding to such a "white line", as shown in figure 2.15(c). For deeper understanding, a
FIB-SEM cross sectional imaging was then performed and the obtained image is shown in
figure 2.15(d).

The cross sectional FIB-SEM image shows a clear crack within the molybdenum layer. We
are quite sure that the observed cracks in the molybdenum layer are related, in somehow, to
the use of high pressure deposition of the CIGS thin film. This conclusion is based on two
observations:

* Similar annealing process of only the molybdenum layer (deposited in the same conditions)
was found to have no effect (no cracks were observed)

** During the development of the CIGS stack process with reduced thickness bilayers
structure, no molybdenum cracks were observed in case of using 10nm adhesion layer.

On the other hand, the fact that the cracks are found to be filled suggests that the GIGS thin
film becomes quasi-liquid at high temperature. Furthermore, the different contrast observed
between the bulk CIGS thin film and the filled crack might reflect a difference in composition
(deeper investigation is needed for confirmation).

One more important question is: do these ‘’cracks-defects’” have an effect on solar cells
performance? To answer this question, complete solar cells structure should first be
prepared!!

Developed solution:

The use of 300nm Al203 sodium barrier layer was found to prevent molybdenum layer
cracking. One possible explanation is that this barrier layer offers a certain flexibility at the
interface with molybdenum and therefore prevents crack formation. Nevertheless, further
investigation is needed for deeper understanding.

Furthermore, it is very important to note that higher annealing temperature was found to be
necessary to get similar crystalline microstructure to that obtained when no Al.Oz barrier
layer is used, otherwise very poor crystalline microstructure will be obtained, as shown in
figures 2.16(a) and (b). This is believed to be originated from the lack of sodium [ Granath. 2000]
[Q. Guo. 2013] [M. B. Ard. 2000] [J. Eid. 2015] \which is known to play an important role in lowering the
crystallization energy.

It is important to note that by adding this barrier layer, a sodium post deposition treatment
(Na-PDT) will be necessary for cell fabrication. Anyway, this sodium post deposition
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treatment is highly suggested for a better control of sodium concentration and therefore high
CIGS solar cells performance.
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Figure 2.15: (a) and (b) SEM surface images of a high pressure deposited CIGS thin film
and annealed at 540°C. (c) FIB-SEM surface image with a tilt of 52°. (d) Cross sectional
FIB-SEM image of the valley-like line.
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Figure 2.16: Cross sectional SEM images of a high pressure deposited CIGS thin films and
annealed at different temperatures: (a) 540°C. (b) 560°C. In both cases, Al>Os3 barrier layer
coated SLG substrates were used.

NB: Please note that figure (a) presents a complete CIGS solar cell structure (CdS/i-ZnO/
Al-ZnO on the top).

2.13. CIGS thin film orientation control

Having in hidden agenda the reported enhancement in solar cell efficiency using (220)/(204)
oriented CIGS absorbers, as previously presented in paragraph 2.4.2, the effects of
molybdenum layer density as well as of the film side exposed to heating were investigated.

2.13.1. Effect of molybdenum density

The effect of using lower molybdenum density (deposited at 1.5x10?mbar) on the CIGS layer
microstructure is presented in figure 2.17.

Using lower molybdenum density, it was found that the previously optimized annealing
process (540°C) leads to a very poor crystalline microstructure quality, as shown in figure
2.17(a).

Furthermore, higher annealing temperature (560°C) was found to lead to a clear improvement
(even if it is not as good as that previously obtained), as shown in figure 2.17(b). In parallel to
that, continuous cracks were, unfortunately, observed, as shown in figure 2.17(c).

These cracks were found to be larger (compared to those observed in case of high pressure
CIGS thin film deposited on high density molybdenum without Al>Os barrier layer and
annealed at 540°C, see figure 2.15) and to extend up to the CIGS layer surface (the cracks are
not filled).

Based on our previous results, one can expected that further increase in temperature and the
use of an Al>Os barrier layer might be, again, the right way to overcome these issues.

More important, the annealed CIGS thin film at 560°C is not anymore (112) preferentially
oriented but rather (220)/(204), as shown in figure 2.17(d). The ratio of the integrated
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intensities of the (220) reflection to the (112) reflection is about 2, which is the optimum one
for high efficiency solar cells as previously reported by S. Chaisitsak et al. [5 Chaisitsak. 2002]
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Figure 2.17: Cross sectional SEM images of high pressure deposited CIGS thin films on
high pressure deposited molybdenum and annealed at different temperatures: (a) 540°C. (b)
560°C. (c) surface SEM image of CIGS thin film annealed at 560°C. (d) XRD pattern of
CIGS thin film annealed at 560°C.
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2.13.2. In-situ annealing: Back side heating effect

Despite the obtained high quality microstructure, as shown in figure 2.18, back-side
resistance-based heating/annealing process was found to play a decisive role in the
determination of the CIGS thin films crystalline orientation.

As can be seen in figure 2.19, using a back-side resistance-based heating/annealing process, a
different CIGS orientation was obtained compared to that previously obtained using a front-
side halogen lamp-based heating process (§ 2.10): CIGS thin films are not anymore (112)
highly oriented but rather (220) with an integrated intensity ratio of almost 3.

It is very important to note that the used molybdenum layers in both cases have the same
density, therefore the effect of molybdenum layer discussed in section 2.13.1 should not be at
the origin of the observed change in orientation.

One possible explanation is the following:

In case of back-side resistance-based heating process, the recrystallization starts at the CIGS-
molybdenum interface and then the recrystallization moves towards the surface. Therefore,
the CIGS orientation is highly affected by the molybdenum surface density, at least near to
this interface while the (112) orientation might only dominate, due to its low surface energy,
far from this interface.

On the contrary, using a front-side halogen lamp-based heating process (which is our usual
annealing process in RTA furnace), no progressing recrystallization front towards surface
should be expected since more homogenous heat distribution within the CIGS layer is
guaranteed, and therefore, we can imagine a competition between the (112) and the (220)
orientations: (112) far from the CIGS-molybdenum interface and enforced (220) at the
molybdenum surface. In this configuration, only very low density molybdenum surface might
lead to slightly (220) orientation, as shown in §2.13.1.

NB: The aim of presenting the effect of back-side resistance-based heating on CIGS thin films
orientation is not to propose this annealing configuration as a solution for achieving the
(220) orientation, since the use of such a configuration is out of the question from the
industrial point of view, but rather to show that molybdenum surface density and sodium
concentration are not the only parameters controlling the orientation of CIGS thin films and
that the front-side halogen lamp-based annealing configuration plays an important role in
favoring the (112) crystalline orientation.
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Figure 2.18: Cross sectional SEM images of a high pressure deposited CIGS thin film and
annealed using a back-side resistance-based heating configuration.

Mo
(110)
15000

(220)
(204)

10000

(112)

Intensity (arb.unit)

5000

(312)
U (116) (332)
(316)
L ]
T T T T

20 40 60
2theta(degree)

Figure 2.19: XRD patterns of high pressure deposited CIGS thin film and annealed using a
back-side resistance-based heating configuration.

2.14. Chapter conclusion

Aiming to find a solution for argon outgassing induced crater-like defects, a CIGS stack of
several bilayer structures was investigated. Unfortunately, it was found that it is quite difficult
to get inter-diffused bilayer interfaces at an annealing temperature of 550°C. Improved
microstructure was obtained by either increasing annealing time or temperature; however, in
the first case composition deviation from optimal was found while in the second large holes
were observed.

In a second time, high pressure deposited CIGS thin films process was investigated. Despite
getting rid of the argon outgassing induced crater-like defects on the surface, the cross
sectional SEM image showed a micrometric-grains microstructure with high similarity to that
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commonly obtained using the co-evaporation technique. On the other hand, the XRD and
Raman analyses have evidenced the presence of a single chalcopyrite phase and the absence
of the Cu.xSe secondary phase at the CIGS surface, respectively. Furthermore, SIMS analysis
have revealed the elemental distribution homogeneity throughout the whole thin film
thickness while no evidence of Ga back accumulation or phase segregation.

However, such a process was found to suffer from molybdenum cracks. One found solution to
overcome such an issue is the addition of an Al>Os barrier layer and the increase of the
annealing temperature (up to 560°C).

Moreover, promising results for shorter annealing time process were obtained which opens
the door to further annealing time shortening.

Finally, the effect of the molybdenum density as well as the annealing configuration on the
CIGS thin film crystalline orientation was investigated. On one hand, we have shown that
improved (220) orientation is achievable for lower molybdenum density. On the other hand,
we have proved that the annealing configuration has a strong impact in favouring one
orientation or another.
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Chapter 3: Buffer layer

The purpose of this chapter is to present our contribution in the development of a chemical
bath (CBD) process for the deposition of cadmium sulfide (CdS) thin films and of a room
temperature sputtering process for the deposition of zinc oxysulfide (ZnSx0O1-x) thin films as
an environmentally friendly alternative. CdS material will be used in order to decorrelate
absorber and buffer layer contributions in the overall cell performance. Ultimately, ZnSxO1x
films will be used.

The first part of this chapter is devoted to a state of the art review, in which the role of the
buffer layer is discussed. The advantages and drawbacks of commonly used buffer layers as
well as the reason behind choosing sputtered ZnSxO1.x will also be presented.

The second part presents our work on CdS and ZnSxO1x thin films properties as materials for
a buffer layer of CIGS solar cells. Concerning ZnSxO1.x thin films, we more deeply focus on
the effect of the used deposition technique and the relationship between thickness and
composition.
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Part A. State of the art

3.1. Buffer layer roles

Intuitively, the fundamental role of the buffer layer is expected to be the formation of the p-n
junction; nevertheless, rummaging in related published works, several additional roles of the
buffer layer are commonly reported and some of them are generalized and are, over time,
accepted as postulates. Such a generalization should not have place, since most of them are
related to the nature and/or to the deposition technique of the buffer layer.

For more clarification, we summarize the confusing roles in the following:

* reducing recombinations at the p-n junction interface due to the epitaxial growth of the
buffer layer: only true using both CdS material (good lattice matching to CIGS) and CBD
deposition technique (even PVD-CdS layer does not show epitaxial growth [P Abou-Ras2. 2005y,

* CIGS surface cleaning (deoxidation of the surface): mainly related to the use of ammonium-
based CBD technique [ Kessler- 19931,

* CIGS surface protection against damage during window layer deposition: only possible
using soft deposition techniques (such as CBD, ALD ...). Moreover, it was also reported that
the omission of the buffer layer does not show a harmful effect (see 83.2.5 buffer layer free
process);

* lowering shunt paths due to the optimal covering of the CIGS surface: which is highly
dependent on both the thickness and the used deposition technique (with a superiority of the
chemical bath technique) [M. Buffiere. 2011] [R.S. Araoz. 2004].

In parallel to that, there exists other roles that are independent of the buffer layer nature and
deposition technique:

* Homo-junction formation through conductive type inversion: largely accepted that it leads
to a low interface recombination [? Klenk- 20011 by moving the electrical junction away from the
physical one. This is known to be a consequence of CIGS surface doping through metallic
elements diffusion, either during the buffer layer deposition (Cd) [T- Nakada. 1999] [C.S. Jiang 2003] g
after the post deposition treatment (Zn) [T Nakada. 2000]

* Conduction band alignment: the reference paper dealing with this subject is the one
published by T. Minemoto et al. [T Minemoto- 20011 "1y this work, they have used a simple model,
with an abrupt p-n junction between the buffer layer and the absorber layer (neglecting the
formation of a buried junction), to understand the effect of the conduction band alignment at
buffer/absorber interface on cells performance. They showed that only devices exhibiting a
positive offset (a spike) in the range of 0 to 0.4eV in conduction band positions might show
high efficiency, otherwise a dramatic decrease will take place due to the recombination
between majority carriers via defects at the interface.

© 2018 Tous drots réservés. -67- lilliad.univ-lille.fr



Thése de Boubakeur Ayachi, Lille 1, 2016
Chapter 3: Buffer layer

3.2. CBD-CdS buffer layer and its alternatives
3.2.1.CBD-CdS advantages

Over more than four decades, chemically deposited CdS buffer layer was considered as a
reference one, since it commonly leads to high efficiency CIS/CIGS solar cells. The reason
behind its superiority, compared to other buffer layers, is believed to be related to both CdS
material and CBD process: CBD technique ensures surface cleaning, surface protection from
damage and good covering; while CdS material guarantees the formation of the buried
junction and a good conduction band alignment and therefore low recombination level,
whereas both of them (CdS and CBD) are needed for an epitaxial growth.

Despite all these advantages, there are several drawbacks associated with the use of CdS as
buffer layer material and CBD as deposition technique:

3.2.2.CBD-CdS drawbacks

* CdS has relatively small band-gap energy (2.4-2.5 eV); as a consequence, even for thin CdS
layers, part of light is absorbed before reaching the CIGS layer. It is interesting to note that
the absorption in CdS does not contribute to the photocurrent, because of the small diffusion
length of minority carriers in CdS, which leads to a high recombination rate [P- Rudmann.t. 2004].

* From the environmental point of view, using Cd, which is highly carcinogenic element, is a
real issue especially when it comes to waste recycling at the industrial scale;

* From the manufacturing point of view, the chemical deposition process has two drawbacks:
(i) it leads to an increase in the production cost resulting from the need for waste recycling;
(i) the non-compatibility of the CBD technique to an in-line vacuum process leads to a time
loss (as it is said: time is money).

Based on that, the substitution of the CBD-CdS buffer layer by a another one that features
better in-line-processing compatibility and less harmful impact on the environment is highly
desired

3.2.3.Essential criteria of the optimal alternative buffer layer

* For better collection of short and long wavelength photons, replacing CdS by a larger band
gap and more transparent material is highly desired;

* Good crystal matching is essential for low defect density at the buffer/CIGS interface;
* Optimal conduction band alignment should be taken into consideration;

* Optimal n doping (higher (absolute value) than that of the absorber) is needed, in order to
confine the space charge region on the absorber side;

* Chosen deposition technique should guarantee an optimal surface covering without
introducing interfacial defects;
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* Finally, stability over time and cheapness of the chosen material and the in-line
compatibility of the chosen deposition technique are other important criteria from the
manufacturing point of view.

3.2.4.Alternative buffer layers

Several groups have worked on the development of alternative buffer layers, taking into
consideration some or most of the above mentioned criteria. In table 3.1 we give a quick
overview on recent researches and record cells based on alternative buffer layers. As a
reference value, the latest obtained record (June 2016) using CdS buffer layer is also given.

It is important to note that the list of alternative buffer layers presented in table 3.1 is not an
exhaustive one, since only those that led to high efficiency (n >18%) are reported. Several
other alternative buffer layers, such as ZnSe, ZnInSe, InSe, ZnCdSe ...etc, have also been
explored; however, relatively low performance was obtained. For a deeper insight, the main
four reviews on alternative buffer layers (S. Siebentritt [S- Siebentritt: 20041 "1y “Hariskos et al. [P
Hariskos. 2005]' N. Naghavi et al. [N. Naghavi. 2010] and W. Witte et al. [W. Witte. 2014]) are hlghly

suggested.
Obtained efficiency
Buffer Deposition
Reference material technique Altormative Reference Advantageous Drawbacks Remarks
with CdS
. Despite the use of
Have a look on the previous paragraphs: 3-stap © DIOCESS. 10
[ZSsw] Cds CBD - 226 CBD-CdS buffer layer/drawbacks ge process,
more details are
available
An increase in -SAS process was
the production used for CIGS;
[P. Eraerds. 2016] IN,Ss PVD 17.9 na -Both material and cost is expected -Resu_lts_ achieved
process are due to the use of on mini-module;
environmentally a rare material -No result on lab
friendly; (indium) cells is published
-Deposition process A
compatible for in- The use of ALD Single stage
[J. Lindahl. 2013] | ZnSnO ALD 18.2 18.5 line vacuum technique at the process was used
process CIGS industrial for preparing CIGS
[A. Hultqvist scale is not
' 2010] ' ZnMgO ALD 18.1 16.4 developed yet. No i-ZnO was used
. Despite th f
. Waste recycling esp! _e _e use o
-Environmentally selenization and
friendly material; and non- sulfurization
[T. Kato. 2016] 22.8 n.a. ' compatibility for
-Low cost S process, no more
CBD . an in-line -
technique details are
vacuum process -
Zn0S available
) 19.0
[T. Kobayashi. 18.4
2016] ALD 107 : Detailed review on ZnOS buffer layer will be presented in the
9 next section
[R. Klenk. 2014] Sputtering 18.3 failed

Table 3.1: Overview on recent researches and record cells based on alternative buffer
layers.
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Even though high efficiencies have been achieved using these alternative buffer layers, there
IS no doubt about the superiority, in terms of cost, of using Zn based buffer layers, since the
scarcity of indium is a limiting factor for low manufacturing cost.

On the other hand, a direct comparison between the obtained results, related to the
performance of ZnOS, ZnSnO and ZnMgO buffer layers, is, in fact, not so viable since they
were not obtained using the same cell fabrication process (absorber quality, deposition
method....etc); however, the latest obtained record using ZnOS buffer layer [T <@t 20161 might
confirm its superiority. That is why we will devote more importance to this buffer layer, and a
detailed status will be presented.

