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SUMMARY

During the last years, large improvements in the efficiency on the CIGS technology have
been achieved, making them excellent candidates as bottom cells for double junction
tandem devices. This improvement is a result of the implementation of post deposition
treatments (PDT) using alkali-metal fluorides. These alkalies prove to enhance the per-
formance of the solar cells by passivating defects in the bulk of the CIGS, and also allow
to use of thinner buffer layers. Therefore, understanding the role of the different vari-
ables of the PDT, and finding the optimal combination of them is essential to improve
the performance of the device.

In this work, the identification of the optimum combination of the most relevant
variables of RbF PDT on 3-stage co-evaporation low band-gap (1.00-1.01 eV) CIGS ab-
sorbers is performed by carefully examining the impact of the preselected variables such
as substrate temperature, material flux, and stage duration on the performance of the
solar cell. Similarly, an optimization of the buffer layer is conducted to enable proper
deposition and enhanced absorption in the NIR. To interpret the impact of the PDT vari-
ables, the different sets of samples are evaluated electronically and compositionally with
multiple characterization techniques.

It was determined that the concentration of Cu present in the surface of the absorber
prior starting the PDT, together with the substrate temperature plays the most impor-
tant role in the effectiveness of the PDT. This is mainly due to facilitating optimally Rb
absorption and diffusion. Next to this, appropriate rinsing of the excess of alkali present
on the surface of the absorber must be performed before the deposition of the buffer
layer, in order to prevent the formation of a detrimental photoactive barrier at the
CdS/CIGS interface.






INTRODUCTION

HE yearly increasing energy demand presents one of the most important challenges

for the future. Moreover, the implementation of technologies that are able to fulfill
the demand and produce none or low CO, emissions is paramount to achieve a sustain-
able future. Therefore, technologies that use renewable resources such as sun or wind,
and contribute stopping climate change are vital to shape the coming future. Some of
these technologies are: solar photovoltaic (PV), wind energy or hydroelectric. Currently,
solar PV contributes close to 2% of the total electricity demand, however, due to its good
performance and decreasing levelized cost of electricity (LCOE) [1], solar PV is expected
to become one of the leading technologies in the electricity sector and produce almost
one quarter of the total electricity demand by 2050 [2].

PV technologies transform the solar radiation (photons) into electrical energy by us-
ing the well known photovoltaic effect. Essentially, the incident light strikes the solar
cell which is made up of an absorber and a p-n junction. Inside the absorber, part of the
incidentlight is absorbed and transformed into an electron-hole pair which is then sepa-
rated by the p-n junction and collected in an external circuit [3]. The part of the light that
can be absorbed depends on the absorber material band-gap. Generally, band-gaps of
semiconductor materials used for the absorber layer are in the range from 1.00-2.50 eV.
Ideally, the optimum band-gap for the AM1.5 spectrum is around 1.34 eV [4]. The max-
imum conversion efficiency that can be achieved is between 30-33% [5] due to multiple
thermodynamic and non-absorption losses.

Currently, one of the most attractive semiconductor materials to produce solar cell
absorbers is the Cu(In,Ga)Se; (CIGS). CIGS, is one of the most promising thin-film tech-
nologies, has a direct band-gap of 1.10 eV that can be modified by adjusting the Ga con-
tent. Moreover, thanks to its high absorption coefficient the total thickness of the device
can be reduced to a few micrometers reducing costs and enabling flexible PV modules
when deposited on flexible substrates. In the past years, the implementation of post
deposition treatments (PDT) with alkali metal fluorides enables the production of solar
cells with efficiencies above 20% [6], getting one step closer to the theoretical maximum
limit. All of the above, in combination with the high performance at a relatively low cost,
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excellent durability and low weight [7], widens the possible applications of CIGS solar
cells.

Evidently, CIGS solar cells show remarkable properties and performance, but due
to their low band-gap, a big part of the incident high energy photons is transformed in
both electricity and heat. According to the Shockley-Queisser limit (SQL), almost 70%
of the energy coming from high energy photons is lost into heat [4]. One way to over-
come this issue is the implementation of tandem devices in which a higher band-gap
absorber material is stacked on top of the low band-gap one. Thus, the top sub-cell
absorbs these high energy photons, and the bottom one the low energy ones. By imple-
menting these types of technologies the theoretical maximum conversion efficiency that
can be achieved is up to 46% for double junction and 52% for triple junction devices [8].

Depending on the type of tandem architecture, 2-terminal (2T) or 4-terminal (4T),
there is an optimum combination of band-gaps for both sub-cells. Considering that the
top sub-cell has the largest impact on the total efficiency of the device, the band-gap
of the top sub-cell defines the bottom one. Generally, double junction devices are built
using perovskite and CIGS absorbers first thanks to the possibility to modify the band-
gap of both of them. On one hand, perovskite materials can be tuned between 1.50 and
2.50 eV, while CIGS can be modified to obtain band-gaps between 1.00-1.70 eV. Multiple
studies show that for double junction tandem devices to produce the highest conversion
efficiency, the band-gaps should be of 1.60 eV and 1.00 eV for the perovskite and CIGS
respectively [9].

As perovskite materials are easy to process and are inexpensive [10]. Perovskite-CIGS
devices with the expected high performance and relatively easy and cheap processing
are potential candidates for future high performance thin film photovoltaic devices.

It is important to remark that to achieve this, the performance of both (bottom and
top) sub-cells must be optimal. Consequently, the optimization of PDT for the CIGS
bottom cell plays a key role in obtaining a high efficiency device capable of producing
good electrical and surface characteristics, enabling a suitable coupling with a perovskite
top sub-cell to create an ideal perovskite-CIGS tandem device.

1.1. RESEARCH OBJECTIVES

T HE need for highly efficient technologies for energy production is one of the most
important goals for the future. PV technologies have shown the potential to achieve
this goal by improving its efficiency in developing new materials and processes.