But before that, we would like to give a quick status about an alternative way that allowed
obtaining a p-n junction and therefore working solar cells without any need for any buffer
layer.

3.2.5.Buffer layer free process (p-n buried junction by diffusion)

Back to the early seventies, P.W. Yu et al. have for the first time confirmed the possibility of
forming a p-n homo-junction, by changing the conductivity type of CIS from p to n, through
Cd diffusion [*W- Y1971 however no solar cells were presented.

Based on this background, a buffer free process for CIGS solar cells was first developed by
the NREL. It was based on the intentional doping of the CIGS surface using a heat-treatment
of the absorber either in Cd or Zn- containing solutions [ Ramanathan. 19%8] “ As far as we know,
the best results obtained using such a process are 15.7% and 14.2% for Cd and Zn doping,
respectively [« Ramanathan. 20021 “Thjs process was mainly developed for environmental reasons:
(i) reducing the production waste resulting from using the chemical deposition bath technique
and (ii) finding alternative to Cd.

This approach has also opened the door for further prospects: the development of one step
absorber-buffer process. T. Sugiyama et al. and S. Nishiwaki et al. have succeeded in
preparing buffer layer free cells by either evaporating Zn during the last step of CIGS
deposition or right at the end of it [T Sugivama. 2000, [S. Nishiwaki. 2003] “They \were able to reach
14.8% of efficiency (which is slightly higher than that of their reference cell) [S- Nishiwaki- 2003]

3.3. Zinc oxy-sulfide (ZnOS) layer: properties and deposition techniques
3.3.1.0ptoelectronic and structural properties

From the optoelectronic point of view, one important property of zinc oxy-sulfide material is
its ability to adopt different band energy levels as a function of oxygen to sulfur ratio [©- Persson.
2006] [S. sharbati. 2014] “\which is key property to satisfy Minemoto’s condition for high efficiency
solar cells [T- Minemoto. 20011 “Theoretical calculations supported by experimental results have
revealed that, as the S/S+O ratio increases, the conduction band offset at the interface CIGS
(GGI~0.3)/buffer layer changes from a negative one (a cliff ~ -0.3 eV for a pure ZnO) to a

pOSitiVE one (a Spike >+1eV for a pure ZnS) [S. Sharbati. 2014] [C. Platzer-Bjérkmana. 2006] [T. Minemoto. 2011] [D.
Kieven. 2012]
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Furthermore, the conduction band offset changes are known to be accompanied by a variation
in the band gap value: starting from ZnO material, as the S/S+O increases, the gap value
decreases until reaching a minimum value at S/S+O= 0.5, then it increases for higher ratios.
This variation in the gap value reflects the increase and the stability of the valence band (VB)
and the conduction band (CB) energy levels for S/S+O in the range 0 to 0.5, respectively;
while an increase and a stability of the CB and the VB energy levels, respectively, are the
bands characteristics for S/S+O changes in the range 0.5 to 1 [©- Persson. 2006]

One explication for these phenomena is proposed by C. Persson et al. (only valid for
0<S/S+0<0.5): the local ZnS-like bonds in the ZnO host matrix would form a ZnS-like VB
defect states and thereby increase the VB energy level [C Persson 20061 " For S/S+0 in the range
0.5 to 1, one can imagine a similar explanation: local ZnO-like bonds in the ZnS host matrix
that form a ZnO-like CB defect states and thereby decrease the CB energy level.

Another consequence of S to O ratio increase, especially in the range 0.5<S/S+0<1, is the
increase in resistivity due to the divergence between the conduction band and the Fermi level.

Another very important point that should be highlighted is the dependence of the band gap
variation and therefore its minimum value at S/S+0=0.5 on the crystalline structure. X.F. Fan
et al. have revealed, through theoretical calculations, that zinc oxy-sulfide material with a
wurtzite structure might show a sharper band gap variation (larger bowing parameter), with a
lower minimum value of about 2.5eV, compared to the material crystallized in zinc blende
structure (minimum value of about 2.9e\/) X Fan. 2009

Talking about the crystalline structure, one known challenge is getting single phase zinc oxy-
sulfide material over the entire composition range. In thermal equilibrium conditions,
theoretical calculations predict that single phase is achievable over only a very narrow
composition range at relatively low temperature, while a complete solubility is reachable at
very high temperature D¢ Fan- 2009

Thanks to non-equilibrium environments offered by most of the used techniques for ZnOS
thin layer deposition, it is experimentally proved that getting a single phase material is
possible over an extended range. C.P. Bjorkman et al. have reported on single phase ALD
deposited thin films for S/Zn in the range 0 to 0.28 and 0.84 to 1, and an amorphous phase in
between [C: PlatzerBjorkmana. 20061 - sing PLD technique, single phase over a narrower region
(S/S+0O in the range 0 to 0.23 and 0.94 to 1) was reported bay Y. He et al [Y- " 2022 For
sputtering technique, one might quote H.L. Pan’s work, in which single phase thin films were
obtained for S/S+O composition in the range 0 to 0.23 and 0.77 to 1 [HL-Pan- 20101,

Finally, one important point to highlight is the fact that the effect of ZnOS layer crystalline
quality on cells performance is still not so clear, since even using amorphous layers leads to
comparable cell efficiencies [©- Platzer-Bjorkmana. 2006]
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3.3.2.Deposition techniques for CIGS solar cells

In table 3.2, we summarized the principle characteristics of the main three techniques used for
depositing ZnOS buffer layers (only those that have led to get high efficiency solar cells are
reported). Once again, a direct comparison between these results might not be the right thing
to do since the used absorber quality is not the same, on one hand and on the other hand, the
window layer and/or the post-deposition/final treatment were not identical.

Moreover, an accurate evaluation of R.Klenk’s results is not possible at the moment since the
efficiency of the reference cell was not published; nevertheless, analyzing their older results
obtained using a lower absorber quality (14.5% against 14.9% for the reference cell) A ¢rimm
20121 might give us an approximate idea about how good their results using sputtered buffer
layer are.

On the other hand, it would be fairer to take in consideration, while comparing these results,
the fact that the number of groups working on sputtered ZnOS buffer layer might be counted
using one hand fingers, and that R.Klenk’s results were obtained in a relatively short
development time: certainly there is room for further improvement !!.

Best reported
efficiency
Deoositi (+0.5cm?)
eposition
technique Reference Advantageous Drawbacks
Q “— N
e | B3
N
-Waste recycling (production cost increase);
-Low cost technique; -Non-compatibility to an in-line vacuum
228 [T. Kato. -Excellent coverage even of very rough process (time loss);
na. 2016] surfaces RS Aracz. 2004, -Additional rinsing in ammonia is needed to
CBD -Surface protective technique; remove the top zinc hydroxide layer™ 'z
-High homogeneity over large surfaces 20181,
-Surface cleaning before buffer layer -Very low growth rate, and several baths are
19.0 deposition [ Kessler. 1692 needed for a thick layer;
T -Difficulty to control oxygen concentration.
18.4 Koggi’glsm' -Low growth rate (time loss);
ALD 19.7 -Substrate heating (energy loss);
-Safety issues related to the use of H,S gas.
%
& - Losses in time and energy related
o O S I2) . . ..
> £ [A. g o = to the relatively high deposition
S 8| 137 | 17.8 Grimm. € 'g > temperature (200-300C), a deep
& § 2011] 3 wn % diffusion of Zn might result in a
g g > detrimental effect [T Nakada. 2000
(<5
o M. £2 § -Classical co-sputtering: elemental
| £ 8.0 14.7 Buffiere. = % -Low cost technique; " 5 | distribution inhomogeneity [ Buffier
| 8 2011] S & | -High deposition rate; g8 | =8 2om),
2 § - e8 -No need for surface S 2.2
3 f . > iming i in =3 =it _ _ineni _ i
&l 8| 111 | 122 | Minemoto. £ E rinsing in ammonia; o s s ALD |qsp|red co-sputtering:
2011] 33 -Safe technique E] b material and time losses.
Za S| 8
g s | E _— o
5 E 2 -Hill like S to O ratio distribution
D Q < 2 with high S concentration at the
E ?i‘J’ 183 n.a. [R. Kienk. % = center (most likely related to the
5 S 2014] a a A
[ ' & distribution of sputtered elements
' inside the plasmall) [ Klenk. 2014]
Table 3.2: Overview on most efficient techniques for ZnOS buffer layer deposition.
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3.4. ZnOS buffer layer thickness

In the contrary to the largely accepted thickness of the CdS buffer layer (£50nm) as a
reference value for high efficiency solar cells, several ZnOS buffer layer thicknesses ranging
from very thin (some nanometers) to relatively thick (more than 100nm) are reported. One
point that should be highlighted is the dependence of the upper layer (window layer) nature,
thickness and deposition technique on the chosen thickness of the ZnOS buffer layer.

3.4.1.Ultra-thin (£5nm)

The most impressing work based on the use of an ultra-thin ZnOS buffer layer is that
published by C. Platzer-Bjorkman et al. They have shown that it is possible to reach 16.4% of
efficiency using only few nm-thick ALD-deposited ZnOS buffer layer (1-2nm) with S to Zn
ratio in the range 0.8-0.9 (vs 15.8% for the reference cell) [C Platzer-Biorkman. 2006] "1 thejr work,
the sputtered i-ZnO layer was replaced by an ALD-deposited one.

It is also interesting to note that Solar Frontier process, for their previous world record cell
(22.3%), is also based on the use of an ultra-thin ZnOS buffer layer (~5nm-thick, presented
within the 2016 EMRS conference). However, no more details were given.

3.4.2.Thin (10-30nm)

In a recent work, T. Kobayashi et al. have shown efficiency as high as 19.0% using 10-20nm-
thick CBD-ZnOS buffer layer (vs 18.4% for the reference cell). Surprisingly, such a high
efficiency was obtained without an additional i-ZnO or ZnOMg layer. Most likely, the good
coverage related to the CBD technique and the high resistivity of the ZnOS layer are the key
parameters limiting shunt paths. To the best of our knowledge, this is the highest efficiency
obtained using a buffer layer thickness within this range [T-<obavashi. 20161 1 taple 3.3, we
summarize the best reported works using 10-30nm-thick ZnOS buffer layer.

[T.Kobayashi. . [C. Platzer- [K. Ramanathan. .
Reference 2016] [W. Witte2. 2013] Bjorkman. 2006] 2012] [D. Hariskos. 2009]
Thickness 10-20 20-30 30 20-30 20-30
Efficiency% 19.0 16.5 16.4 18.5 18
Ref. cell 18.4 16.6 15.8
Dep. tech CBD CBD ALD CBD CBD
S/(S+0) 0.6-0.7 0.7 0.4
No i-ZnO
ZnOM .
MOCVD gpzﬁ Z:g AQI] Sputt ZnO/ No i-ZnO ZnOMg
Remarks ZnO:B 850m2 No Sputt ZnO:Al Zn0O:X Sputt ZnO:Al
HLS, 0.5cm?, ' ' No ARC ARC ARC
ARC ARC

Table 3.3: Best reported works using 10 to 30nm-thick ZnOS buffer layer.
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3.4.3.Medium thickness (50-60nm)

For this range of thicknesses, some groups were also able to overpass the 18% threshold using
different deposition techniques, as shown in table 3.4.

T. Kobayashi et al. have also reported on high efficiency cells using either ALD (19.7%) [™
Kobayashi. 2016] o CBD (18.8%) [T Kobavashi- 2014] techniques. Another interesting result [R- Klenk. 2014]
is that related to the use of sputtered buffer layer for achieving 18.3% of efficiency.

Reference [T. Kobayashi. 2016] [T. Kobayashi. 2014] [R. Klenk. 2014]
Thickness 50 50 60
Efficiency% 19.78 18.8 18.3
Ref. cell 184 - -
Dep. tech ALD CBD RF-Sputtering
S/(S+0) 0.33 0.6 0.19-0.22
100nm- i-ZnO (ALD) No i-ZnO . )
Remarks MOCVD ZnO:B MOCVD ZnO:B No "ZAnF?é Sg:tct rizno'A'
ARC, HLS, 0.5cm? ARC, HLS, 0.5cm? T

Table 3.4: Best reported works using 50 to 60nm-thick ZnOS buffer layer.

3.4.4.Relatively thick (2100nm)

Finally, a very thick buffer layer was also used, and it has yielded in cells efficiency of around
18%: 18.1% [T. Nakada. 2002] 18.5% [R. N. Bhattacharya. 2004] and 18.6% [M.A. Contreras. 2003] all of them

were obtained using CBD process and no highly resistive i-ZnO upper layer was needed.

3.5. Buffer layer annealing

Regardless of the buffer layer nature and deposition technique, air annealing just after its
deposition was found to be a critical step for high efficiency solar cells. The physical
phenomena behind that will be summarized in the following: some of them are common to all
buffer layers, others are not.

3.5.1.CdS layer

In case of using a CdS buffer layer, the post deposition annealing was found not to have an
effect on the CdS buffer layer itself (despite the slight increase in transmittance reported by
Y.D Chung et al. [P Chung. 20111 "ht rather on the surface of the CIGS layer.

Other than the inversion type at the absorber surface originated from thermal induced Cd
diffusion, changes in defects density at the CIGS surface were also observed.
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In an early time, D. Cahen et al. have attributed the enhancement in cells performance,
resulted from air or O annealing, to the O-induced neutralization of donor states (Se
vacancies and Incy anti-sites) at the grain surface and boundaries, and therefore eliminating
recombination centers and increasing the effective doping level. This explanation was
supported by previous observations: (i) a degradation in cells efficiency in case of H:
annealing; (ii) no effect of air annealing on already selenized samples. It was also found that
annealing time and temperature are grain size dependent: lower temperature and shorter time
for larger grain CIGS layer (for more details, please have a look on [P €ahen- 19881 gnd references
therein).

Combining the admittance spectroscopy and the deep level transient spectroscopy techniques,
a deep investigation on the effect of annealing was carried out by R. Herberholz et al. They
have confirmed the previous presumptions by showing the progressive attenuation over
annealing time of the peak correspond to the shallow holes traps, while the one related to the
bulk holes traps remains unaffected [R- Herberholz 1997,

Finally, one should note that the optimal annealing time and temperature, commonly reported

for high efficiency CdS based solar cells, are in the ranges of 1 to 2min and 180 to 200°C,
respectively [1. Repins. 2008] [A. Chirila. 2013]

3.5.2.Zn0S layer

In case of ZnOS buffer layer, multi effects of the post deposition annealing were reported. In
addition to the inversion type and passivation of the CIGS surface (same effect as in the case
of using a CdS buffer layer) [W- Wittez. 2013], [T. Nakada. 2000] " the effect of the post deposition
annealing on the enhancement of the CBD-buffer layer stoichiometry and therefore the
adjustment of the band alignment have also been reported [- Wite2. 2013],

Furthermore, a longer annealing time is commonly reported (about 10 min) and it is justified
by the low diffusivity of Zn (compared to Cd) in CIGS; whereas, the annealing at higher
temperature (higher than 200°C) is reported to be a cell performance killer (due to the excess
diffusion of Zn into CIGS) [T Nakada. 2000]

3.6. Partial conclusion

In this first part, we have summarized the commonly reported roles of the buffer layer. The
origins of the superiority of commonly used CdS buffer layer were clarified, and the main
criteria of the suitable alternative were given. We have also presented a non-exhaustive list of
already developed alternatives, their advantages and drawbacks.

More effort was devoted in summarizing the most important properties of ZnSxO1.x buffer
layer (only those might help in improving CIGS solar cells), as well as the advantages and
drawbacks of commonly used deposition techniques.

More important, classifying previously reported works on high performance cells as a
function of the used ZnSxOi1x buffer layer thickness (independently of the deposition
technique), allowed us to extract the following conclusion: “’high efficiency solar cells are
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achievable whatever the ZnSxO1.x buffer layer composition is; however, the higher the x
composition is, the lower the thickness should be’’.

In the next part, we will show our contribution in the development of both CBD-CdS and
room temperature sputtered ZnSxO1-x buffer layers.
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Part B. Experimental results

3.7. Chemical bath deposition of CdS layer
3.7.1.Deposition protocol

On figure 3.1 is reported the flow chart of the developed CBD process for CdS layer.

Cadmium Ammoniurm Ammoniurm
acetate hydroxide acetate
{m1) (Vi) {m2)
v
Substrate Deionized water Thiourea
cleaning: {v2) (m3)
Acetone-=» + Stirring v
Ethanaol-=» '
Dl water-> Deionized water
M3, [ Heating up to } (V3)
Y Iy 70-30°C
+ Stirring
¥
¥
Mixing solutions Heating up to
+ Stirring for 30sec 70-50°C
LAl
Substrate
Immersion
¥

Far a deposition time of 7 min:
60nm an glass and 80nm on CIGS

About 5min30sec for 50nm on CIGS

Figure 3.1: Typical experimental protocol for CBD-CdS buffer layer.

It is worth to note that using the above described protocol, immediate rinsing in deionized
water after CdS deposition was found to be necessary in order to remove loose CdS particles
from the surface.