The project has focused on the optimization of rubidium fluoride (RbF) post depo-
sition treatment (PDT) of CIGS solar cells. RbF PTD was expected to boost the elec-
trical performance of both open circuit voltage (Voc) and fill factor (FF), intended for
perovskite-CIGS tandem applications. In the fabrication of a tandem device, for its high
performance, the optimum band-gaps of both sub-cells need to be taken into consider-
ation. The band-gap of the bottom CIGS cell should be in a range of 1.00-1.10 eV with an
anticipated band-gap of the top perovskite cell of 1.60-1.70 eV.

Through optimization of RbF PDT, coupled with a band-gap tuning of CIGS solar
cells for the mentioned lower band-gap (compared to the band-gap of single junction
CIGS devices) and front window (CdS + TCO) optimization, a high response in the NIR
region shall be acquired. The project has been an inherent part of TNO’s activities within
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SOLAR-ERA.NET project SUCCESS and H2020 project PERCISTAND, both being in their
second year during this project.

To be able to optimize the RbF PDT on low band-gap devices two different questions
need to be addressed:

* What are the most important parameters related to RbF PDT process?

* What is the role of these parameters on achieving optimal material properties re-
sulting in high performance?

1.2. OUTLINE OF THE PROJECT

The optimization of RbF PDT for low band-gap CIGS absorbers to be used in double
junction perovskite-CIGS tandem devices is presented in this report by modifying ex-
perimentally the different variables used to perform the PDT and analyzing the impact
on material properties and electrical performance. In Chapter 2, the state of the art of
CIGS and perovskite devices is presented, as well as the essential aspects of PDT. Next,
Chapter 3 first describes the process of fabrication of the CIGS absorber as well as the
additional layers used to finalize the solar cell. In the second part, the characterization
techniques used to evaluate the electrical performance and material properties of the so-
lar cells are explained. Then, Chapter 4 explains in detail the different stages of the PDT
and shows the results obtained for the different set of experiments performed. Finally,
Chapter 5 and 6 the final conclusions and recommendations are presented respectively,
together with the combination of variables for the PDT that result in the best electrically
performing sample.
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LITERATURE REVIEW

In this chapter, the current status of two of the most important photovoltaic technolo-
gies is presented. First, in Section 2.1 thin film CIGS solar cells are described, along with
the importance of Gallium grading to obtain low band-gap solar cells that can be used in
tandem devices. The implementation of post depositions treatments with alkali metal flu-
orides in the past years has resulted in improvements in CIGS PV module efficiencies and
new world records for CIGS have been obtained. Therefore the key aspects and elements
that can be used to perform them are discussed and reviewed. In the next section, 2.2, an
overview of perovskite solar cells structure, electrical properties, architectures, manufac-
turing techniques, and common issues (like degradation) are shown. Next, Section 2.3,
two cell tandem devices are described and explained, with the different configurations
that can be used (two terminal and four terminal), the important characteristics of the
multiple layers that compose them, and the current status of the electrical performance of
perovskite-CIGS tandem devices is reviewed.
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2.1. CIGS SOLAR CELLS

s mentioned before, one of the trending PV technologies used nowadays is the thin

film one. One of the most important thin film technologies is the Cu(In,Ga)Se;
(CIGS) one. This kind of technology can be produced using multiple deposition pro-
cesses such as, co-evaporation or selenization followed by sulfurization of precursors
which can be deposited by printing, electrodeposition, or sputtering. Figure 2.1 shows
the two most used production techniques to manufacture CIGS. While most of the time
co-evaporation is used for lab scale solar cells, sputtering selenization or selenization
and/or sulfurization on precursors already containing Cu, Ga, and In at high tempera-
tures is performed. The last two are often used to process large scale module size devices.

Se/S

(a) (b)

Figure 2.1: Comparison of the deposition techniques. a. Co-evaporation. Adapted from [1], b. Selenization/-
sulfurization on precursors wiht Cu, In and Ga.

The device structure can be seen in Figure 2.2. First, the type of substrate needs to
be chosen, usually, two of the most common substrates that can be used are, soda lime
glass (SLG) and polymeric films (PI). However, metal foils such as steel or ceramics mate-
rials can also be used. On top, the substrate is covered first by a conductive Molybdenum
layer, which is used as the back contact electrode. This layer is generally sputtered into
the substrate. Then, the p-type absorber deposition takes place using one of the pre-
viously mentioned methods. Following the absorber deposition, an n-type buffer layer
is used. Similar to the substrate, there are different materials that can be used for this
layer. Some of them are CdS or a combination of Zn(O,S,0H), although CdS is the most
used one due to its relatively low band-gap. This buffer layer is commonly deposited
by chemical bath deposition (CBD). The last three steps consist of the deposition of the
second buffer layer generally i-ZnO mainly to prevent current leakage in case of local in-
homogeneities or incomplete CdS buffer coverage, [2] [3], next the transparent conduc-
tive oxide (TCO) is used as the front contact which is commonly made out of aluminum
doped ZnO and finally the grids are deposited generally made out of copper.

Currently, there are different techniques that can be used in order to boost the per-
formance of CIGS absorber layer. Some of the most used ones are, post deposition treat-
ments (PDT) with alkali metal fluorides mainly used to passivate defects, band-gap tun-
ing introduced with different Ga grading profiles in order to absorb more light or cre-
ation of tandem devices, with double junction cells like perovskites (discussed in more
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- Cu(ln,,,Ga,)Se, MoSe, Mo
Ccds (x=0: 1.01 eV, x=1: 1.65 eV)

[-i-ZnO / ZnO:Al (80 / 200 nm)-{
CdS (50 nm)

Cu(In,,,Ga,)Se,

2-3um
MoSe,
~N
Mo (500 nm)
Substrate
Device structure Band diagram

Figure 2.2: Left, Cross section of CIGS device structure with the different layers. Right, Schematic CIGS energy
band diagram at forward bias. Adapted from [4].

detail in the next sections). Other techniques such as the use of anti-reflective coating or
scribe-less cells can be implemented in order to increase light absorption.