Another very important point *’based on our experience’’ to highlight is the fact that
following a modified protocol e.g. changing the temperature of solutions mixing and/or the
time/temperature of substrate immersion might lead to dramatic consequences!!
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For example, mixing the two solutions at room temperature and then heating up was found to
lead to the appearance of a cotton-like very thick film (few mm) on the substrate as long as
this later is kept inside the bath. This cotton-like film was found to disappear once the
substrate is removed from the bath; however, no CdS film remained on the substrate (only
fibrous-like wastes were observed on the surface).

3.7.2.Growth and coverage

CdS uniform coverage of the CIGS surface is known as a corner stone for high efficiency
solar cells due to its role as a protection layer from high energy sputtered particles, on one
hand and on the other hand, as a limiting shunt paths layer. Consequently, we have paid a
special attention to the optimization of the deposition conditions of this layer in order to
ensure a good coverage for a standard thickness (50nm).

To do so, the influence of ammonium hydroxide concentration on surface coverage was
investigated, and the obtained results are shown in figure 3.2. It was found that the high
ammonium hydroxide concentration deposited layer shows a poor coverage with
nanocrystallite sizes in the range of 100 to 150nm, while an optimum ammonium hydroxide
concentration leads to a better coverage uniformity and a more uniform nanocrystallite size
distribution (around 50nm) were achieved. It is worth to note that in both conditions, a CdS
layer thickness of 50nm was achieved by tuning the deposition time.

The very poor coverage observed in case of using high ammonium hydroxide concentration
deposition solution is most probably originated from the domination of the homogenous
reaction which is more preferable in such a condition [O- Oladeji. 1997]

In addition to the improved surface coverage using low ammonium hydroxide concentration
bath, this deposition condition would also be beneficial for CIGS solar cells fabrication since
previous studies have shown that ammonium hydroxide might react with CIGS surface
leading to a preferential etching of indium and gallium and therefore the formation of a thin
Cu,Se layer might take place [©- Perkins. 2005]
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Figure 3.2: SEM images of 50 (x5) nm-thick CBD CdS layers on glass substrate at a bath
temperature of 70°C. (a) Using ammonium hydroxide concentration of M. (b) Using
ammonium hydroxide concentration of M/2.

Even though optimized ammonium hydroxide concentration has resulted in an improved
surface coverage, some poorly covered small zones were observed.

Further improvement of the surface coverage was possible by increasing the deposition bath
temperature, as can be seen in figure 3.3. Once again, the deposition time was tuned in order
to get almost the same thickness for all samples (50+£5nm).

An optimum coverage was achieved at 80°C, while further increase in temperature (90°C) was
found to have almost no effect. Furthermore, the nanocrystallite size was found to be
unchanged as the deposition temperature increases (around 55nm). However, the growth rate
was found to be temperature dependent: the higher the temperature, the higher the growth
rate. The measured growth rates for deposition bath temperatures of 70°C, 80°C and 90°C are
about 3.33nm/min, 9.16nm/min and 10nm/min, respectively. Similar growth rate and
nanocrystallite size dependences on deposition bath temperature were previously observed by
H. Moualkia et al. [M- Moualkia 20091 “Fing|ly, it is worth to highlight that the close growth rates
for bath temperatures of 80°C and 90°C might be at the origin of the observed coverage
similarity.
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Figure 3.3: SEM images of 50 (x5) nm-thick CBD CdS thin films on glass substrate
obtained at different bath temperatures. (a) 70°C. (b) 80°C. (c) 90°C.

Furthermore, the coverage dependence on the deposited thickness was also investigated and
the obtained SEM images are presented in figure 3.4. The measured thicknesses after
deposition times of 6min, 11min and 15min were 50nm, 80nm and 90nm, respectively.

First point to highlight is the changes in deposition rate along the deposition process. This is
known as a characteristic of the CBD process during which the growing layer might go
through three phases: (i) incubation or latent period, (ii) high growth rate phase
(heterogeneous reaction) and (iii) saturation phase (homogeneous reaction).

Furthermore, it was found that the hail-like nanocrystallites become bigger and the surface
coverage denser as the layer thickness increases from 50nm to 80nm. Further improvement in
surface density was observed for 90nm-thick layer; however, the nanocrystallites were found
to have lower size (note that the SEM image C was taken at magnification of 10°).
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Figure 3.4: SEM images of CB-deposited CdS thin films at 80°C for different deposition
times. (a) 6min. (b) 11min. (c) 15min.

Finally, one very interesting point to highlight is the observed change in CBD-CdS thin film
thickness in case of deposition on CIGS-covered substrate. Using a recipe that is supposed to
result in 50nm-thick CdS layer (already proved on glass substrate), a thickness of almost
90nm was measured on CIGS-covered substrate, as can be seen in figure 3.5 (a) and (b).
However, by adjusting the deposition time, a 50 (£5) nm-thick CBD-CdS layer was
successfully deposited on CIGS-covered substrate, as can be seen in figure 3.5 (c).

On the other hand, the SEM cross sectional images of deposited CdS thin films on both glass
and CIGS-covered substrates have revealed the excellent surface coverage using standard
50nm-thick CdS layer, as shown in figures 3.5 (a) and (c).

N.B: please note that the SEM cross sectional images were taken at different magnifications
either for more clarification or due to the very low film thickness and therefore the difficulty
we faced to get clear and non-distorted SEM scan at high magnification.

© 2016 Tous droits réservés. -81- lilliad..univ-lille fr



Thése de Boubakeur Ayachi, Lille 1, 2016
Chapter 3: Buffer layer

EHT = 5.00kV Signal A=InLens Signal = 1,000 WD = 48mm N
Mag= 5000KX  SignalB=Inlens Muing=Off StageatT= 0.0° \'emn

[\
EHT = 5.00kV Signal A= InLens Signal = 04671 WD= 43mm N
Mag=10000K X  SignalB=InLens Miing=Off StageatT= 0.0° \Iemn

(c)

100 nm EHT = 5.00kV Signal A= InLens Signal= 1000 WD= 5.1 mm N
— o o \Iemn

Mag=150.00 KX  Signal B=Inlens Mixing=Off StageatT= 00°

Figure 3.5: Cross sectional SEM images of CBD CdS thin films on different substrates.
(@) On glass substrate (50 nm). (b) On CIGS-covered substrate (90 nm, same deposition
time as in (a)). (c) CIGS solar cell stack with a zoom on the 50nm-thick CdS film (adjusted
deposition time compared to (b) in order to get 50 nm thickness).

3.7.3.Structural and optical properties

In order to evaluate our deposition process, structural and optical properties of the obtained
50nm-thick CdS layer deposited at 80°C (on glass substrate) were investigated.

As can be seen in figure 3.6, the XRD analysis of our deposited CdS thin film reveals a strong
preferred orientation along either the (002) of the hexagonal structure or the (111) of the cubic
structure, confirming the polycrystalline nature of the thin film.

Furthermore, neither other diffraction peaks characteristic of the CdS phase nor those
characteristic of other phases, such as cadmium oxides, were detected; however, the non-
detection of diffraction peaks corresponding to cadmium oxide phases does not exclude their
presence since they might exist in an amorphous state.

From literature, similar results have been previously obtained by T.L. Chu et al [Tt Chu-1992],
They have attributed the observed preferred orientation to the controlled nucleation process
associated with the low growth rate. On the other hand, 1.0. Oladeji et al. have reported that

© 2018 Tous drots réservés. -82- lilliad.univ-lille.fr



Thése de Boubakeur Ayachi, Lille 1, 2016
Chapter 3: Buffer layer

CBD-CdS thin films deposited on glass substrate rather has a zinc-blende (cubic) structure [©
Oladeji. 2000]

However, the orientation of CdS thin film deposited on CIGS cannot be guessed based on the
obtained one on glass substrates since several previous results have shown a sort of

dependence between the orientation of the CdS layer and that of the CIGS layer [M- Furlong. 199]
[T. Nakada. 1999] [D. Abou-Ras2. 2005].
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Figure 3.6: XRD patterns of 50nm-thick CB-deposited CdS thin film on glass substrate at
80°C.

Concerning the optical properties, transmittance measurements have been performed and a
typical obtained spectrum is displayed in figure 3.7. It was found that optical transmittance
decreases continuously from 87 % at 900nm down to about 69% at around 540nm with almost
a constant slope. At this wavelength, a sharp decrease in transmittance (down to 51%) was
observed, which corresponds to the band gap of the CdS thin film. The measured band gap
value using Tauc’s method is about 2.25eV, as shown in the inset of figure 3.7. At lower
wavelengths, the optical transmittance was found to keep decreasing with almost the same
slope observed in high wavelength region. Finally, the cut-off in transmittance at short
wavelength is attributed to the absorption of the substrate.
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Figure 3.7: Optical transmittance spectra of 50nm-thick CB-deposited CdS thin film on
glass substrate at 80°C. The inset shows the extracted band gap value.

3.8. Sputtered ZnOS layer
3.8.1.Reactive sputtering process

Based on some already published works dealing with zinc oxysulfide thin films deposition
[B.K. Meyer. 2004] [H.L. Pan. 2010] [H. Xu. 2013] [A. Grimm. 2011]1 Supposed zinc oxysulfide thin films have
been reactively sputtered from a pure zinc sulfide target. The only difference compared to
those works is that a room temperature deposition process was used.

Since the use of high temperature deposition process does not meet the requirements for
simple in line processing, on one hand and on the other hand, might have a harmful effect on
the CIGS solar cell, we have checked out whether a room temperature reactive sputtering
deposition process leads to similar results or not.

Unfortunately, the obtained results were disappointing. Previous theoretical and experimental
results have shown that the band gap variation of zinc oxysulfide thin films as a function of

sulfur to oxygen ratio shows a valley-like curve with a minimum value at a ratio of 0.5 XF-Fan
2009] [B.K. Meyer. 2004] [A. Grimm. 2011]

In contrast, our room temperature reactively sputtered thin films have shown completely
different characteristics. The optical transmittance was found to increase as the oxygen to
argon ratio increases (as displayed in figure 3.8), accompanied with a slight shift of the cut-off
in transmittance towards lower wavelength (blue shift) and therefore a slight increase in the
optical band gap value, as shown in figure 3.9.
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Figure 3.8: Optical transmittance spectra of 50nm-thick reactively sputtered thin films
from a pure ZnS target, using different oxygen to argon gas ratios.
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Figure 3.9: Optical band gap variation of 50nm-thick reactively sputtered thin films from a
pure ZnS target, as a function of oxygen to argon gas ratio.

One possible explanation is that the high energy bombardment of oxygen atoms which hereby
implies a degraded crystalline quality, as clearly shown in figure 3.10, might be
counterbalanced in case of using high temperature deposition process. Consequently, high
temperature deposition is a key parameter for reactively sputtered zinc oxysulfide thin films.
However, high temperature deposition process was not our driving parameter and an
alternative solution was then looked for.
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Figure 3.10: XRD spectra of 50nm-thick reactively sputtered thin films from a pure ZnS
target, as a function of oxygen to argon gas ratio.

3.8.2.ALD-inspired sputtering process

For scientific/intellectual honesty, it is worth to note that such a process was used for the first
time by T. Minemoto ‘s group for the deposition of zinc oxysulfide thin films (they have even

previously used it for studying magnesium-doped zinc oxide thin films) [T- Minemoto. 2011} [A.
Okamoto. 2011]_

3.8.2.1. Deposition protocol

Two targets, ZnO and ZnS, have alternatively been sputtered using a continuous rotation of
the substrate holder. Depending on the applied power (and pulsed-DC duty cycle) to each
target, it was possible to deposit 100nm-thick ZnSxO1.x films in which the composition, x, can
be tuned between 0 and 1. The adjusted applied sputtering power to each target (for a given
composition) and deposition time (for 200nm-thick thin films) are summarized in figure 3.11.

Furthermore, it is important to note that the mentioned composition was not directly measured
but rather empirically calculated. To do so, thin films were considered to have the same
density, which is not completely true because of the thin films density dependence on
sputtering power; however, the error is believed not to be so large, therefore the indicated
composition values are approximate and not exact.

On the other hand, we would highlight that the multilayer structure, that one can have as a
first reflection for the overall film structure using such a deposition technique, should not be
obtained due to (i) the low deposited thickness each time the substrate passes under one target

! Due to the deposition chamber configuration/limitations, ZnO and ZnS targets could not be deposited the
same way: one has been deposited in RF mode(ZnS) and the second one in pulsed-DC mode (ZnO).
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(less than 2.3nm for the highest sputtering power) and (ii) the growth mode of sputtered thin
films (Volmer-Weber).
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Figure 3.11: Sputtering deposition conditions for 100nm-thick ZnSxO1.x thin films.
(in order to tune the thickness of ZnO films, sputtering pulsed-DC power was decreased.
Nevertheless, it cannot be decreased linearly down to zero without deactivating the
plasma. In order to avoid this phenomenon, frequency parameter has been increased
resulting in the decrease of the mean sputtering power)

3.8.2.2. Optical characterization

Optical transmittance measurements are presented in figure 3.12. Contrary to the case of using
room temperature reactive sputtering, optical transmittance variations of the ALD-inspired
deposited thin films are consistent with literature reports: a clear shift of the cut-off in
transmittance toward higher wavelengths (red shift) as the sulfur to oxygen ratio decreases

(1>x>0.5) down to roughly x = 0.5, then it shifts backwards (blue shift) as x decreases down
to 0.
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Figure 3.12: Optical transmittance spectra of 100nm-thick ZnSxO1.x thin films with various
compositions (x). The inset shows a zoom on the cut-off in transmittance region.

The shift of the cut-off in transmittance reflects the band gap variation which origin is
explained in detail in § 3.3.1.

Using Tauc’s method, the band gap values were extracted and are displayed in figure 3.13. A
clear valley-like curve representing the optical band gap variation as a function of the
composition was obtained. Furthermore, by fitting the experimental curve, an optical bowing
parameter (b) of 1.3eV was deduced (Eg(zns) = 3.5eV, EQ(zno)=3.2eV).

Comparing to previously reported results, the deduced bowing parameter (1.3) and the valley
minimum (~3eV) are found to be different: B.K. Meyer et al., A. Grimm et al. and others have

reported on a bowing parameter and a valley depth of 3 and 2.6-2.8eV, respectively (B« Mever.
2004] [A. Grimm. 2011]

On the other hand, theoretical calculations have shown that the bowing parameter is

dependent on the crystalline structure with a higher value for the wurtzite structure compared
to the zinc blende structure P¢F Fan- 2009],

Comparing our results with those theoretical calculations, an initial conclusion was taken,
attributing the low value of the bowing parameter to possible zinc blende crystalline structure;
however, XRD analyses (see §3.8.2.3) have rapidly disproved/controverted this prediction
and confirmed the wurtzite structure of our deposited thin films: so we cannot link this low
value of bowing parameter to a matter of crystalline structure (at least in our case).

© 2018 Tous drots réservés. -88- lilliad.univ-lille.fr



Thése de Boubakeur Ayachi, Lille 1, 2016
Chapter 3: Buffer layer

3,5

— * — Experimental curve

3,4 1 Fitted curve

Eg(x) = XEQ(ZnS) + (1-X)Eg(zno) - b(1-x)x

band gap value (eV)

29 T T T T T T T T
0,0 0,2 0.4 0,6 0,8 1,0

Composition (x) ZnS O,

Figure 3.13: Optical band gap variation of 100nm-thick ZnSxO1.x thin film as a function of
the composition X.

For a more accurate comparison to the other groups’ results, optical transmittance of thicker
(350nm) thin films was investigated and the obtained results are displayed in figure 3.14. On
the other hand, since the band gap of pure ZnS thin films was found to be thickness dependent
[H.R. Dizaji. 20111 "t js more realistic to compare the shift of the cut-off wavelength of the optical
transmittance between pure ZnS and ZnSxO1« films that have the same thickness.

As can be seen in figure 3.14, thicker ZnSxO1.x films exhibit more important shift than thinner
films. This result might explain the observed difference in bowing parameter, previously
discussed.
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Figure 3.14: Optical transmittance spectra of ZnS and ZnSg.3400.64 thin films with different
thicknesses.

3.8.2.3. Structural and morphological characterization

In parallel to the optical transmittance, the structural properties and the surface morphology of
the obtained thin films were investigated by means of XRD and SEM, respectively. For more
clarity, results are divided in three parts: single phase oxygen rich ZnSxO1.x thin films,
multiphase intermediate composition thin films and single phase sulfur rich ZnSxO1.x thin
films.

* Oxygen rich ZnSxO1. thin films (0 <x <0.21)

As can be seen in figure 3.15, XRD analyses have revealed the polycrystalline nature and the
single hexagonal wurtzite structure of ZnSxO1x thin films which composition X is in the range
0 to 0.21 (no secondary phases such as ZnOz, ZnSOsa,... were observed), confirming the
complete solubility of sulfur in ZnO matrix and the formation of a solid solution.