2.1.1. STATE OF THE ART HIGH EFFICIENT CIGS SOLAR CELLS

S it can be seen in Figure 2.3, the conversion efficiency of CIGS solar cells has been
Ain constant improvement throughout the years. However, from 2014 onwards the
introduction of alkali metal fluorides from PDT into the CIGS solar cells made it possible
to achieve efficiencies above 20% [5]. Table 2.1 present a short compilation of the best
efficiencies achieved with PDT treated CIGS solar cells.
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2.1.2. GALLIUM GRADING AND BAND-GAP
O NE of the most important aspects of thin film technology especially in CIGS, is the
possibility to tune the band-gap of the device. This can be achieved by modifying
the Ga content in the absorber layer which directly modifies the position of the conduc-
tion band, and devices with band-gaps ranging from 1.00 eV to 1.70 eV can be obtained
by using pure CulnSe, or CuGaSe; respectively [16]. Therefore, for perovskite-CIGS tan-
dem application, it is important to bear in mind the desired band-gap of the CIGS (bot-
tom) sub-cell which directly depends on the band-gap of the perovskite (top) sub-cell,
discussed in more detail in Section 2.3.

As previously mentioned, the band-gap of the solar cell depends on the Ga content,
however it is often preferred to use the GGI eg. GGI = [Gal/([Gal + [In]) content of the
absorber since it can be directly correlated with the band-gap of the solar cell. Extensive
research has been done and multiple equations have been established. At the moment,
the most recent one is Equation 2.1 [17] which takes into account different bowing fac-
tors and best describes the relation between band-gap and GGI concentration.

EgleV]=1.004-(1-GGI)+1.663-GGI—0.033-GGI-(1-GGI) 2.1)

Generally, a so-called double Ga grading profile is implemented on regular 3-stage
co-evaporation process as it can be seen on Figure 2.4, the profile is characterized by
containing higher Ga concentration towards the front and back of the absorber, while in
the middle-front part (around 0.4 and 0.5 um) a lower content is desired. By achieving
this kind of V-shaped profile, 3 important aspects have been identified. First, the posi-
tion of the conduction band maximum (CBM) towards the back electrode is increased
(Figure 2.7), and therefore an assisted drifting of photogenerated electrons towards the
space charge region (SCR) in the p-n junction is created. Second, the absorption of low
energy photons in the edge of the SCR is enhanced due to the lower band-gap obtained
in the middle front part of the absorber, and finally, the steep increase of Ga in the front
part of the absorber increases the band-gap and therefore the open circuit voltage. Fur-
thermore the alignment between the CBM of the buffer layer and the absorber is en-
hanced [18]. In order to obtain this kind of profile, commonly the 3-stage deposition
described in Figure 2.5 is followed, where In and Ga fluxes are kept the same during the
first and third stages of the deposition while during the 2-stage the fluxes are stopped
and there is no deposition of Ga and In.
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Figure 2.4: Double grading in 3-stage co-evaporation samples.
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Figure 2.5: Schematic of 3-stage co-evaporation CIGS deposition. The Se pressure and flux is kept constant
during all the stages.

However, most of the time double graded CIGS absorbers tend to have higher band-
gaps (>1.10 eV) and therefore are not suitable for tandem devices where band-gaps close
to 1.00 eV or GGI below 0.07 are needed. In order to overcome this issue, the use of single
back or front (Figure 2.6) Ga grading has been studied by Feurer et al. [19]. The results
showed that the use of front graded solar cells leads to lower electrical performance.
Thanks to an increased extended SCR, which leads to recombination of holes that are
generated in the front part of the absorber. Therefore, a lower response in the EQE for
wavelengths close to the infrared region (NIR) is expected, which directly leads to a de-
crease in short circuit current. Moreover, the fill factor (FF) of single front graded solar
cells is reduced due to the crystallization of smaller grains in the front of the solar cell.
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Figure 2.6: Left, front graded CIGS solar cell. Adapted from [19]. Right, back graded CIGS solar cell. Adapted
from [20].

In contrast, back graded solar cells show better performance in electrical parame-
ters by showing better response in the NIR, FF and open circuit voltage. The improved
response in the NIR of back graded solar cells can be attributed to an increase in the
CBM leading to an additional field for the back part photogenerated electrons towards
the SCR, where they can be extracted and collected. Moreover, time resolved photolu-
minescence results show improved lifetimes indicating better bulk absorber quality and
reduced back surface recombination leading to higher open circuit voltages [20]. To ob-
tain this type of solar cells, generally, the profile described in Figure 2.8 is followed, where
In is ramped up while Ga is ramped down during the first stage of the deposition, and
after the first stage Ga flux is stopped for the 2- and 3-stage of the deposition, while In
is reduced to prevent deposition during the 2-stage and then is ramped back up for the
3-stage.

______________
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Figure 2.7: Change in the conduction band maximum (CBM) due to the effect of the Ga grading. Adapted from
[21].
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Figure 2.8: Schematic of 3-stage co-evaporation CIGS deposition implementing Ga-grading and achieving low
band-gap, the Se pressure and flux is kept constant during all the stages. Notice the reduced Ga flux used and
the increased In flux during the first stage and the stop of Ga deposition for the second and third stage.

Over the last years, multiple research has been done in order to elucidate the role that
Ga distribution plays on the electrical performance of the device ([21]-[22]). Understand
the diffusion of Ga throughout the absorber growth and its influence on other elements,
such as Cu content [23], alkali metal fluorides ([24], [25]) or even the role that the sub-
strate growth temperature [26] plays for Ga grading. Although, the presence of alkali
metal fluorides hinder the In/Ga interdiffusion, in combination with higher substrate
temperatures the In/Ga interdiffusion can be enhanced thereby easing the Ga grading.
Consequently, Ga grading can be achieved in spite of many influencing factors [18].
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2.1.3. ALKALI POST DEPOSITION TREATMENTS (PDT)
T HREE different methods can be used to incorporate alkali metal fluorides into CIGS
absorbers: pre-deposition, co-evaporation, and post-deposition. The first uses the
alkali metal fluoride in the substrate and diffuses it into the absorber, the second one
incorporates the alkali metal fluoride into the absorber while it is being deposited, and
finally, PDT incorporates the alkali metal fluoride by annealing after the absorber has
been deposited [27]. Among these three methods, PDT has been shown to make the
biggest progress in increasing the efficiency of CIGS solar cells.

In this section, the different methods and variables to perform PDT will be discussed.
First, the different alkali metal fluorides that can be used to perform PDT will be de-
scribed and evaluated, after that is important to understand the diffusion of alkali metal
fluorides in the CIGS layer, next to the CGI and GGI concentrations and its impact on
PDT will be discussed. Section 2.1.4 discuss the different variables that can be modified
during the annealing process such as time and temperature, Table 2.1 present up to date
efficiencies for different PDT and its relevant variables.

ALKALI METAL FLUORIDES FOR PDT

In this section, the most important alkali metal fluorides that have been used for PDT
are going to be discussed and how they impact the electrical performance of solar cells.
Generally, they are divided into two different groups: light and heavy alkali metal fluo-
rides.

1. Light alkali metal fluorides

* Sodium: Na is a soft metal that has an ionic radius of 0.095 nm and weights
22.98 gr.mol~! [28], is present (in abundance) in soda lime glass substrates.
In early years Na was found to be beneficial by increasing the hole concen-
tration by almost two orders of magnitude and therefore increasing solar cell
Voc and FF [29].

» Potassium: After Na was discovered, another element was needed that could
be used to improve the electrical properties of Na-free substrates, K weights
39.09 gr.mol™! and has an ionic radius of 0.133 nm [28]. It has been shown
that Khas a similar impact on solar cell performance as Na by increasing Voc
and FF [30]. This performance enhancement is attributed to a reduction in
the diode quality factor and reverse saturation current density (Jy) [9].

2. Heavy alkali metal fluorides

* Rubidium: Thanks to the huge impact that K made after it was added to CIGS,
Jackson et al. [9] investigated the use of heavier elements and found that Rb
could potentially boost even more the electrical performance of solar cells.
Rb weights 85.46 gr.mol™! and it has a 0.149 nm atomic radius [28]. With
the use of Rb higher 7 could be achieved thanks to an increase in FF and Js¢
compared to Na and K, however, the increase in FF depends drastically on the
CGI content [12] [31] (explained in 2.1.3). Generally, it boosts the electrical
parameters compared to reference samples.
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* Caesium: Cs is the heavier and bigger of the aforementioned elements, it
weights 132.9 gr.mol~! and its radius is 0.167 nm [28]. Just like Rb, Cs also
show the ability to enhance the electrical properties of solar cells. It has been
shown by Jackson et al. [9] that the FF and Js¢ increase compared to Na and
K nevertheless, the FF is slightly lower when compared to Rb. However, Tzu-
Ying et al. [32] found that by modifying the absorber by adding band-gap
grading near the front surface and applying a CsF PDT, the FE Vp¢ and n
were improved. Currently, the use of Cs-PDT along with double Zn buffer
layer has generated the wolrd record efficiency of a CIGS solar cell of 23.35%
[71.

DIFFUSION OF ALKALI METALS
Multiple studies have been carried out to understand the diffusion mechanism of alkali
metals into the different layers of the CIGS solar cell. The diffusion is highly dependent
on temperature, concentration, and grain size among others [33]. The key aspects of how
this process occurs can help explain why certain elements produce the best performance
solar cells.

As it has been described by Wuerz et al. [33], Chirila et al. [14] and Jackson et al.
[9] the heavier the alkali metal that is introduced by the PDT in the already grown CIGS
absorber, tend to push out the lighter alkalies already present in the material. This phe-
nomenon is named ion-exchange mechanism. With the use of characterization tech-
niques such as secondary ion mass spectroscopy (SIMS) and glow discharge optical emis-
sion spectroscopy (GD-OES) is possible to verify this. Figure 2.9 show the results of SIMS
profile in which the smaller elements, in this case, sodium, are displaced by the addition
of KF PDT on one hand, and on the other hand, both Na and K are displaced with the
addition of CsF PDT.
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Figure 2.9: SIMS depth profile for KF and CsF PDT treated samples. Adapted from [14] and [9].

Along with the above, it is also important to understand which mechanism the dif-
ferent elements use to diffuse from the CIGS top layer since they can diffuse along grain
boundaries (GB) or in the bulk of the grain. This was studied in deep by Wuerz et al. [33],
they focused on applying an RbF PDT followed by a NaF PDT and vise versa. For each
experiment, they used 2 sets of samples in which one was left Na (Rb) free and no NaF
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Figure 2.10: a) Diffusion of Rb into Na-free CIGS; here, Rb diffuses into the grain bulk as well as into GBs, b)
diffusion of Rb into Na-doped CIGS; here, diffusion of Rb into the grain bulk is reduced and diffusion into GBs
is enhanced compared to (a). In ¢), diffusion of Na into Rb-free CIGS is shown, Na diffuses into the grain bulk
as well as into the GBs; d) diffusion of Na into Rb-doped CIGS, where diffusion into the grain bulk is strongly
hindered and diffusion into the GBs is hindered compared to (c). Adapted from [33].