Furthermore, all thin films have shown a strong (002) preferred orientation along the c-axis.
This preferred orientation might be attributed to both the surface energy of this (002) plan
which is the lowest for ZnQ [N Fulimura. 19931 and the sputtering technique. Moreover, very weak
(200), (103) and (004) diffraction planes were also detected, as can be seen in the inset of
figure 3.15a.

On the other hand, as the composition in sulfur increases, the diffraction peak position shifts
towards lower diffraction angles, evidencing the increase of the inter-planes distance.
Furthermore, a degradation of the crystalline quality was observed as the composition in
sulfur increases, as shown in figure 3.15b. This is most likely due to the induced distortion of
the host matrix resulted from the incorporation of higher ionic radius element (1.40 A for
oxygen compared to 1.84 A for sulfur).
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Moreover, scanning electron microscopy images, as given in figure 3.16, reveal the coast
pebbles shape-like surface morphology of the oxygen rich ZnSxO1« thin films. However, the
grain size was found to decrease as the composition in sulfur increases, which is in good
consistency with the XRD results. Finally, the variation of the unit cell parameters of the
wurtzite structure (a(=b) and c¢) deduced from the XRD measurements was found to verify
Vegard’s law (unit cell parameters vary almost linearly with composition as far as the
formation of a solid solution is possible), as clearly shown in figure 3.17.
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Figure 3.15: (a) XRD spectra of 100nm-thick ZnSxO1.x thin films: x ranges from 0 to 0.21.
(b) Zoom in XRD spectra.
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Figure 3.16: SEM images of 100nm-thick ZnSxO1.x thin films: x ranges from 0 to 0.21.
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Figure 3.17: Unit cell parameters variation as a function of the composition.

*Intermediate composition ZnSxO1« thin films (0.31 <x < 0.66)

Even though sputtering is a non-equilibrium thermodynamic process, it was found that single
phase ZnSxO1.x is difficult to achieve for intermediate compositions due to the limit of one
element solubility in the other element rich matrix (S in oxygen rich ZnSxO1.x and O in S rich
ZnSx01), and instead, several phases were observed, as shown in figure 3.18. The nature of
these phases is still a little bit confusing, and the only information we can confirm is that these
phases are neither oxygen rich or sulfur rich ZnSxO1.x.

This remark is in good consistence with several previous reports, where similar results were
obtained [A. Grimm. 2011] [H.L. Pan. 2010] [H. Xu. 2013] (despite that reported by Meyer et al. [B.K. Meyer. 2004]
in which a single phase ZnSxO1.x thin film in the wurtzite structure was reported).

Furthermore, the weak and large diffraction peaks are a sign of the poor crystalline quality.
This can also be clearly noticed on the SEM images in figure 3.19, where no granular surface
morphology was observed.

*Sulfur rich ZnSxO1 thin films (0.76 <x <1)

Further increase in composition x (from 0.76 up to 1) was found to lead to a single sulfur rich
ZnSxO1.x phase, as can be seen in figure 3.20; nevertheless, relatively large and weak
diffraction peaks, indicating a limited crystalline quality, were observed in case of deposited
thin films with a composition x equal to 0.76 or 0.83, while highly oriented (002) wurtzite
structure was again observed in case of pure ZnS thin films. On the other hand, the improved
crystalline quality as approaching pure ZnS, was accompanied by the gradual reappearance of
a clear granular surface morphology, as shown in figure 3.21.
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Figure 3.18: XRD spectra of 100nm-thick ZnSxO1.x thin films: x ranges from 0.31 to 0.66.
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Figure 3.19: SEM images of 100nm-thick ZnSxO1.x thin films: x ranges from 0.31 to 0.66.
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Figure 3.20: XRD spectra of 100nm-thick ZnSxO1.x thin films: x ranges from 0.76 to 1.
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Figure 3.21: SEM images of 100nm-thick ZnSxO1.x thin films: x ranges from 0.76 to 1.
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3.8.2.4. Effect of substrate continuous rotation

Finally, the use of substrate rotation (movement) for this ALD-inspired deposition scheme
was investigated in order to check out if it has an effect on the structural properties of the
deposited thin films. In figure 3.22, the XRD spectra of 100nm-thick pure ZnO thin films
deposited either in static (standard) or dynamic (continuous rotation) mode are presented.
Comparing these two spectra, mainly three important observations can be extracted:

Q) The first one is related to the difference in measured intensities. Taking into
account that, on one hand, one of the parameters to which the intensity of the XRD
peaks is proportional is the volume fraction of the phase in question and, on the
other hand, both thin films have the same thickness, we can conclude that the
crystalline fraction in the static deposited thin film is higher and therefore the
crystalline quality is better than that of the thin film deposited with continuous
rotation.

(i) The second information we can extract is the similar crystallite size obtained in
both cases since equal FWHMSs were measured, as can be seen in the inset of
figure 3.22.

(iii)  The third information is that, using a continuous rotation, a lower stress state of the
deposited thin film is obtained corresponding to the shift of the diffraction peak
towards the free stress diffraction angle, as shown in the inset of figure 3.22.

1 —— without rotation P
250000 o [_.—— continuous rotation

stress free ZnO

(002)

200000

150000

100000

Intensity (arb. unit)
g

50000 —

N
(004)
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Figure 3.22: XRD spectra of 100nm-thick ZnO thin films deposited using different
sputtering configurations (static and continuous rotation).

Furthermore, surface morphology of both thin films was also analysed and the obtained SEM
images are given in figure 3.23. Despite the dispersed small particles on the surface of the
deposited thin film without rotation, the observed background in both cases is almost the
same.
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Figure 3.23: SEM images of 100nm-thick ZnO thin films deposited using different
sputtering configuration.

3.8.3.Alternative process: Low sputtering power ZnS01 thin films

In fact, two ways of using the ALD-inspired deposition mode can be considered: either by
controlling the applied power to each target, previously detailed, and therefore a continuous
rotation can be used, or by adjusting the deposition time under a fixed power and therefore
sputtering can be regarded as in a static mode.

One very important advantage of this second process is the possibility of using low sputtering
powers whatever the desired composition is. This point is very important when this layer is
used as a buffer layer for CIGS solar cells where a low absorber surface degradation due to
deposited particles bombardment is highly desired.

In the following, we give the properties of a thin film deposited using this process with a
composition that is supposed to be ZnSo.120088 (based on the above explained difference in
results between thin films deposited with and without continuous rotation, no direct
comparison to thin film with the same composition deposited with a power control will be
given).

From the microstructural point of view, similarly to samples prepared using the power control
mode, the recorded XRD spectrum reveals a (002) preferential orientation in the wurtzite
structure with a shift towards lower diffraction angles from that of the pure ZnO, as can be
seen in figure 3.24, which is, once again, related to the incorporation of higher ionic radius
element (sulfur). On the other hand, the granular shape-like surface morphology was revealed,
as shown in the SEM image in figure 3.25.

© 2018 Tous drots réservés. -97- lilliad.univ-lille.fr



Thése de Boubakeur Ayachi, Lille 1, 2016
Chapter 3: Buffer layer

| =<—— pure ZnO
30000 |

20000

10000

Intensity (arb. unit)

30 40 50 60 70
2theta (degree)

Figure 3.24: XRD spectrum of 100nm-thick ZnSe.1200.8 thin film deposited at low RF-
sputtering power (10w) in a static mode.
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Figure 3.25: SEM image of 100nm-thick ZnSp.1200.8s thin film deposited at low RF-
sputtering power (10w) in a static mode.

3.9. Chapter conclusion

Cadmium sulfide (CdS) films, deposited using chemical bath technique, as reference buffer
layer and room temperature sputtered zinc oxysulfide (ZnSxO1.x) films as an environmentally
friendly alternative have been prepared.

Adjusting deposition conditions (ammonium hydroxide concentration and bath temperature)
was found to lead to a good CdS coverage over a glass surface for a standard thickness
(50nm). Furthermore, it was found that CdS thin films show a faster growth rate on CIGS
covered substrate than on glass substrate and therefore shorter deposition time was used for
the growth of standard thickness thin films. Structural and optical characterizations of 50nm-
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thick CdS thin films have revealed a (002) hexagonal/ (111) cubic preferential orientation,
and an optical band gap of 2.25eV.

On the other hand, reactive (O.) sputtering of a ZnS target at room temperature was
investigated as a first choice for ZnSxO1.-x film fabrication. Unfortunately, the obtained results
were disappointing; therefore, a so called ALD-inspired sputtering process was investigated
as an alternative.

Optical analyses have shown a non-linear variation of the band gap value as a function of
sulfur to oxygen ratio with a bowing parameter of 1.3. The observed difference compared to
previously reported results was proved to be related to the film thicknesses, 100nm in our case
and around 300nm for reported results.

Structural analyses have revealed the composition ranges in which a single phase ZnSxO1.x is
achievable: 0 < x <0.21 and 0.76 < x < 1. Almost the same ranges were reported by other
groups using high temperature reactive sputtering process. Furthermore, the crystalline quality
was found to degrade as more foreign atoms are incorporated into the host matrix (S in ZnO
or O in ZnS), most likely due to the induced distortion in the lattice parameter.

Comparing the crystalline quality of ZnO thin films deposited in different sputtering
configurations (dynamic or static), we have found out that the crystalline fraction and
therefore the crystalline quality are higher in case of using the static mode; however, the
reason behind such an observation is still not clear and further investigation seems to be
necessary.

It is important to note that the previous study has been conducted in order to find the suitable
buffer layer composition (the one that shows the optimum conduction band offset with the
CIGS absorber layer), while a sputtering from a single ternary target (once the composition is
fixed) is contemplated.

From the industrial point of view, sputtering from a single ternary target would be the
optimum process; however, first results from other groups using a ternary target for the
fabrication of laboratory cells have shown a Gaussian-like sulfur to oxygen ratio distribution
[R. Klenk. 2014] [R. Klenk. 2013] [A. Grimm. 2012] “\whjch js most likely related to the distribution of
sputtered elements within the plasma. Consequently, this would limit the large surface area
operation of such a process, and therefore, the development of alternative processes will be
highly appreciated.
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Here we come to the last needed step for the fabrication of CIGS solar cells!!

In this chapter, we will first discuss the role of the window layer, the structural, electrical and
optical properties of the composing layers and the limiting factor for each property; then, we
will devote more attention to sputtered aluminum doped zinc oxide layer as a front contact: a
detailed overview will be given.

In a second part, experimental results on the effect of all pulsed-DC sputtering parameters °’
pressure, Ar flow, power ... etc >’ as well as the post deposition annealing will be presented.

Also, experimental results on the use of RF-sputtering mode and a low temperature post
deposition annealing for CdS based reference solar cells will be shown.

Finally, the origin of the limited optoelectronic properties of our sputtered AZO thin films
will be discussed.
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Part A. State of the art

4.1. The role of the window layer

Typically, the window layer consists of two layers: a highly resistive bottom layer (commonly
i-Zn0) and a highly conductive top layer (commonly I11A-doped ZnO). Despite the fact that
each of those has its own specific role, the bilayer structure should ensure high transparency
and therefore allows incident light to pass through and reach the absorber layer with minor
losses.

Concerning the i-ZnO layer, even though no assertive conclusion about its exact role was
published, some roles are commonly reported. One of them is the lowering in shunt paths. H.
Anant et al. have reported on the need of i-ZnO layer especially in case of rough CIGS
surface where a direct contact between the top conductive layer (e.g. AZO) and CIGS due to
the low CdS layer recovering is possible, and therefore a loss in open circuit voltage due to
the large band gap discontinuity [H: Anant 2006]

According to the same authors, cell efficiency is i-ZnO thickness dependent where a too thin
layer might be insufficient to prevent shunt paths while a very thick one might weaken the
built-in field by spreading the space charge region over the thickness of i-ZnO layer. For that
sake, it is worth to mention the commonly used thickness which is around 50 nm; however, it
should not be taken as a holy value!!

In case of using zinc oxy-sulfide buffer layer, lowering cell metastability using i-ZnO layer
was also observed [M- Buffiere. 2014] [N. Naghavi. 2015] " begpite the contradictory conclusions reported
in these two papers, one thing that should be kept in mind is the dependence of ZnOS based
solar cells stability on the i-ZnO properties.

Another reported role of the i-ZnO layer is related to the protection of the CdS buffer layer
from high energy ions during AZO deposition M- Buffiere: 2011 However, knowing that i-ZnO
layer itself is commonly deposited using sputtering technique adds some relativity in this
speech!!

We might also find other confusing roles such as preventing aluminum diffusion from AZO
layer into the buffer layer [RS Aoz 200411 However, even if it is the case, which is a little bit
hard to imagine, does aluminum has a negative effect on cell performance? D.J.L Bremaud
even has observed an enhancement in cell performance due to presence of aluminum in the
deposition bath during the buffer layer growth [P-:L Bremaud.. 2009]

On the contrary to the i-ZnO bottom layer, the role of the highly doped top layer is quite clear:
collecting and transporting the photo-generated electrons. Therefore, this layer should be as
conductive as possible.

However, this high conductivity should be obtained for low free carrier concentration,
otherwise, optical losses (absorption) at long wavelengths takes place (the reason behind that
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will be discussed in the following). Taking these conditions in consideration, mainly 1A
doped ZnO TCOs were intensively studied: Al: ZnO, B: ZnO, Ga: ZnO, and In: ZnO.

Finally, it is interesting to note that the choice of ZnO material as a window layer for CIGS
solar cells was not accidental: its physical, chemical and thermal properties, stability, ease in
deposition, non-toxicity, availability and low cost might justify this choice. In the following
we give a general review on ZnO properties.

4.2. intrinsic and doped ZnO properties
4.2.1.Structural

It is commonly reported that pure zinc oxide material, independently of its form: nanoparticle,
thin film or bulk, crystallizes in the wurtzite structure. The reason behind that is believed to be
related to the stability of the wurtzite structure, thermodynamically talking, compared to the
other two possible crystalline structures: zinc blende and rocksalt [V 070" 2005,

However, some exceptions might be found: A. Ashrafi et al. have shown that is possible to
epitaxially grow zinc blende-zinc oxide thin films on GaAs substrate using an intermediate
zinc blende ZnS layer (A Ashrafi. 1999]

For further informations, we highly suggest to have a look on the very nice paper published
by U. Ozgiir et al. (pages 3-7) [U- ©zgtr. 2005]

On the other hand, introducing impurities, such as Al, Ga, B, F..., was found to not influence
the host matrix structure: the wurtzite structure is conserved while a tensile or a compressive
stress, depending on the impurity size and the occupied site, might take place.

4.2.2.Electrical

In the following, we briefly summarize the main origins of the n-type conductivity in both
intrinsic and doped zinc oxide material, and we present the mechanisms controlling/limiting
carrier transport.

4.2.2.1. Origins of the n-type conductivity in i-ZnO

It is largely accepted that native defects resulting from the imperfection of the crystalline
lattice are at the origin of both p and n type conductivity. The three possible types of defects
leading to n-type ZnO are: oxygen vacancies (Vo), zinc in an octahedral interstitial site and
zinc in an anti-site (zinc occupying an oxygen site) [S- Brochen. 2012]

As an exception, A. Janotti et al. have shown through theoretical calculations that all
previously mentioned defects could not be at the origin of the n-type conductivity due to
either their high formation energy or their deep position within the band gap A Janoti. 20071,
Their alternative explanation of the observed n-type conductivity in i-ZnO is based on the
unintentional incorporation of donor impurities: mainly hydrogen in substitution of oxygen
which needs a low formation energy and acts as a shallow donor [A- Janotti.2. 2007],
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However, knowing that only traces of hydrogen (residual gas) could be present during ZnO
deposition, a big question mark exists about the validity of A. Janotti’s explanation and the
real origin of n-type conductivity is most likely defect related as previously mentioned.

4.2.2.2. Origin of the n-type conductivity in intentionally doped ZnO

On the contrary of the previous case (i-ZnO), there is no confusion in explaining the n-type
conductivity of intentionally doped ZnO. Independently of the impurity nature, higher atomic
number impurity releases an electron once it substitutes a lower atomic number lattice atom:
I1IA group elements are known to substitute zinc atoms, while fluorine substitutes oxygen
atoms.

4.2.2.3. Mechanisms limiting electron transport

Scattering mechanisms are known to govern the electron transport in polycrystalline
semiconductors. Besides the scattering at the grain boundaries, there exist also volume
dependent scattering mechanisms: scattering due to the presence of impurities, structural
defects, lattice vibrations, etc.

Grain boundary scattering: in an early time, T.I. Kamins has reviewed on the effect of grain
boundaries on electron transport in silicon and has explained that the formation of a charged
region surrounding the grain, which resulted from electron trapping, creates a potential energy
barrier that impedes electrons transport from one grain to another [T Kemins. 19711 = Ag 3
consequence, electron transport is insured either by thermionic emission (temperature
dependent mechanism: o exp-1/T) and/or tunneling effect. Even though this explanation was
generalized for oxide semiconductors, one should take care since it is only valid for non-
degenerated semiconductors M4 Alim. 2006] [M.W.J Prins. 1998]

lonized impurity scattering: this is known to be the result of electron deflection once
approaching an ionized impurity due to the Coulomb potential. According to M.L. Addonizio
et al. this mechanism can be valued in the Brooks-Herring approach, from which one can infer
the temperature independence of this mechanism [M L Addonizio 19991 ' Qne other important point
is the doping concentration dependence: the more heavily ZnO is doped (higher collision
probability), the higher the importance of this mechanism is.

Lattice scattering (phonon scattering): There exist two type of phonon scattering. The first
one is the optical phonon scattering (inelastic scattering) which results from the interaction
(collision) of a moving electron with the electric field induced by electric polarization
associated with lattice vibration. In other words, the vibration of the lattice perturbs the dipole
moment between the atoms, which results in an electric field that scatters electrons. The
second is the acoustic phonon scattering (elastic scattering) which is caused by the local
energetic shift of the band edges induced by strain associated with acoustic phonons [V 979"
20051 This scattering mechanism is known to be a temperature dependent one (o 1/T%?).

Structural defects scattering: Native defects such as dislocations are also considered as
possible scattering centers. This is because of the acceptors centers trapping behavior of this
defect, leading to similar scattering mechanism as in the case of grain boundaries scattering.
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The other two possible volume scattering mechanisms are piezoelectric scattering and
scattering from neutral impurities. Both of them have, in practical, negligible effects since the
first might only contribute at low temperature while the low ionization energy makes the
concentration of neutral impurities very low.

To sum up: (i) electrons transport in ZnO material with a given dopant concentration (from
intrinsic to heavily doped) could be governed by one or more of those mechanisms
simultaneously; (ii) the total effect is the sum of the individual contributions (known as
Matthiessen’s rule [V 2901 20051y (jjj) Hall measurement as a function of temperature is a
useful method to know whether one mechanism is responsible of transport limitation or not.

4.2.3. Optical

Both intrinsic and doped zinc oxide thin films are known to have a similar optical properties
within the visible spectra: a very low absorption and a relatively low reflection (which is
surface roughness dependent). Out of the visible spectrum range, some differences, mainly
related to electrical properties, are commonly reported.

Within the UV spectrum: the short wavelength cut-off in transmittance shifts toward lower
wavelengths (blue shift, band gap increases) as the doping level, and therefore the electrons
concentration, increases [<H Kim- 19971 “Thjs js mostly attributed to the shift of the Fermi level
into the conduction band due to the increase in the carrier concentration, which is known as
the Burstein—Moss effect [E. Burstein. 1953] [T.S. Moss. 1954]_

Within the near-infrared and infrared spectra: intrinsic ZnO is known to keep its high
transparency all along the near-infrared and even over the infrared spectra; nevertheless, with
doping level increase, a dramatic decrease in transparency is commonly observed [ N- Duenow.
20081 This phenomenon is explained using Drude’s model: free electrons in the conduction
band oppose to all incident photons with frequency lower than that of the plasma frequency
which is, itself, electron concentration dependent (the higher the electron concentration, the
higher the plasma frequency is) [©- Tosoni- 20131,

As a consequence, using low electron concentration X-doped ZnO (to insure minor optical
losses in the near-infrared region) while maintaining low resistivity (by increasing electron
mobility) would be beneficial since the CIGS solar cell operational spectrum extends until

about 1100 nm. To do so, one possible way is using an alternative dopant to aluminum such
as boron [Y- Hagiwara. 2001}

Finally, it is worth to note that the red shift resulting from using lower electrons concentration
X-doped ZnO would not affect cells performance since photon flux is low in the short
wavelength range considered and, in any case, using i-ZnO under layer would prevent higher
energy photons to pass through.
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4.3. Detailed overview on AZO thin films
4.3.1. Deposition techniques: Why sputtering?

In parallel to the use of sputtering technique for AZO thin film development, several other
deposition techniques, such as atomic layer deposition (ALD), pulsed laser deposition (PLD),
pulsed electron deposition (PED), chemical vapor deposition (CVD), spray pyrolysis, sol-gel,
etc, have been extensively studied in order to find the suitable one that achieves the ultimate
trade-off between quality and cost.

Other than the superiority of sputtering technique from the environmental (clean technique)
and the economical (high deposition rate over large surfaces) points of view, it has also, all
along the years, shown its superiority in term of film quality compared to the other techniques
(independently of the used deposition mode: RF, DC or pulsed DC).

In tables 4.1 and 4.2, we compare the quality of films obtained using different deposition
techniques (non-exhaustive list) and we give a detailed overview on AZO thin film obtained
using different sputtering modes, respectively.

Depos_ition Motz)ili'fyl/ (Hl) corllzclzﬁgggon R((es;sii(\)/_ ity Transmittance Reference
technique | cm*V™s (n) 10 2%cm? Gom (%)

Sputtering | - - 1.5 95 [W.J. Jeong. 2001]
ALD 60.4 24 4.3 - [F.T. Tsai. 2015]

PLD - 6.3 6.9 >90 [A. Mallick. 2014]
PED - - 35 >90 [F. Pattini. 2015]
LPCVD - - 36 >80 [W.H Kim. 2011]
25:2?’3& . |56 0.14 760 >85 [N.J. Begum.2013]
Sol-gel 10.9 1.2 50 >90 [H. Hangendorfer. 2014]

Table 4.1: Optoelectronic properties of AZO thin films issued from different deposition
techniques.
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ks
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& (H2)

Table 4.2: Worldwide status on sputtered aluminum doped zinc oxide (AZO) thin films.
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4.3.2.Effect of different sputtering parameters

One important point to keep in mind while studying the already published works dealing with
the influence of sputtering deposition parameters on AZO thin films properties is the
uselessness trying to extract reference values since each of those was obtained using specific
deposition conditions: target quality, sputtering machine type and configuration, etc.
However, it is worth to note the global tendency of one film property as a function of one
parameter since it has, in most cases, a high similarity from one laboratory to another:

4.3.2.1. Deposition temperature

Except the work published by K. Tominaga et al. [ Tominaga 19%1 " gne might find, in literature,
a sort of consensus about the effect of temperature on AZO thin film properties: a clear
decrease in film resistivity as the substrate temperature increases up to a certain value, than
the film resistivity re-increases for higher deposition temperatures. This is commonly
attributed to the changes in electron mobility which are directly related to the changes
(improvement or degradation) in crystalline quality.

Despite the complication of the fabrication process, the loss in time and the increase in cost
resulting from the use of a high temperature deposition process (from the manufacturing point
of view), one might basically wonder about the utility of improving AZO quality based on the
use of high temperature process for CIGS solar cell application (reminding the harmful effect
of high temperature on the pn junction).

4.3.2.2. Reactive gas: O,

The effect of introducing oxygen as a reactive gas has also established a certain consensus
within the AZO community: (i) an increase in film resistivity accompanied with a decrease in
both electron concentration and mobility; (ii) a slight change in optical transmittance within
the visible range accompanied by an improvement within the infrared region and a red shift of
the short wavelength cut-off.

Optical transparency improvements are commonly related to the decrease in electron
concentration (already discussed in the optical properties section); however, the
interpretations of the observed electrical changes are, as far as we believe, not convincing.

Some authors have attributed electrical properties modification to the generated stress [
Rahmane. 2014] ~ oxygen vacancies compensation [ #1201 " reduced interstitial zinc [~ N- 1 2012]
and others [M 2" 20141 - Accepting the latter two explanations is so hard, especially when we
know that the maximum electron concentration generated from these intrinsic defects is in the
range of 101711

May be the most acceptable explanations are those attributing those changes to the electron
trapping due to the introduction of O in excess [T T 20001 and/or the limitation of aluminum
doping activation by forming aluminum oxide [0S Kim- 2013] [L. N. Li. 2012],
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4.3.2.3. Doping concentration

AZO thin films resistivity as a function of aluminum doping concentration was a subject of
several works. In almost all of them, authors have confirmed the possibility of reaching a
minimum in resistivity for a given aluminum concentration. This is largely accepted to be
originated from the increase in electrons concentration even though the mobility slightly
decreases due to the effect of ionized impurity scattering (previously detailed). However, once
reaching the aluminum miscibility limit, excess aluminum is not activated and is most likely
segregated at the grain boundaries leading to a further decrease in mobility and therefore a re-
increase in resistivity [<H- Kim-1997],

The optical transmittance changes as the aluminum concentration increases (an increase in
absorption within the infrared region and a blue shift of the short wavelength cut-off in
transmittance [N Puenow: 20081y \yere always explained based on Burstein—-Moss effect and
Drude’s model (previously discussed).

4.3.2.4. Other sputtering parameters

The effect of other sputtering deposition parameters such as pressure, power, thickness, etc.,
will be discussed within the experimental results part.

4.3.3. AZO surface engineering/texturing for light trapping

One additional property of aluminum doped zinc oxide is its ability to be wet etched in HCI
acid leading to a textured surface, commonly referred as crater like surface, without degrading
its electrical properties [°-S-Kim- 2012],

Furthermore, this AZO surface texturation was found to be not only dependent on the HCI
acid concentration and the etching time - Y°0- 20051 'yt also on the deposition conditions of the
AZO layer and therefore on its properties [ Ruske. 20071 [0. Kluth. 1997]

Surface texturation was first used in amorphous silicon based solar cells in order to improve
light trapping through the enhancement of light scattering and the reduction of losses
originated from reflection. Among the experimental works dealing with this subject, one can
quote the one performed by O. Kluth at al. in which a gain in the short current density of
about 3.3mA/cm was shown [©- Kluth-1999],

This very interesting property has attracted less attention in the CIGS community. In the best
of our knowledge, A. Campa et al. were the first group investigating, through numerical
simulation, the effect of AZO front contact texturation on cell performance [A- Camp2. 2007 They
have concluded that such a process can also be gainful for CIGS solar cells: thanks to the
improvement in quantum efficiency and therefore short current density originated from the
decrease of the total reflectivity.

These theoretical predictions were then confirmed experimentally. Z. Jehl has shown through
a very detailed study that adjusting AZO deposition and etching processes might lead to an
equivalent antireflective effect to that of the standard MgF- antireflection layer [# %2012,

© 2018 Tous drots réservés. -110- lilliad.univ-lille.fr



Thése de Boubakeur Ayachi, Lille 1, 2016
Chapter 4: Window layer

However, the expected increase in manufacturing cost resulted from the necessity for
doubling AZO layer thickness (800nm) in order to ensure good texturation of the surface (get
optimal surface texturation for better optical trapping) and maintain high electrical properties,
and the need for an additional wet etching step which is also a costly one (waste recycling),
make the utility of developing this process a subject of debate especially knowing that only

one step is needed for the relatively thin (114nm) standard MgF, antireflection layer [¢ Raan
2015]

4.4, Partial conclusion

In this first part, we have summarized and discussed the credibility of the commonly reported
roles of the window layer. The different structural, optical and electrical properties as well as
the possible routes for improving each property were also summarized. Then a special
attention have been devoted to sputtered AZO thin films as a front contact. The choice of
sputtering as an optimum deposition technique and the dependence of the deposited layers
properties on some deposition conditions have been explained.

In the next part, we will show our contribution in the development of high quality pulsed-DC
and RF-sputtered AZO thin films for ZnOS based and CdS based CIGS solar cells,
respectively.
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Part B. Experimental results

4.5.Effect of deposition pressure and argon flow

The effects of the sputtering pressure (for a constant sputtering gas (argon) flow) and argon
flow (for a constant sputtering pressure) on AZO thin film optoelectronic properties were
investigated by controlling the butterfly valve which equips our deposition chamber. The
obtained results are presented in figures 4.1 to 4.4. Films are deposited in the pulsed-DC
mode.

It was found that as the sputtering pressure increases the resistivity goes down to a certain
value from which it re-increases for higher deposition pressure and then it goes down again
for further increase of the sputtering pressure, as can be seen in figure 4.1. Similar
dependence of AZO thin film resistivity on sputtering pressure was already observed by
several groups D¢ Lee. 20001 [W. Li. 2012] [3. Yoo 2005]. however, no convenient explanations were
published.
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~
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Figure 4.1: Variation of resistivity of 120 nm-thick AZO films measured at the centre of
the samples (2" SLG substrates) as a function of sputtering pressure.
Several hypothetical explanations have been proposed:

At very low sputtering pressure, the limited conductivity of AZO thin films conductivity is
commonly attributed to the high energy particles bombardment while the observed decrease is
attributed to the enhancement in crystalline quality P Kar 20101,

For higher sputtering pressure, K.H. Kim et al. and C. Charpentier have attributed the re-
increase in resistivity to the decreases in both carrier concentration and mobility, resulting
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from the chemisorbed oxygen on the rough surface and/or the increase of the grain boundary
barrier height due to the degraded crystalline quality [ Kim- 1997] [C. Charpentier. 2012]

A more convenient explanation has been proposed by J.P. Kar et al. [P K& 200 They have
attributed the increase in resistivity to the decrease in incorporated dopant concentration, most
probably due to the dispersion of sputtered elements within the plasma, accompanied with a
decrease in the activated aluminum dopant concentration. In the same context, even if Igasaki
et al. have found that the concentration of incorporated aluminum is not affected by the
sputtering pressure, they have confirmed that the carrier concentration is highly affected
which means that lower aluminum concentration is activated [ 19353 20011 * NMoreover, both
groups have shown a degradation of the crystalline quality as the sputtering pressure
increases.

Based on the previous explanations ‘’the found relationship between the deposition pressure,
the crystalline quality and the resistivity*’, the observed re-decrease in resistivity for high
deposition pressure should not take place. One possible explanation of this re-decrease is the
presence of metallic like phases which leads the conductivity to be not anymore governed by
aluminum doping; however, a deep investigation is needed before confirming whether this
hypothesis is true or not.

Finally, it is interesting to note the found coherence between the changes in the stress state
within the thin films and their conductivity. As it is well known, sputtered thin films stresses
change from high compressive to high tensile passing by a free stress point and then again
down to zero (or near to zero/ free stress state) as the sputtering pressure increases. That might
lead to the conclusion that the observed changes in resistivity probably reflect the strain state
of the sputtered thin films.

On the other hand, it was found that the optical transmittance is highly affected by the
sputtering pressure. As can be seen in figure 4.2, a dramatic decrease in optical transmittance
has taken place for high sputtering pressures, which is largely accepted as a result of the lack
of oxygen, on one hand and on the other hand, of the presence of metallic Al interstitials
which had not been incorporated into the ZnO lattice [© -ennon- 2009],
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Figure 4.2: Optical transmittance spectra of 120 nm-thick AZO films deposited at different
sputtering pressures.

For further optimization of AZO thin film quality, the sputtering pressure of 4.5 103 mbar
corresponding to the lower resistivity obtained at low sputtering pressure will be used as a
reference even if lower resistivity was obtained at higher sputtering pressure. This choice was
made because of the poor optical transmittance, on one hand and on the other hand, the
already proved low stability *’strong degradation during the damp heat test [T Tohsophon. 2006]>> f
the high pressure deposited thin films.
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Figure 4.3: Variation of resistivity of 120 nm-thick AZO films measured at the centre of
the samples (2" SLG substrates) as a function of argon flow.

Concerning the effect of argon flow, it was found that the lowest resistivity and the highest
optical transmittance are achievable for low Ar gas flow, as can be seen in figure 4.3 and
figure 4.4, respectively. This can be attributed to the generated stress and/or the degradation
of the crystalline quality resulted from the incorporation of Ar atoms.
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Figure 4.4: Optical transmittance spectra of 120 nm-thick AZO films as a function of
argon flow.
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4.6.Effect of sputtering power and thin films thickness

In order to investigate the effect of pulsed DC sputtering power on AZO thin film
optoelectronic properties, several samples have been prepared by changing the sputtering
power from 70W to 130W while all other parameters were kept constant; the measured
thickness and resistivity values are displayed in figure 4.5.

The resistivity of the thin films was found to show a minim value at 80 Watts (close to a
power density of 1W/cm?) while it increases for higher and lower sputtering powers. The
observed re-decrease for higher sputtering power (from 90W to 130W, 1.1 to 1.6 W/cm?) is,
without any doubt, related to the increase in thin films thickness, as illustrated in figure 4.6.

According to several authors, the resistivity dependence on the sputtering power is mainly
governed by the changes of the crystalline quality [W- Yang. 20091 [C. Charpentier. 2012] = At |owy
sputtering power, the Kinetic energy of the sputtered particles arriving at the surface is
relatively low therefore the crystalline quality is limited. As the sputtering power increases,
the crystalline quality gets better until reaching the balance point between the enhancement
due to the increase of the kinetic energy at the surface and the degradation resulted from the
surface bombardment. For higher sputtering power the films will be damaged by too high
energy ions, which leads to a poor crystal quality.

On the other hand, knowing that the optical transmittance is thickness dependent, as can be
seen in figure 4.7, one should note that the optical transmittance dependence on the sputtering
power obtained from our experiences does not have a high credibility since the samples
thickness changes from one sample to another, that is why it is not presented.
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Figure 4.5: Variation of resistivity and thickness of AZO films obtained for a constant
sputtering time, measured at the centre of the samples (2" SLG substrates) as a function of
pulsed DC sputtering power.
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Figure 4.7: Optical transmittance spectra of AZO thin films as a function of thickness.
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4.7.Effect of pulse parameters (duty cycle)

The last parameter we have tuned was the duty cycle, defined as the ratio between the pulse
duration and the period (ton/(ton + toff)). TO do so, the sputtering frequency and the pulse
duration were changed, while all other sputtering parameters were kept constant. The
sputtering time was fixed for each duty cycle in order to obtain films with almost the same
thickness. The obtained resistivity, growth rate and optical transmittance variations as a
function of the duty cycle are displayed in figure 4.8 and figure 4.9.