PDT (RbF PDT) while the other one Na (Rb) doped by the PDT. They concluded that if
Na is not present in the CIGS layer, Rb could diffuse into the GBs and into the bulk. In
case Na is already present in the sample, Rb diffusion through GBs is enhanced, and into
the grain, interior is hindered but still takes place. In contrast, in the other experiment,
if Rb is already present in the sample, Na diffusion takes place along the GB and into the
grain is strongly hindered, Figure 2.10 shows in more detail the results of the mentioned
experiment.
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The mechanisms of diffusion for the different alkali metals and their correlation with
the solar cell electrical parameters are generally understood as follows:

1. Light alkali metals

* Sodium: As mentioned before, by applying Na it is possible to increase the
carrier concentration and thus increase the V¢ of the solar cell. Besides,
since Na can diffuse through the GBs as well as inside them, it has been
shown by Rudmann et al.[34] that it can help to passivate the defects present
in those areas and therefore increase the V.

* Potassium: It has been demonstrated by Chirila et al. [14] that the KF PDT in-
duces a chemical modification in the surface of the CIGS absorber, depleting
Cu and Ga. By making this, the buffer (CdS) layer can be easily deposited with
a shorter time and smaller thickness due to an enhancement in the diffusion
of Cd through the CIGS. All of the above generates enhancement in Js¢, Voc
and FE Itis important to mention that K mainly diffuses through GBs and not
in the grain interior [35].

2. Heavy alkali metals

* Rubidium: According to Schoppe et al. [36], Rb diffuses along the GBs through
the entire absorber layer and agglomerate in high angle GBs, dislocation cores
and in the back contact interface. Is believed that the excellent electrical per-
formance of RbF PDT samples is due to an increased size of the element fa-
cilitating the passivation of large size defects at GBs or dislocation cores pro-
ducing higher Vo¢ and FE In another study, Kodalle et al. [37] showed that
like with KF PDT the buffer layer growth is affected. However, the RbF PDT
takes longer to passivate the surface for the deposition of the buffer layer,
nevertheless the Js¢ is enhanced. Recently, other studies by Kodalle et al.
[12] and Taguchi et al. [38], show that a formation of a secondary surface
phase called RIS (RbInSe;) by the implementation of RbF-PDT can also help
to enhance the electrical properties of RbF treated solar cells. In contrast to K
and Na, Rb tends to diffuse through Cu vacancies, therefore the high concen-
tration of Rb generally produce a Cu depletion which indicates an improve-
ment of the hole-barrier thus, a reduction in recombination and higher V¢
are obtained [39].

* Caesium: Recent studies by Tzu-Ying et al. [32] revealed that Cs increase
the carrier lifetime at the buffer/absorber interface and in the space charge
region due to diffusion of Cs along the GBs. Consequently, a huge increase
in Voc and FF can be achieved. Moreover, Kato et al. [8] showed that Cs-
PDT has similar results to K-PDT but higher Vp¢ can be achieved since it
increases heavily the minority carrier density and lifetime by reducing the
defect density. Like with Rb, high agglomeration of Cs concentration tend to
be accompanied by a Cu depletion and increased In and Se concentrations,
moreover the presence of Cs passivate highly disordered GBs and therefore is
beneficial for solar cell electrical parameters [40].
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In Table 2.2 different methods to introduce alkali metals into the CIGS layer are com-
pared together with its highest cell efficiency. It should be noted that this table is from
2014, and therefore in Table 2.1 up to date efficiency values can be found. Notice, that
the highest efficiencies can be achieved by diffusion of Na from soda lime glass (SLG) or
using a bigger alkali metal fluoride for the PDT after Na diffusion.

Table 2.2: Different methods for incorporating alkali metal fluorides into the CIGS layer and efficiency
achieved. Adapted from [41].

Method for incorporating alkali metal fluorides into the CIGS layer =~ Highest efficiency (%)

Diffusion from SLG substrate + PDT with KF 20.8*
Diffusion from Na containing Mo back electrode on borosilicate glass 15.8
Na and K diffusion from enamel coating of steel foil 17.6*
NaF precursor layer onto Mo before CIGS deposition on alkali-free glass 17.7
SLG thin film on Ti foil 17.4
Co-evaporation from NaF source 16.4
PDT with NaF on polyimide foil 18.7*
PDT with KF on alumina substrate 14.2
Sequential PDT with NaF and KF on polyimide foil 20.4*

* Independently certified value.

CGI AND GGI INFLUENCE ON PDT

Two important variables that have been studied by multiple authors are the CGI and GGI
content of the absorber layer. It was noted, that notable differences can be achieved in
the electrical parameters by changing these variables, in general parameters like Voc and
FF are affected. Different studies have been carried out for variable CGI and afterward,
the use of RbF and NaF PDT. In contrast, not many of them have been made varying the
GGI concentration.

On one hand, regarding GGI concentration according to Zahedi-Azad et al. [42], for
the solar cells with GGI > 0.33 the improvement in V¢ provided by the PDT ceases.
Therefore all the research regarding the use of PDT in CIGS solar cells has been presented
using GGI concentrations between 0.24 and 0.33.

On the other hand, the main reason to study the CGI content on CIGS solar cells is
due to the fact that an optimum empirical concentration of Cu should be in the range
of 0.80 to 0.90. Thanks to the non-stoichiometric concentration, a high quantity of de-
fects are present in the absorber layer [31]. In order to reduce the number of defects,
concentrations near stoichiometric Cu have shown to be beneficial by increasing the ab-
sorber crystallinity [43], reduce defect density [44] [43], mobility [31] and doping density
[45]. Nevertheless, the maximum efficiency achieved with Cu stoichiometric content has
never been above 13.5% [46] due to its reduced Vo, FF and Jsc.