Apart from the outlier point at duty cycle of 0.7 (11.8x10° Ohm.cm), a clear decrease in
resistivity as the duty cycle increases was observed. This enhancement in conductivity is most
likely related to the improvement of the crystalline quality, which is probably related, in

somehow, to the increase of growth rate. Similar tendency was previously observed by H.Ko
et al [H. Ko. 2005].

However, the degraded optical transmittance observed in figure 4.9 is still not clear,
especially considering that higher duty cycle lead to better crystalline quality; therefore, a
deeper investigation seems to be necessary to understand the origin of such a degradation in
optical transmittance.

Finally, it is quite clear that for high duty cycle (higher than 0.92) the gain in conductivity
becomes negligible compared to the loss in optical transmittance; as a consequence, duty
cycle of 0.94 corresponding to a pulse frequency (v) of 30 KHz and a pulse duration (ton) of
31 psec is used as a reference sputtering condition for further improvement of AZO thin films
quality.
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Figure 4.8: Variation of resistivity and growth rate of 300 nm-thick AZO films measured
at the centre of the samples (2" SLG substrates) as a function of duty cycle.
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Figure 4.9: Optical transmittance spectra of 300 nm-thick AZO thin films as a function of
duty cycle.

4.8.Thickness variation along a diameter of 2" SLG substrate

Distance from centre (cm) -2 |-15] -1 |-05( O [05]| 1 [15]| 2

For target to substrate
Measured distance of 75mm 380 [ 395 (400 | 395 | 400 | 395 | 400 | 392 | 375

thickness
(nm) For target to substrate
distance of 88mm

285 | 285 | 305 [ 305 | 305 | 300 [ 320 | 300 | 300

Table 4.3: Evaluation of the AZO thin films thickness along the diameter of a 2’ SLG
substrate.

The deduced thin films thickness from surface profilometry measurement along the diameter
of a 2’ SLG substrate with a step of 0.5 cm reveals the quite good thickness uniformity with a
maximum deviation of 6.5%, which excludes any relationship between the observed
optoelectronic properties variation within the xy plane of the same sample and its thickness.

4.9.Effect of rapid thermal annealing

Unfortunately, the electrical measurements conducted on samples of room temperature
pulsed-DC magnetron sputtered AZO thin films have revealed the non-uniform spatial
distribution of resistivity, with extreme increases in resistivity at substrate locations
corresponding to the erosion pattern of the target (see figure 4.12). Therefore, a post
deposition treatment appeared to be compulsory to overpass this non-uniformity issue. To do
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so, the rapid annealing was investigated; the used annealing protocol is presented in figure
4.10.
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Figure 4.10: Schematic representation of the used annealing protocol.

Annealings have been performed at atmospheric pressure under N2H> atmosphere at 400°C
where the heating and cooling rates were 15°C/sec. the rapid thermal annealing (RTA)
process was investigated for different plateau region durations.

Resistivity, mobility and carrier concentration of AZO thin films, obtained by 4-probe and
Hall measurements at the centre of samples that got different annealing times are reported in
figure 4.11(a). The resistivity of as-deposited AZO thin films is 1.7x107° Q-cm and it
decreases down to 5.1x10* Q-cm after RTA for 30 sec. Correspondingly, the carrier
concentration and the Hall mobility increased from 2.6x10%° cm™ to 5.7x10%° cm 3 and from
13.6 cm? V1 st to 21.8 cm? V1 571, respectively. The sample annealed for 1 min showed a
further slight decrease in resistivity value (4.6x10™* Q-cm) owing to a small increase in both
mobility and carrier concentration of about 0.3 cm? V! st and 0.4x10%° cm™ respectively.
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Figure 4.11: Variation of resistivity, mobility and carrier concentration of 300 nm-thick
AZO films measured at the centre of the samples (2" SLG substrates) as a function of
annealing time (400°C plateau duration).

However, further extending in the annealing time did not result in additional improvement of
the conductivity. On the contrary, a slight increase in resistivity, from 4.6x10* Q-cm to
4.7x10* Q-cm, mainly related to a slight drop in the mobility, was observed.

One may wonder about the real relevance of such a slight modification which can be
attributed to the standard deviation of uncertainty in measurement or to the non-
reproducibility of the samples. In order to validate this increase in resistivity, a group of AZO
thin films were annealed using the same conditions but for longer durations, 5 min, 7 min, 15
min and 30 min; the measured resistivity values are displayed in figure 4.11(b).

It was observed that the resistivity kept increasing and reached a maximum of 5.3x10™* Q-cm
for an annealing time of 30 min. This confirms that the increase in resistivity observed when
the samples were annealed for 2 or 3 min corresponds to a real resistivity increase with anneal
time. The reason for this deterioration will be discussed later.

On the other hand, quantitative evaluation of the resistivity spatial distribution on the
substrate surface, before and after annealing, is shown in figure 4.12. Considering the as-
deposited sample, the resistivity mapping is a rather accurate replication of the target erosion
phenomenon and the decrease in resistivity has been related to decreases in both the carrier
concentration and the mobility, as shown in figure 4.13.
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Figure 4.12: Spatial resistivity distribution of 300 nm-thick AZO films deposited on 2"
SLG substrates and annealed at 400°C under N2H> for different anneal times.

This increase in resistivity can be attributed to either the bombardment by energetic oxygen
jong [H- Sato. 1992] [M. Chen. 2000] " or the spatial distribution of both the amount and the position of
oxygen reaching the substrate surface [T Minami. 1992] [T. Minami. 2000] [K. Ichihara. 1994] "1n photh cases,
negatively charged oxygen species are located at grain boundary surfaces, creating a potential
barrier and acting as trapping sites for carriers.

Additionally to the well-known role of rapid annealing in the activation of Al doping,
annealing under N2H> atmosphere allows hydrogen atoms to reduce this potential barrier by
oxygen desorption, known as passivation of grain boundary surfaces [BY:- On 20051 \hich
improves both carrier concentration and mobility. Consequently, the resulting spatial
distribution of resistivity on the substrate surface, after RTA under NzH2 atmosphere,
exhibited high uniformity even for short annealing time, as shown in figure 4.12.

Also, it is interesting to note that the increase of the carrier concentration owing to the
incorporation of hydrogen in the ZnO matrix, in which hydrogen acts as a shallow donor, was
theoretically unpredictable since calculations showed that interstitial hydrogen atoms in ZnO
matrix are unstable at high temperatures and tend to be desorbed [M-¢- Wardle. 2006]

However, using N2H> may also be one of the reasons of resistivity deterioration after
annealing for long time, since previous researches have proven that trapped nitrogen atoms at
grain boundary surfaces lead to considerable increase in resistivity [ Tong- 20111,
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Figure 4.13: Profiles of resistivity, mobility and carrier concentration of the as-deposited
AZOQ thin films along a diameter of 2" SLG substrate.

Concerning optical properties, transmittance measurements have been done and the results are
displayed in figure 4.14. The improvement of transmittance from 73 % for the as-deposited
thin film to 86 % after annealing for 30 sec, at wavelength of 550 nm, is obviously observed.
Moreover, in the case the thin film was annealed for 1 min, better optical quality was obtained
with 88 % of transmittance. However, further extending in the annealing time did not result in
additional improvement of the transmittance.

This enhancement in the optical quality can be attributed to the improvement of the thin film
stoichiometry by local rearrangement of the atoms [ -enmon- 20091 "The short wavelength cut-off
in transmittance presents also a clear blue shift after annealing. This is attributed to the
movement of the Fermi level into the conduction band due to the increase in the carrier
concentration (see 84.2.3). This result is consistent with the previous Hall measurements that
showed such an increase of carrier concentration with annealing (see figure 4.11).
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Figure 4.14: Optical transmittance spectra of 300 nm-thick AZO films before and after
annealing at 400°C under N2H> atmosphere.

The crystal structure of the AZO thin films before and after annealing was also analysed by
XRD. As can be seen in figure 4.15(a), the XRD spectra revealed strong preferred orientation
along c-axis with a single peak (002), indicating that the films are polycrystalline with
hexagonal wurtzite structure. This preferred orientation can be attributed to the surface energy
of the (002) plane which is the lowest for ZnQ IN- Fuimura- 19931 Als it js interesting to note that
no secondary phases, such as Zn, Al, Al,O3, ZnAl,O4, were detected.

The average crystallite size calculated using Scherrer’s equation was about 30 nm, which
confirms that the electrical properties of the films are limited due to the large surface area of
the grain boundaries. No significant change in the crystallite dimension after annealing for 30
sec, 1 min, 2 min, and even for 3 min, was observed.

Moreover, a shift of the peak towards the shorter diffraction angles compared to the powder
value was observed for the as-deposited thin films which can be explained by the native
tensile stress.

Furthermore, the peaks corresponding to annealed thin films have shown a progressive shift
towards higher diffraction angles, compared to the as-deposited thin films, as the annealing
time increased (figure 4.15(b)). This clearly indicates strain relaxation, which is associated
with the diffusion of interstitial Al atoms into Zn lattice sites [ =60 2009 " known as doping
activation phenomenon [5- Brochen. 2012],

However, it should be noted that after annealing for 1 min, the main factor responsible of this
shift cannot be anymore the Al diffusion, since no increase in carrier concentration was
observed. As a result, the shift observed for longer anneal times can be only attributed to
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thermal relaxation of residual stress which showed no positive effect on the electrical
properties of the AZO thin films (see figure 4.11(b)).

Also, one can confirm that no hydrogen was incorporated into the AZO matrix, since
hydrogen incorporation in the AZO matrix induces further expansion of the crystal lattice that
should result in lower diffraction angle shifts.

(@
\
)\ 30 min
80000 +
J\ 15 min
E k 5 min
= i
3 A 3 min
£ A
© ‘M‘ )
> J\ 2 min
£ 40000 - (u\
5 J 1 min
E
0.5 min
I\ .
J as-deposited AZO
0 . .
40 60
2 theta (degree)
12000 - (b)
«— stress free ZnO
<\ ; -
o 8000 - \\ ; — as-deposned
= N\ ——0.5min
3 1 ——1min
ﬁ —2min
:; ——3min
2
5 4000
£

34 35

2 theta (degree)

Figure 4.15. (a) XRD patterns of AZO thin films annealed at 400°C under N2H>
atmosphere for different anneal times. (b) Zoom in XRD profiles.

Scanning electron microscope pictures, as given in figure 4.16, show the surface
morphologies of the AZO thin films before and after annealing. The morphology of the as-
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deposited AZO thin films as well as of those annealed for 30 sec, 1 min, 2 min, and 3 min is
found to be continuous and dense with an average grain size that varies from 10 to 50 nm.

However, further increase in the annealing time resulted in a progressive damage of the
surface, with the appearance of some voids, in the case of the samples annealed for 5 and 15
min, and separate grains when the sample was annealed for 30 min.

Although the observed surface damage, it should be noted that the grain size of the thin films
annealed for long time does not change compared with those annealed for shorter time, which
agrees with the XRD results.

Consequently, the observed degradation of the samples compactness can be considered as the
main factor causing the observed increase in resistivity of the AZO thin films annealed for
long time (see figure 4.11(b)).
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Figure 4.16: SEM images of AZO thin film surface before and after annealing at 400°C
under N2H2 atmosphere.
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4.10. RF deposited AZO thin films

It is very important to note that the integration of our developed pulsed-DC deposited AZO
thin films in CIGS solar cells is only possible in case of using a low diffusivity buffer layer
such as zinc oxysulfide (ZnOS) due to the needed post deposition annealing in order to
improve the spatial resistivity distribution.

Furthermore, the use of such a process for the preparation of reference solar cells based on
cadmium sulfide (CdS) buffer layer is expected to have a harmful effect on cell performance
because of the pn junction deterioration due to the high diffusivity of Cd for higher
temperature than 200°C.

For that sake, RF sputtering mode, commonly reported as the one that leads to better spatial
resistivity distribution of AZO thin films [R. Cebulla. 1998] [T. Minami. 2010] [J.] Oda. 2010] [J.I. Nomoto. 2011]’ is
investigated as an alternative process for the development of the front contact of reference
cells. Furthermore, we have also checked if it is possible to further improve the optoelectronic
properties using the RF sputtering mode.

Using the previously adjusted deposition conditions (deposition pressure an argon flow), the
variation of resistivity as a function of RF-sputtering power was found to have a similar
tendency as in case of using pulsed-DC mode, with an optimum sputtering power of 140W
(around 1.7W/cm?) leading to a slightly lower resistivity in the RF mode (~ 1.5 x 107
ohm.cm) compared to that obtained using pulsed-DC mode (= 1.7 x 10 ohm.cm), as can be
seen in figure 4.17. However, the origin of the observed dependence is believed to be the
same as in case of using the pulsed DC mode (change of the crystalline quality).
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Figure 4.17: Variation of resistivity of 300 nm-thick AZO films, measured at the centre of
the samples (2" SLG substrates) as a function of RF sputtering power.
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The more important point is the clear enhancement in resistivity spatial distribution, without
any need for post deposition annealing, resulted from the use of RF sputtering mode, as
shown in figure 4.18. However, the origin of such an enhancement is still not clear neither for
us nor for the authors who previously investigated this subject (we are still unable to give a
clear explanation).
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Figure 4.18. A comparison between spatial resistivity distributions of 300 nm-thick AZO
films deposited on 2" SLG substrates using either pulsed-DC or RF sputtering mode;
before and after annealing at 400°C for 0.5 min under N2Ho.
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Figure 4.19: Optical transmittance spectra of 300 nm-thick AZO films obtained using
either pulsed-DC or RF sputtering mode, before and after annealing at 400°C for 0.5 min
under N2H2 atmosphere.

Furthermore, RF-sputtered thin films subjected to a rapid thermal annealing treatment have
shown similar changes in electrical and optical properties to those deposited using the pulsed-
DC mode. A comparison between the electrical and optical properties of thin films obtained
using both sputtering modes before and after rapid thermal annealing of 0.5 min are shown in
figure 4.18 and 4.19.

It is clear that pulsed-DC sputtered thin films subjected to a rapid thermal annealed have
slightly better electrical and optical properties; as a consequence, pulsed-DC sputtering mode
will be used for the preparation of ZnOS based solar cells.

4.11. Low temperature RTA

Finally, a low temperature rapid thermal annealing was investigated. The chosen temperature
(200°C) and annealing time (2 min) correspond to the maximum that a CdS based solar cell
can withstand before degrading. The obtained changes in electrical an optical properties after
such an annealing process are displayed in figure 4.20 and 4.21, respectively. The measured
resistivity at the centre of the 2°” substrate decreases from 15.5 x10™* Q-cm to almost 10x10™
Q-cm while a slight increase in optical transmittance was observed.
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Figure 4.20: Spatial resistivity distribution of 300 nm-thick RF sputtered AZO films
deposited on 2" SLG substrates before and after annealing at 200°C for 2 min under N2Ho.
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Figure 4.21. Optical transmittance spectra of 300 nm-thick RF sputtered AZO films
deposited on 2" SLG substrates before and after annealing at 200°C for 2 min under N2Ho.
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4.12. Origins of limited optoelectronic properties of our samples

EDX analysis of 1 um-thick AZO films have revealed the existence of additional elements
with a total atomic concentration of 1.7 % (0.7 at % for iron and almost 0.5 at % for both
nickel and chromium). It is worth to note that the used target is of high purity and the source
of these impurities was found to be the fixing ring that covers the edge of the target
(complementary mechanical element needed for the re-use of a ZnO target that was not
previously designed to fit the equipment we used).

The induced effects from the incorporation of these elements and others into AZO thin films
have already been investigated by several groups:

Chromium incorporation in AZO thin films was found to have a harmful effect on films
conductivity resulted from the decrease in both carrier concentration and hall mobility.
Furthermore, the amount of degradation was found to be dependent on the concentration of
incorporated Cr (the higher the concentration of Cr, the sharper the increase in resistivity) [™
Minami. 2001] [K. Tominaga. 20021 ' The ppserved increase in resistivity was attributed to the induced
degradation in crystallinity from the incorporation of chromium.

Furthermore, T. Minami et al. have also observed a gradual decrease in optical transmittance
as the Chromium concentration increases. According to them, this decrease in optical
transmittance can be explained by the fact that chromium exhibits optical absorption in the
visible range!!! [T Minami. 2001]

On the other hand, even though not clear conclusion about the effect of nickel and iron on
AZO thin film electrical properties was published, several groups have reported on the

degradation of optical transmittance when iron or nickel is incorporated either in ZnO or AZO
thin films [J.P. Mathew. 2014] [G. Shanmuganathan. 2014] [K.S. Hui. 2011]_

4.13. Chapter conclusion

Looking for high optical transmittance and low resistivity aluminium doped zinc oxide thin
films, almost all possible pulsed-DC sputtering parameters ¢’ pressure, power, Ar flow and
duty cycle‘’ have been fixed and a trade-off was found.

It was found that the optimum sputtering pressure and power correspond to the balance point
between the enhancement of crystallinity and the induced defects from atomic peening effect.
Furthermore, sputtered thin films at low argon flow were found to have better optoelectronic
properties due to the low concentration of implanted Ar atoms and therefore low generated
stress.

Rapid thermal annealing of pulsed-DC sputtered thin films at 400°C under N2H> atmosphere
for only 30 sec was found to be beneficial. On one hand, the electrical properties were
improved, evidenced by a clear decrease in resistivity value from 1.7x10 Q.cm to 5.1x10™
Q.cm and showing uniform spatial resistivity distribution, due to both doping activation and
grain boundary surface passivation. On the other hand, an increase in optical transmittance
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from 73 % to 86 % owing to the enhancement of the thin films stoichiometry was also
achieved.

Moreover, AZO thin films showed the lowest resistivity after 1 min of annealing; however,
further extending in the annealing time caused a slight increase of the resistivity. A clear
correlation between AZO thin films surface degradation and the increase of their resistivity
has been pointed out.

Despite the slight difference in the resistivity value between AZO thin films annealed for 1
min and those annealed for 30 sec, both have shown uniform spatial distribution of resistivity.
Therefore, and for CIGS based solar cell applications, annealing for 30 sec, or even less,
would be advantageous, since the shorter the annealing time, the lower the risk of the p-n
junction deterioration will be.

Furthermore, due to the poor resistivity spatial distribution of as deposited thin films and the
known harmful effect of high temperature even for short time on CdS based solar cells, the
use of the pulsed DC sputtering mode is excluded and an alternative deposition process was
studied.

As deposited RF sputtered AZO thin films have shown a quite homogenous resistivity spatial
distribution with slightly lower resistivity mean value compared to that obtained using the
pulsed-DC mode, while no significant change in optical transmittance was observed.

Taking in consideration both the maximum annealing temperature and duration to which CdS
based solar cells can withstand before degrading, a low temperature rapid thermal annealing
process was investigated. The resistivity was decreased from 1.5x10 Q.cm to 1x10° Q.cm
while a slight increase in optical transmittance of about 4% was observed.

Finally, elemental composition analysis have revealed the presence of several metallic
impurities to which a harmful effect is already attributed in literature. Therefore, we are
reasonably confident that using an adapted target will lead to a noticeable improvement in
both electrical and optical properties.
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In this last chapter, the four elementary processes reported before have been joined in order to
fabricate solar cells. Electrical characterizations as well as microstructural analyses of some
of the fabricated solar cells will be presented. For the sake of clarity, we only report the more

significant results; they only represent less than 25% of the work dedicated to the fabrication
of a complete solar cell.

On the contrary to the previous chapters, this one consists of only one part in which only

experimental results will be presented. The state of the art has already been, implicitly,
presented within the previous chapters.
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5.1. Overall view of cell fabrication process

The different trials hereafter reported were done on an ongoing process. The various process
improvements that have been presented before concerning each elementary layer fabrication
are not fully implemented in all trials. Each trial will sum up the main fabrication processes
that have been used.

As a general matter, all cells have been fabricated on 2" SLG substrates. After the whole set
of layers have been deposited, a Ni/Au based trident-shaped grid contact has been deposited
using lift-off technique. Elementary 0.5 cm2 (7mm x 7mm) surface area cells have been
delineated by scribing the CIGS and top layers. A typical view of a full wafer is shown in
figure 5.1.

Figure 5.1: Final view of a 2" wafer on which 26 0.5cm? cells have been defined. The
gilded zones that are visible at bottom and top correspond to back electrode contacting
areas.

5.2. ZnOS based solar cells: first tests

A first set of full sputtering solar cells has been prepared using a ZnSxO1.x buffer layer of
which the composition, x, was tuned between 0.04 and 1 (0.04, 0.07, 0.1, 0.14, 0.21, 0.6, 0.83,
1). The ZnSxO1x buffer layer has been prepared using a continuous rotation configuration,
previously detailed in 83.8.2. On the other hand, the used CIGS layer deposition process was
presented in §2.9: a stack of multi-bilayer which overall thickness is 1 um. A schematic of the
fabricated cell structure is presented in figure 5.2 as well as the main steps of fabrication in
figure 5.3.
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Figure 5.2: Structure and processing parameters of the CIGS cell.
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Figure 5.3: Overall view of fabrication process.
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The electrical characterization of this first set of solar cells was disappointing. The J-V
characteristic did not relate a diode function but was rather similar to a resistance behaviour:
an example of the obtained J-V characteristic is given in figure 5.4.

Furthermore, the commonly reported treatments “’light soaking for 30min and annealing at
200°C for 10min’’ did not lead to any improvement.

Current density (mA/cm?)

T T T T T T T T T T T T
-600 -300 0 300 600 900 1200
Voltage (mV)

Figure 5.4: Dark Current-Voltage characteristic of 0.5 cm? CIGS solar cell. The
composition x of the ZnSxO1.x buffer layer is 0.21.

Mainly two parameters were thought to be at the origin of such an electrical behaviour: the
low crystalline quality of the CIGS layer and/or the induced CIGS surface deterioration
during the deposition of the ZnSxO1.x buffer layer (due to the use of high sputtering power).

For that sake, and before preparing a second set of solar cells, the CIGS layer quality was
improved and a low power sputtering process for the deposition of the ZnSxO1.x layer was
developed, as previously presented in §2.10 and 83.8.3, respectively. Furthermore, in order to
exclude any possible contribution of the high temperature annealing step, RF-sputtering mode
was used for the deposition of the window layer (i-ZnO and AZO (84.10). The deposition
processes for the Mo layer was kept unchanged. The cell structure is so the one shown in
figure 5.5.
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Figure 5.5: Structure and processing parameters of the CIGS cell.

Consequentially, a photovoltaic effect was observed, as shown in figure 5.6; however, the
obtained electrical characteristic does not reflect the high microstructural quality shown in
figure 5.7. Moreover, light soaking for 30min and annealing at 200°C for 10min were found
to be useless (no further improvement was achieved).
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Figure 5.6: Best Current-Voltage characteristic of 0.5 cm? CIGS solar cell using an
improved quality CIGS layer and a low power sputtered ZnSo.1200.88 buffer layer.

© 2018 Tous drots réservés. -140- lilliad.univ-lille.fr



Thése de Boubakeur Ayachi, Lille 1, 2016
Chapter 5: Solar cells characterization

20000

CIGS (112)
15000
.‘é‘
35
o
—
S 10000
-é, EHT = 7.00 &V
w Mag= 2000 KX
% C
E CIGS (211) (204)/(220)
5000 Mo
(110)
AZO (002) CIGS
] (312)/(116) CIGS
kg (332)/(316)
O [ SR Y
v T T T T T i T ) T
20 30 40 50 € 7
2theta (degree)

Figure 5.7: XRD pattern and SEM cross sectional image corresponding to the solar cell of
which the J-V characteristic is shown in figure 5.6.

Because of the ambiguous situation and the unclear reason behind such limited electrical
characteristics, we decided to first evaluate the quality of our CIGS absorber layer using a
standard CBD-CdS buffer layer (see §3.7) instead of the sputtered ZnSxO1.x. The process flow
is then identical to the one presented in figure 5.5 except for the ZnOS deposition hereby
replaced by a CdS deposition. The cell structure is so the one shown in figure 5.8.
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Figure 5.8: Structure and processing parameters of the CIGS cell.
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The obtained results were not better, and even worst!! It was not good news; however, at least
we have confirmed that the sputtered ZnSxO1.x layer was not the limiting factor.

Based on that, a deeper analysis of the final solar cell was then performed using GDOES
(Glow discharge optical emission spectroscopy by courtesy of Horiba Jobin-Yvon dedicated
team) depth profiling: The obtained results were more than surprising. We found out that
non-negligible concentrations of iron, nickel and chromium were present within the CIGS
layer, as can be clearly seen in figure 5.9.

Comparing the GDOES signals of these elements before and after annealing, we have
concluded that the presence of these elements within the CIGS layer was originated from their
out diffusion from the molybdenum layer. Furthermore, the EDX analysis of the molybdenum
layer revealed the presence of these elements in the following concentrations: Fe 0.7at%, Ni
and Cr 0.5at% each.

It is important to note that the GDOES signals, presented in figure 5.9, have already been
normalized considering the GDOES signals within the as-deposited CIGS layer as a reference
background (for normalization). Therefore, considering that the maximum signal within the
molybdenum layer is equal to the measured concentration using EDX, one can give an
estimation of the concentration of these elements within the annealed CIGS layer: Fe
0.126at%, Ni 0.026at % and Cr 0.044at%.

The effect of each of those elements on solar cells performance was previously reviewed in
82.5.1. In our case, we have the contribution of the three elements at the same time, which
makes the impact more pronounced.

NB: it is worth to note that the used molybdenum target is of high purity; however, it was not
initially dedicated to our sputtering equipment. Therefore, the detected metallic impurities
within the molybdenum layer are believed to be originated from the complementary target
locking ring that has been added to fix it at the right position within the equipment: it appears
that this locking ring had a very little but dramatic exposure to deposition plasma and its
constitutive elements have so been sputtered jointly with Mo.
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Figure 5.9: Normalized GDOES depth profiles of Mo, Cr, Fe and Ni within an annealed
CIGS/Mo bilayer.

5.3. Solar cells fabrication using high purity molybdenum back contact

Based on the above shown GDOES results, we have decided to use another sputtering
machine for the deposition of the molybdenum layers, in which target and backing plate were
matched to the equipment.

It is worth to note that the new sputtering machine has a different configuration (no
magnetron, different target to substrate distance...etc) and therefore the used deposition
conditions of the molybdenum layer for the preparation of the first solar cell were "judiciously
randomly" chosen (no reinvestigation of the molybdenum layer properties was performed
because the use of this machine was temporary —waiting for the arrival of a new molybdenum
target matched to our "routine™ equipment). The deposition processes for all the other layers
(CIGS, CdS, ZnO and AZO) were kept unchanged. The cell structure is so the one shown in
figure 5.10.
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Figure 5.10: Structure and processing parameters of the CIGS cell.

The obtained J-V curves of the first set of cells are shown in figure 5.11, while the
microstructural analyses (XRD and SEM) corresponding to the best cell are shown in figure
5.12.
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Figure 5.11: Current-Voltage characteristics of 0.5 cm? CIGS solar cells.

NB: It is worth to note that all these J-V curves were obtained from the same 2" SLG
substrate (26 cells of 0.5 cm? each per 2’ sample).
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Finally, operating solar cells were obtained, which confirms our conclusion based on the
analysis of the GDOES results: metallic impurities were one of the limiting factors for cells
operation, other factors might also have a contribution, but it should have been the killing one.

More surprisingly, it was found out that the CIGS layer was not completely recrystallized
after the annealing process and not any more (112) preferentially oriented but rather slightly
(220). This is believed to be related to the properties (mainly the density) of the used
molybdenum layer, as previously discussed in §2.13.1.

Even though the relatively very poor microstructure, this first set of solar cells has shown
acceptable efficiencies: relatively high current density (since no antireflection layer was used)
and limited open circuit voltage on which the fill factor is directly dependent.
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Figure 5.12: XRD pattern and SEM cross sectional image corresponding to the best solar
cell of which the J-V characteristic is shown in figure 5.11.

5.4. Highly crystalline quality CIGS layer based solar cells

In the light of these results, we have intuitively sought to further improve the efficiency by
further improving the crystalline quality of the CIGS layer.

To do so, and based on our experience in CIGS layer recrystallization, two ways have been
followed: either by increasing the molybdenum density (lowering the sputtering pressure) or
by increasing the annealing temperature.

5.4.1.High-density molybdenum layer based solar cells

On the contrary to our ambitions, increasing the compactness of the molybdenum layer did
not lead to further improvement of the electrical characteristics but rather to a dramatic
degradation, as can be seen in figure 5.13, even though a better microstructural quality has
been achieved, as shown in figure 5.14.
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NB: it is important to note that the deposition processes for all the other layers (CIGS, CdS,
ZnO and AZO) were kept unchanged.

The so-called roll over effect (a strong current-blocking behavior at forward biases exceeding

the open-circuit voltage) was clearly observed in figure 5.13. This roll over effect is
commonly reported as a sign of lack of sodium [D. Rudmann. 2004] [D. Rudmann. 2005] [P.P. Choi. 2011]_

The effect of molybdenum compactness on the concentration of the out-diffused sodium was
previously summarised in §1.1.4.

From literature, the non-passivated defect states within the CIGS layer and therefore low

carrier density, and/or the secondary diode at the Mo/CIGS interface, are considered as the
possible origins of such a distortion of the J-V curve [P- Rudmann. 2004] [D. Rudmann. 2005] [.P. Choi. 2011]

The effect of sodium on defect passivation and MoSe, interfacial layer formation was
previously reviewed in detail in §2.5.2 and 2.7, respectively.
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Figure 5.13: Current-Voltage characteristics of the fabricated solar cells using a dense
molybdenum layer.
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Figure 5.14: XRD pattern and SEM cross sectional image corresponding to the best solar
of which the J-V characteristic is shown in figure 5.13.

Further lowering in the molybdenum sputtering pressure, so densifying more the Mo layer,
and therefore further blocking sodium out diffusion was found to give completely “’dead’’
solar cells, as can be seen in figure 5.15. Corresponding to this, excellent CIGS microstructure
was obtained, as shown in figure 5.16; however, it did not save the day!!

From literature, even sodium free CIGS solar cells have shown respectable efficiencies:
around 11% from J Eid et al I % 2025 and 8 to 10% from A. Rockett et al [ Rockett. 2000]

So why it does not work in our case, even though the microstructure quality of the CIGS layer
is far better than that reported in both works!!

The reason behind such an observation is still a subject of further investigation.

Based on this result, one can conclude that the use of high compactness molybdenum layer,
and consequentially lack of sodium, had also a contribution in limiting the electrical
properties of the first set of solar cells presented in §5.2.
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Figure 5.15: Dark J-V characteristics of the fabricated solar cells using a high density
molybdenum layer.
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Figure 5.16: XRD pattern and SEM cross sectional image corresponding to the solar cells
of which the J-V characteristics are shown in figure 5.15.

5.4.2.Higher temperature annealed CIGS layer based solar cells

Based on the commonly reported role of sodium (passivation of defects at the grain
boundaries: 82.5.5), and for a given molybdenum density, one can logically expect better
electrical characteristics in case of using high microstructural quality CIGS layer solar (less
grain boundaries). Furthermore, one can expect that sodium concentration is higher in higher
temperature annealed CIGS layer.
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In figure 5.17, we show the J-V characteristics of two solar cells of which Mo/CIGS stacks
were deposited in the same conditions but annealed at different temperatures. Furthermore,

both cells have been completed using the same deposition processes for the upper layers
(CdS, i-ZnO and AZO) as previously presented in figure 5.10.

Surprisingly, and on the contrary to our predictions, solar cell based on the use of low

temperature annealed CIGS layer and therefore poor microstructure has shown better
electrical properties!!

The question that comes intuitively to mind is the following: why does well-crystallized CIGS
based solar cell shows lower electrical behaviour?

To answer this question, defects analyses using admittance spectroscopy (AS) and/or deep
level transient spectroscopy (DLTS) would be very helpful!!

Meanwhile, one possible hypothesis is the following: defects are not only at the grain
boundaries but also present (with high density) within the grains.

Current density (mA/cm™)

. ; . ; .
0 200 400 600
Voltage (mV)

Figure 5.17: Current-voltage characteristics of CIGS solar cells as well as the
corresponding SEM cross sectional images. Cells are prepared using a similar
molybdenum back contact, but annealed at different temperatures.

5.5. Sodium post deposition process

Persuading that high crystalline quality CIGS thin films would lead to higher efficiency solar
cells, and because of the faced challenge for achieving high crystalline quality CIGS layer and
high sodium concentration at the same time (due to the contradictory sputtering conditions of
the molybdenum layer), we have decided to keep working on high quality CIGS layer based

© 2018 Tous drots réservés. -149- lilliad.univ-lille.fr



Thése de Boubakeur Ayachi, Lille 1, 2016
Chapter 5: Solar cells characterization

solar cells and change the source of sodium using a post deposition treatment (in order to
ensure whether it is a matter of sodium or not).

This kind of treatment is commonly performed using an evaporated NaF layer. Using this
process, the precise control of the sodium concentration is possible by changing the thickness
of the NaF layer.

Because of the unavailability of a dedicated system for such a process in our laboratory, an
alternative process (less precise) was used, which is based on the spreading of NaCl solution
on a preheated CIGS thin film (hot plate was used).

Please note that 300nm thick Al>O3 thin film was used as a barrier layer for sodium out-
diffusion from the substrate. Please also note that Mo/Mo(O) back contact was used for the
fabrication of this set of cells.