As it was previously described, the CGI concentration and a PDT have only been
studied with NaF and RbF elements. The results obtained are given below:

e Sodium PDT: Carron et al. [47] applied a NaF-PDT using 3 different CGI con-
centrations (0.85, 0.90 and 0.95). The results show, that for higher CGI concen-
trations the efficiency (1) of the cell decreased mainly by a reduction in the V¢
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and FE The biggest loss is achieved with CGI > 0.90, therefore concentrations of
0.85 < CGI < 0.9 should be the optimum value. It is important to note, that they
use a low temperature process of 450°C that can affect the results of the PDT (due
to the substrate material). However, according to Sun et al. [27] in literature, the
commonly adopted temperature for Na-PDT is between 350°C and 400°C.

* Rubidium PDT: One important study made by Kodalle et al. [12] investigate the ef-
fects of RbF PDT on different CGI concentrations ranging from 0.45 < CGI < 0.95.
The obtained results, demonstrate that the RbF-PDT is more effective with higher
CGI, showing that for CGI > 0.80 the Vo is increased. However, the RbF-PDT only
leads to an improved FF for samples with CGI = 0.95, samples with concentration
lower than 0.95 the FF decreases. This can be attributed to formation of secondary
phases like RbInSe; in the surface of the absorber and is explained in further detail
in [12] and Section 2.1.4.
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2.1.4. IMPORTANCE OF DIFFERENT VARIABLES FOR PDT SOLAR CELLS

ANY variables can be modified during the PDT deposition, some of the most stud-
M ied ones are: temperature of the substrate, temperature of the source, duration of
the PDT, CGI and GGI content, type of annealing atmosphere and thickness of the buffer
layer (the study of the buffer layer can be extremely extensive and it is not discussed
here). Is essential to notice, that the type of substrate and deposition method used will
probably implicate huge differences in the temperatures and times of PDT applied on
CIGS absorbers. Also, as previously mentioned, up to date research is done using co-
evaporation deposition, thus the described variables will reflect only on the obtained
results by this deposition method.

SUBSTRATE AND SOURCE TEMPERATURE

Although most of the authors only report the use of one substrate temperature for the
PDT deposition mainly in the region of 330°C to 380°C, Feurer et al.[48] performed one
study in which they deposited RbF PDT under different substrates and source tempera-
tures (Figures 2.11 and 2.12). They concluded that finding the optimum substrate tem-
perature is more important than the source temperature since a significant detrimental
effect is obtained when the optimum temperature is not used.

17.0 - - - - 0.57 r

. ==
== 0.56 S
160} ES '

= Q 055 s

=155} < I

e = 054

£ 1500 _ =

£

0.53 —_—

" 1as = -
140} l;l 0:32 E:l
135 051 —

ref 320°C 330°C 340 °C ref 320°C 330°C 340 °C
42,0 72.0
415} ﬁ N5 T

;
410} e —
= 70.5 ! —
T A0St
&E’ s0f e I - I::l [:I
E o 69.5 =
5395} ﬁ o 5o
39.0} — [:I

FF [%]

68.5

3851 '
e 68.0 i
280 ref 320°C 330°C 340 °C 873 ref 320 °C 330°C 340°C

Substrate Temperature [°C] Substrate Temperature [*C]

Figure 2.11: Effect of the substrate temperature for RbF PDT. Adapted from [48].
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Figure 2.12: Effect of the source temperature for RbF PDT. Adapted from [48].

TYPE OF SUBSTRATE

The type of substrate plays an important role in the temperature and PDT treatment to
implement. Taking into account the temperature, some polymeric (PI) substrates can
not withstand temperatures higher than 400°C. Another important variable that plays
a key role in the type of substrate is the Na content, as has been mentioned in Section
2.1.3, the presence of Na (found in SLG substrates) enhances the diffusion of heavy al-
kali metals into GBs and not into the bulk. Moreover, the highest efficiencies achieved
show the presence of Na in the back part of the absorber (Table 2.1). The presence of Na
is directly proportional to the temperature of the substrate, therefore by increasing the
temperature more Na can diffuse and be present in the absorber layer. Hence, in case Na
is not present in the absorber layer a PDT inducing Na before RbF should be carried out.
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Figure 2.13: Different PDT on multiple substrates [5]-[9],[11]-[15], [49].
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GALLIUM GRADING PROFILE AND CONCENTRATION

As discussed by Feurer et al. [50], different types of Ga grading can be achieved in CIGS
solar cells. However, the ones that had lead to the highest efficiencies are double graded
(notch profile, Figure 2.14) and back graded solar cells. While double graded solar cells
provide band-gaps above 1.10 eV, back graded ones provide band-gaps from 1.00-1.10 eV.
Itis important to mention, that the double grading via sequential deposition is harder to
obtain than the back graded one, nevertheless double graded solar cells have achieved
the highest efficiencies [9]. Now, considering the GGI content as it can be seen in Table
2.1 highest efficiencies have been achieved with GGI concentrations between 0.20 and
0.33. Nevertheless, this work is based on low band-gap absorber eg. band-gaps between
1.00-1.10 eV, which correspond to average GGI concentrations below 0.33.
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Figure 2.14: Notch Profile of a 21.7% efficient CIGS solar cell (red line) and non graded 20.8% efficient solar cell
(blue line). Adapted from [9].

COPPER CONCENTRATION

As it was discussed in Section 2.1.3, CGI content on the absorber layer plays a major role
in the efficiency of CIGS solar cells. It has been shown that high CGI contents (> 0.90,
Figure 2.15) in addition to PDT of heavy alkali metal fluorides produce high efficiency
solar cells by increasing its Voc and FF; however, if the CGI concentration is lower than
0.80 the V¢ and FF do not improve. Consequently, as shown in Table 2.1 the best solar
cells have been achieved with CGI contents greater than 0.80.