The deposition processes for all the other layers (CIGS, CdS, i-ZnO and AZO) were kept the
same as shown in figure 5.10. The cell structure is so the one shown in figure 5.18.

RF: 1W/cm? _
i AZO: 300 nm (§4.10)
RF: 1W/cm? ) )
P: 4.5x103mbar -Zn0: 50 nm
CBD-CdS CdS: 50 nm (§3.7)

High pressure process
pulsed DC: 1W/cm?
P:1.8x102mbar
NaCl treated

CIGS: 2.5 um (§2.10)

Mo(0)/Mo stack (§1.10)
350/150 nm

300nm Al,0s (ALD)

SLG substrate

Figure 5.18: Structure and processing parameters of the CIGS cell.
Furthermore, to check out the effect of sodium concentration on high quality CIGS layer
based solar cells, three different solutions with different NaCl concentrations have been used.

The obtained Current-Voltage characteristics and the corresponding SIMS profiles of sodium
throughout the whole solar cell structures are presented in figures 5.19 and 5.20, respectively.

Once again, we were able to hit the 10% efficiency bar, but this time based on high quality
CIGS layer, as can be clearly seen in figure 5.21(c).
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In consequence of adding high concentration of sodium, all cells parameters have been
improved. Such a dependence of solar cell efficiency on sodium concentration has been
extensively studied in previous days by several groups.

As an example and not exclusively, one can cite the works performed by J. Eid et al [ Eid- 2015]
and that by Rockett et al [A Rockett 20001 “n hoth works, an optimum concentration was found,
above which a harmful effect of sodium on solar cells performance was observed.

In our case we believe that we are still far from this optimum concentration, and any further
increase in sodium concentration would lead to a further improvement of the cell efficiency.

On the other hand, and in order to check out whether sodium was the only parameter at the
origin of such changes in the electrical behaviour or not, deeper investigation was carried out:
the XRD, SIMS, SEM and Raman analyses of the three samples have been performed and
compared to each other. The obtained results are presented in figures 5.21 to 5.24.

The SEM cross sectional images, given in figure 5.21, reveal the high microstructural quality
of the CIGS layer used for the preparation of the three solar cells.

From the XRD analyses, despite the slightly higher (112) peak in case of cell A, almost no
difference can be found, as can be seen in figure 5.22. Furthermore, the fact that all samples
are (112) highly oriented confirms that such an orientation was not at the origin of the
observed degradation in case of using high-density molybdenum layer without any additional
sodium supply (85.4.1).

Raman analyses have also been performed in order to mainly check out the existence of the
Cu,Se secondary phase. The obtained spectra, shown in figure 5.23, confirm the pure single
chalcopyrite phase of the CIGS layer in both the 10% efficiency cell and the 0% efficiency
cell. Furthermore, the observed peaks shift can be attributed to either a difference in the stress
state or a slight difference in the composition between the two layers. Moreover, the observed
difference in the peak full width at half maximum (FWHM) is in a good consistent with the
XRD results: slightly higher CIGS crystallite size of the 0% efficiency solar cell.

NB: Please note that Raman analyses have been performed after a wet etching (in HCI) of the
window and the buffer layers.

On the other hand, independently of the tested solar cell, the SIMS profiles of the constituent
elements of the CIGS layer have shown a flat distribution throughout the whole CIGS layer
thickness, no elemental accumulation and no strong diffusion into the molybdenum layer, as
can be seen in figures 5.24(a, b and c).

Finally, comparing the SIMS profiles of cadmium, one can confirm that the CdS layer
coverage was the same for the three solar cells, as can be seen in figure 5.24(d)
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Figure 5.19: Current-Voltage characteristics of the obtained solar cells of which the CIGS
layers have been subjected to NaCl post annealing treatment.
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Figure 5.21: SEM cross sectional images corresponding to the final solar cells.
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Figure 5.22: XRD patterns corresponding to the final solar cells
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Figure 5.23: Raman spectra of the CIGS layers used for the preparation of the 10% and 0%
efficiency solar cells.
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Figure 5.24: (a) (b) (c) SIMS depth profiles of the constituent elements of the CIGS layer
throughout the entire solar cells A,B and C, respectively. (d) A comparison of the SIMS
depth profiles of Cd from the three solar cells.
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5.6. Chapter conclusion

Our first attempt for the fabrication of full sputtering CIGS solar cells has failed, even though
the composition x of the zinc oxysulfide (ZnSxO1.x) buffer layer has been tuned from 0 to 1.

Our doubt about the possible negative effect of the used technique for the deposition of the
buffer layer has conducted us to the use of an alternative process which is based on the use of
a low sputtering power or even to completely replace this sputtered ZnSxO1.x layer by the
standard CBD-CdS layer; nevertheless, the fabricated solar cells have shown no or negligible
improvement of the electrical characteristics.

Based on that, we concluded that the origin of the limiting factor is neither related to the
deposition technique nor to the buffer layer nature.

This conclusion has conducted us to deeply investigate the CIGS layer. From the
microstructural point of view, no signs were obtained (large grains, single and pure
chalcopyrite phase, and no secondary phases on the surface); however, the particularity of the
GDOES technique in indicating the presence of any elements (even those with very small
concentrations) without any preselection has allowed us to find out the presence of small
quantities of undesirable metallic elements that are known, in literature, as a CIGS solar cells
efficiency killer. A deep investigation has been made, and we have found out that those
elements are out diffused from the used molybdenum layer (target issue).

Waiting for the arriving of the new target, an alternative molybdenum layer from another
sputtering machine has been used for the preparation of solar cells. Based on that, slightly less
than 12% of efficiency has been achieved, but more surprisingly, is the poor microstructure of
the CIGS layer observed on this solar cell. On the contrary to our predictions, further
improvement of the microstructure through the engineering of the molybdenum layer has led
to a dramatic degradation of the cells performance.

In fact the use of an alternative sputtering machine for the deposition of the molybdenum
layer has, with some chance, allowed us to conclude that metallic impurities were not the only
limiting factor for cells operation but also the sodium blocking behaviour of the molybdenum
layer due to its high compactness.

Based on those conclusions and believing that the better the microstructural quality of the
CIGS layer the higher the solar cells efficiency, a sodium post annealing treatment of the
CIGS layer was investigated. Consequently, solar cell efficiency as high as 10% has been
achieved.

In the light of these recently obtained results (using a sodium treatment), we are reasonably
confident of our capability to hit the 15% efficiency bar in the coming days!!

Finally, in parallel to our seeking for further improvement of cells efficiency, understanding
the reason behind the need for higher sodium concentration in case of large grain CIGS
absorber is our priority and therefore admittance spectroscopy (AS) and/or deep level
transient spectroscopy (DLTS) analyses are contemplated.
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Main results

Because of the extended spectrum of the performed experiences, several conclusions have
been reached.

Starting by the molybdenum back contact layer, we have shown that the engineering of the
initial stress within the molybdenum layer allowed keeping the substrate flatness after
annealing. Furthermore, we have shown that the introduction of oxygen during the sputtering
of the molybdenum layer is sufficient to change the stress state from tensile to compressive;
however, the precise control of the oxygen flux for achieving the right initial stress, was found
to be a little bit tough . For that reason, we have proposed an alternative solution which is
based on the use of Mo/Mo(O) bilayer structure: it was found that it is easier to control the
substrate flatness by tuning the top to the bottom layer thickness ratio than by tuning oxygen
flux. Moreover, the use of such a process is expected to be very useful especially for the
development of room temperature deposited CIGS thin films followed by an annealing step
where the recrystallization of the CIGS thin films is found to contribute, in part, into the final
substrate bending. Finally, we would like to highlight the fact that our proposed process for
keeping substrate flatness is far simpler than that patented by Saint Gobain glass group.

In a second time, an original absorber deposition process which is based on magnetron
pulsed-DC sputtering at room temperature from a single quaternary CIGS target using argon
plasma without any additional selenium supply, followed by annealing under inert
atmosphere, has been developed. As an instinctive reflection, low pressure process was used
for the preparation of the first set of samples; however, this has mainly led to problems:
substrate delamination and argon outgassing. To overcome these issues, several approaches
have been followed: bilayer structure, stack of reduced thickness bilayer structure and finally,
high pressure deposition process. The bilayer structure was found to enhance the adhesion;
however, the induced crater-like defects were sill observed. Furthermore, the stack of the
reduced thickness bilayer structure process was found to suffer from composition deviation
from optimal and/or the presence of large holes at the interface Mo/CIGS. On the other hand,
using high pressure deposition process, none of the previously mentioned issues was
observed: high adhesion, no argon outgassing induced defects, optimum composition and
excellent microstructure. Furthermore, the XRD, Raman and SIMS analyses have evidenced
the presence of a single chalcopyrite phase, the absence of the Cu,.xSe secondary phase at the
CIGS surface and the elemental distribution homogeneity throughout the whole thin film
thickness. In few words, we have shown that using such a very simple process might allow
achieving CIGS thin films with similar quality to that obtained using the co-evaporation
process.

Concerning the buffer layer, both CBD-CdS and room temperature sputtered zinc oxysulfide
(ZnSxO1x) thin films have been studied. It was found that a good control of the CdS
deposition conditions lead to an excellent coverage of the CIGS layer. It was also found that
the growth rate of the CdS layer on CIGS covered substrate is faster compared to a direct
growth on glass substrate. On the other hand, we have shown that the use of a room
temperature reactive (O2) sputtering (of a ZnS target) process for the deposition of ZnSxO1-x
thin film does not provide the right material properties. So, an ALD-inspired sputtering
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process was investigated as an alternative. The obtained results, both structural and optical,
were found to have some consistency with previously published works using high temperature
reactive sputtering process: the less intense change in the band gap was proved to be thickness
related, while the composition ranges in which a single phase ZnSxO1.x is achievable (0 < x<
0.21 and 0.76 < x < 1) was found to be almost the same.

In chapter 4, we focused on the development of high transparency and low resistivity
aluminium-doped zinc oxide thin films. We found that low resistivity is achievable using
pulsed DC mode; however, a post deposition rapid thermal annealing process was found to be
necessary in order to improve the spatial resistivity distribution. This annealing process was
also found to have a positive effect on the optical transparency. Unfortunately, integrating
such a process for the fabrication of reference solar cells (CdS-based solar cells) is not
possible due the expected high diffusivity of Cd into the CIGS layer and therefore p-n
junction deterioration. Based on that, we have also investigated the optoelectronic properties
of RF-sputtered thin films. The as deposited thin films have shown quite similar optical
transparency and resistivity mean value; while, the spatial resistivity distribution was found to
be far better. Finally, the adjustment of the annealing process for CdS-based solar cells was
found to slightly improve both optical and electrical properties

In the last chapter, we have shown the main steps that led us to progressively improve the
efficiency of complete solar cells. We have also shown that even the use of CIGS absorber
layer with poor microstructural quality can lead to solar cells efficiency of 11%, while the
high microstructural quality of the CIGS absorber layer does not necessary lead to operational
solar cells. Finally, on the contrary to previous works, we have found out that no photovoltaic
effect can be achieved in case of using sodium free process for the fabrication of CIGS solar
cells. Highest value of efficiency we got is slightly under 12% on a cell using a single stage
CIGS deposition and a CdS buffer which is rather in the state of art for CIGS cells using such
a fabrication process (figure C.1).
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Figure C.1: State of the art of CIGS solar cells achieved by sputtering from single
quaternary target, without additional Se supply.
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Outlook

Concerning the used back contact bilayer structure (Mo/Mo(QO)), a deep investigation of the
Mo/CIGS interface seems to be necessary due to the observed oxygen accumulation at this
interface.

For purely industrial reason, our first results, using a short annealing process (for CIGS
recrystallization), have paved the way for further annealing time shortening (the shorter the
annealing process, the higher the benefice).

Finally, our plan for further improving solar cells efficiency is the following (structured by
priority):

v' Further adjusting sodium concentration within the CIGS layer (by further adjusting the
post deposition treatment);

v Understanding the reason behind the need for higher sodium concentration in case of
large grains CIGS absorber: admittance spectroscopy (AS) and/or deep level transient
spectroscopy (DLTS) analyses are contemplated;

v Using high microstructural quality and slightly (220) preferentially oriented CIGS
absorber layer for the preparation of the next set of solar cells (82.4.2);

v Improving the optoelectronic properties of the window layer through the use of a new
AZO target matched to our equipment (removal of parasitic metallic elements from
AZO thin films);

v" Replacing the temporarily used CdS buffer layer by a sputtered ZnSxO1-x and finding
the suitable composition for a full sputtering based process (the achieved result
obtained hereby will give us the cell performance reference value);

v Finding an alternative process for the deposition of the ZnSxO1.x buffer layer (more
suitable for an industrial up-scaling);

v" Finally, using a stack of sputtered CulnyGai-xSe thin films for band gap engineering,
and why not, the investigation of potassium surface treatment.
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Title: Towards full sputtering deposition process for CIGS solar cells fabrication: from single thin film
deposition up to device characterization.

Abstract

Nowadays, and after more than four decades of research and development of the CIS based technology, a direct
competition with silicon technology is still far from being won; however there exists some niche markets where
the silicon technology cannot be used (flexible photovoltaic) or less favourable (BIPV). The current fabrication
processes are still suffering from some drawbacks: (i) some of the used materials and/or techniques have a large
environmental footprint (CBD-CdS/CBD-ZnSx01.), (ii) some developed alternatives are expensive (evaporated
InkSy), (iii) the used techniques are not easily up scalable (evaporation) or based on the use of toxic atmospheres
(Se based). This PhD work presents our strategy in moving towards a full sputtering process and in using only
environmentally friendly materials. In this framework, we kept using standard material and process for the
deposition of the back contact layer (sputtered molybdenum layer). We developed a new process for the
deposition of the absorber layer which is based on pulsed DC-magnetron sputtering at room temperature from a
single quaternary target using argon plasma without any additional selenium supply, followed by an annealing
under inert atmosphere. We developed a room temperature sputtering process for the deposition of the ZnSxO1.x
buffer layer. We also developed our appropriate pulsed DC and RF sputtering processes for the deposition of the
window layer. Several characterisation techniques (XRD, SEM, FIB-SEM, EDX, Raman, SIMS, Hall Effect,
GDOES, UV-Vis, and 1-V) have been used to investigate the effect of deposition conditions on thin films
properties as well as to characterize the final solar cells which best efficiency result is slightly under 12%.

Keywords: magnetron sputtering, thin film, thermal annealing, molybdenum back contact, CIGS absorber, buffer
layer, CBD-CdS, sputtered ZnSxO1.x, ZnO window layer, solar cell.

Titre: Vers un processus de dépot entierement en pulvérisation cathodique pour la fabrication de cellules solaires
a base de CIGS: du dép6t des couches minces élémentaires a la caractérisation du dispositif.

Résumé

De nos jours, et aprés plus de quatre décennies de recherche et développement de la technologie CIS, une
concurrence directe avec la technologie silicium est toujours loin d'étre gagnée; néanmoins, il existe certains
marchés de niche ou la technologie silicium ne peut pas étre utilisée (photovoltaique flexible) ou est moins
appropriée (vitrages photovoltaiques a transparence contrblée). Malheureusement, les procédés de fabrication
actuels présentent certains inconvénients: (i) certain(e)s matériaux et/ou techniques utilisé(e)s ont une forte
empreinte environnementale (CDB-CdS/CBD-ZnSx01), (ii) certains matériaux alternatifs développés sont
colteux (InySy par évaporation), (iii) certaines techniques utilisées ne sont pas facilement industrialisables
(évaporation) ou basées sur I'utilisation d'atmospheres toxiques (Se). Ce travail de thése présente une stratégie de
transition vers un processus basé exclusivement sur 1’utilisation a la fois de la pulvérisation cathodique et de
matériaux respectueux de I'environnement. Dans ce cadre, nous avons utilisé la pulvérisation cathodique pour
déposer le contact arriere en molybdene (plutdét un procédé standard). Nous avons développé un nouveau
procédé de dépdt de la couche absorbante basé sur 1’utilisation de la pulvérisation magnétron en mode DC-pulsé,
a température ambiante et a partir d'une seule cible quaternaire en utilisant un plasma d’argon sans apport
supplémentaire de sélénium, suivi d'un recuit sous atmosphere inerte. Nous avons développé un procédé de
pulvérisation a température ambiante pour déposer la couche tampon ZnSxO1.x. Nous avons également développé
un procédé de dépdt de la couche de fenétre (toujours par pulvérisation cathodique soit en mode DC-pulsé soit
en mode RF). Plusieurs techniques de caractérisation (XRD, SEM, FIB-SEM, EDX, Raman, SIMS, Effet Hall,
GDOES, UV-Vis, et V) ont été utilisées pour étudier I'effet des conditions de dép6t sur les propriétés des
couches minces ainsi que pour caractériser les cellules solaires finales dont le meilleur résultat obtenu sur
I'efficacité est proche de 12%.

Mots-clefs: cellule solaire de seconde génération, couche mince, pulvérisation magnétron, recuit thermique,
atmosphére neutre, absorbeur en CIGS, couche tampon ZnSyO1.x, couche fenétre en ZnO:Al.
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