Notice, that the reduction of the FF in samples with low CGI concentration is at-
tributed to a first ordered defect compound (ODC) that tends to form secondary phases
such as RIS [12]. Despite that, in the same publication, the formation of a RIS layer in
the surface of the absorber can improve more the carrier lifetime and obtain higher V¢
in comparison with PDT.
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Figure 2.15: Different CGI content samples treated with PDT and efficiency obtained (using only one element
for the PDT, eg. RbF or KF) [5]-[9],[11]-[15],[49].

DURATION OF THE PDT

Duration of the PTD is a crucial aspect since it is directly proportional to the concentra-
tion of the introduced alkali metal fluoride. According to Kodalle et al. [51], the optimum
time to perform a PDT using heavy alkali metal fluorides is 10 minutes, after that time
samples show poor performance in electrical parameters (Figure 2.16). However, it is
important to take into account that this variable directly correlates and depends on the
substrate temperature (Section 2.1.4) and therefore the optimum deposition time varies
with the corresponding substrate temperature.
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Figure 2.16: Different RbF PDT times. It can be seen that the 10 minute sample shows the best performance

among the others (The samples are grown on 2 mm SLG with no Na diffusion barrier). Adapted from [51].
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ANNEALING ATMOSPHERE IN PDT

Generally, the annealing process is done after the PDT to enhance the homogeneity and
electrical parameters of the samples by promoting the diffusion of the applied alkali
metal fluoride. In recent publications, it has been found that the PDT can also be imple-
mented while using Se atmosphere to obtain even better electrical parameters [5]. Other
studies perform additional annealing under S or Se atmosphere to boost the properties
and to obtain a notch e.g. Ga profile as discussed before. Finally, according to Feurer et
al. [48] the optimum time to perform the annealing process under Se atmosphere is 20
minutes, however other studies perform the annealing step for shorter periods between
5 and 20 minutes sometimes with or without S or Se atmosphere [11]. One significant
aspect to mention is that by preventing the samples to be exposed to air after the PDT,
better electrical parameters can be obtained.

BUFFER LAYER THICKNESS AND MATERIAL

The buffer layer plays an important role in the Js¢, since depending on its thickness and
material, the solar cell will be able to absorb a wider spectral wavelength of photons and
thus have a higher Jsc. Considering that, the buffer layer is deposited after performing
the PDT the characteristics of the PDT treated absorber surface are important in the
selection of the buffer layer material and estimation of the correct thickness needed.
Multiple studies have been done to obtain the optimum thickness of the buffer layer, and
thereby obtain high Jsc. It has been found that using PDT generally lower thickness of
buffer layer can be deposited [8], [14], [52]. Moreover, the use of different materials such
as ZnO buffer layer leads to higher efficiency solar cells [7]. However, due to simplicity
and reproducibility, most of the time CdS buffer layers are used. Figure 2.17 compiles
the different thicknesses of buffer layers that have been used for different PDT, and the
performance obtained.
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Figure 2.17: Compilation of different buffer layer thicknesses (+ 10 nm) and PDT. The CsF PDT uses a double
buffer layer with no specified thickness [7]. Adapted from [5],[9] and [13].
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SECONDARY PHASES (RIS, KIS)

After performing PDT with Rb or K, the surface of the absorber is generally covered with
granular particles that form a new layer. This particles generally correspond to sec-
ondary phases of RbInSe; or KInSe, [53]. According to Kodalle et al. [12], Ishizuka et
al. [15] and Weiss et al. [53], the thickness of this layer directly improves or deterio-
rates the electrical characteristics of the solar cell, e.g the thicker the layer lower FF and
thus lower 7. As stated by Kodalle et a. [12] and Ishuzuka et al. [15], the adhesion and
thickness of this layer depend on the CGI composition of the surface of the absorber;
the lower the CGI a thicker layer will be formed due to a high number of Cu vacancies
(defects). Furhtermore, Taguchi et al. [38] found that In plays a key role in the forma-
tion of this layer and thus in the improvement in performance of the solar cell. It was
concluded that, if there is In present in the surface of the absorber the Vo and FF are
increased, however, if there is no In present a detrimental effect is expected. Finally, it is
important to mention that the thickness of this layer can be reduced by applying a KCN
or HCl risning to the sample [53] [38].

Figure 2.18 left shows the SEM image of the nanopatterned surface, characteristic
of a secondary phase layer. In Figure 2.18 right, the Raman shift of a RIS layer can be
seen at different laser wavelengths, the principal peaks of the RIS layer are 113.05, 175.8,
and 237.9cm™! in Section 3.2.3 a more detailed explanation of these peaks is given. It is
important to mention that the formation of this secondary phase is accompanied by the
depletion of Cu and Ga along with an enrichment of In and Se concentration [54], [11].
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Figure 2.18: Right SEM images of differently treated Cu(In, Ga)Se2 (CIGSe) absorbers. Images a) and c) show
the topography of the alkali-free absorbers and image b) and d) show the respective NaF/KF-PDT CIGSe sam-
ples that got an alkali-rich b) and an alkali-poor PDT d), respectively. Adapted from [55] Left a) Calculated
Raman scattering spectra of RbInSe2. A break was made in the Y-axis to elucidate the low-intensity peaks.
b) Raman scattering spectra of RbInSe2 thin films deposited on an SLG substrate measured under different
excitation wavelengths. MP denotes the multiphonon peaks. Adapted from [56].
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2.2. PEROVSKITE SOLAR CELLS

NE of the most promising photovoltaic technologies for the future is the perovskite
O one. They show high performance at lab scale devices, they are easy to process
and the materials used are inexpensive [57]. Moreover, it is possible to modify the opto-
electronic properties such as band-gap (1.50-2.50 eV) and absorption coefficient of the
solar cell by controlling the shape and size of the materials that are used to produce them
[58]. However, this technology also shows some drawbacks such as fast degradation of
electrical performance under certain environments, use of toxic materials, and difficulty
of scaling up keeping the same performance as on lab scale. Next, the most relevant
devices structures, fabrication techniques and, issues of perovskite solar cells are going
to be reviewed in order to have a look at this technology and its potential for tandem
devices.

Perovskites are materials that form similar structures to Calcium Titanate (CaTiO3) or
the formula ABX3 (Figure 2.19). In the case of solar cells, this structure can be obtained in
two different systems. First, alkali-halide perovskites can be formed by the combination
of an alkali cation (A) usually Cs, Rb, Na, K, and Li, with a divalent cation (B) which can
be Pb, Sn, or Ge and a halogen anion (X) such as Cl, Be, I or E Or secondly, an organic-
inorganic halide based perovskite can be formed with the use of organic structures. As it
name suggest, some of the most used organic structures are NH,CHNH,, CH3NH;3 (MA)
or CH3CH,NHj [59] in the position of A. In the position of the inorganic cation and an-
ion, one of the divalent cations and halogen anions mentioned before is used. Currently,
the combinations that had lead to the best performance and stability are FAPbIz and

MAPDI3 structures [58].
r’/—x.— _“‘_I

Figure 2.19: ABX3 perovskite crystal structure. Adapted from [59].

In Figure 2.20 the device structure of a solid-state perovskite cell together with the
energy band diagram can be observed. The solar cell is mainly formed by five compo-
nents: (i) an electron transport layer (ETL) (ii) absorber layer (perovskite) (iii) hole trans-
port layer (HTL) (iv) metal contact and (v) transparent conductive oxide (TCO). Consid-
ering that the collection of the generated charge carriers is one of the most important
parameters in a solar cell, the HTL and the ETL selected materials play a vital role to ob-
tain high-performing perovskites solar cells. Moreover, these transport layers must show
other important properties such as, stability, non-toxicity and must be able to withstand
degrading factors like temperature, moisture, or exposure to UV radiation [60], [61] [62].
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Figure 2.20: (a) Cross section of a solid-state perovskite solar cell. 1. Conducting F-doped SnO2-coated glass
(ETL), 2. Perovskite 3. Hole transport layer, 4. Gold electrode 5. Transparent conductive oxide. Adapted from
[63]. (b) Schematic energy level diagram of TiO2, CH3NH3PbI3 and spiro-MeOTAD. Adapted from [64].

The different types of devices architectures for perovskite solar cells are depicted in
Figure 2.21. The first one, known as dye-sensitized structure was developed in 2009 and
is characterized by having a solid or liquid ETL. It showed a power conversion efficiency
(PCE) of 3.81% and band-gap of 1.55 eV using MAPbI; as the absorber device and liq-
uid TiO, as the ETL. However, after a short time, the performance of the device dropped
by 80% due to the degradation of the liquid ETL [65]. In order to solve this issue, the
same architecture was used, but this time a thick solid ETL of m-TiO, was implemented
and not only the stability but also the PCE was improved from 10 min to 500hr and
9.7%, having a band-gap of 1.50 eV [66]. The second architecture is known as meso-
superstructure, in these devices, the m-TiO; is replaced by an insulating layer of Al,Os.
The results showed improvements in the charge collection, by increasing the open circuit
voltage while using the same MAPbI;3 structure and band-gap (1.55eV) the PCE was in-
creased to 10.9% [67], this can be acknowledged by the combination of the ETL and the
perovskite, moreover, this architecture also allows the possibility of having perovskites
deposited in flexible substrates [68]. The third one named regular or pillared structure
uses the concept of the meso-superstructure of combining the perovskite and the ETL
and therefore enables the possibility of using a thicker absorption layer. This concept
was first proposed in 2013 by Heo et al. and it achieved a PCE of 12% by implement-
ing MAPbI; perovskite absorber layer, solid m-TiO, as the ETL, and polytriamylamine
(PTAA) as the HTL. Nevertheless, due to poor surface morphology, the performance of
the device was limited [69]. The last architecture, pin-heterojunction is similar to a thin
film structure and the ETL is not covered by the perovskite but instead, there is a separa-
tion between the top ETL, middle perovskite absorber, and a bottom HTL. These devices
showed better stability and performance, achieving PCE above 15% and stability of more
than 1000h [70] [71].
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Figure 2.21: Different pervoskite devices architectures. a. Dye-sensitized, b. meso-superstructure, c.regular or
pillared structure d. pin-heterojunction.

There are multiple manufacturing techniques that can be used to produce perovskite
solar cell devices. Nonetheless, it is important to bear in mind that lab-scale processes
cannot be used to produce large scale devices. The most important aspect to consider
during the manufacturing process of this type of solar cells is the quality and properties
of the perovskite film, such as morphology, uniformity, and, crystallinity among others.
In order to achieve a good performance, the manufacture technique must give complete
film coverage to prevent shunting paths and prevent lower absorption [58]. For lab-scale
devices, the preferred method is spin coating (one step or two step deposition, Figure
2.22) with the use of anti-solvents to enhance nucleation, crystallinity, and uniformity
of the perovskite film [72] [73] or increasing the precursor and substrate temperature
(Figure 2.22 right) to induce fast crystallization and ease crystal growth [74]. While for
large scale devices there is not an established technique, but the most promising ones
are inkjet printing and doctor blade coating.
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Figure 2.22: Spin coating manufacturing process. Left. One step. Right. Two step, hot casting sequential.
Adapted from [58].

The last aspect to consider is the degradation of perovskite solar cells. This is an
important aspect to consider since nowadays produced devices tend to have a life span
ranging from a couple of days or months to a maximum of one year [75]. The main
factors that affect the stability of the devices are: moisture, temperature, and, exposure to
UV lights [76]. In addition, the use of materials such as lead makes perovskite solar cells
toxic. In order to overcome this issue, the proposed solution is the use of encapsulation
of the device. But still, the problems due to high temperatures and exposure to UV lights
can not be solved by this means [77]. At the present, these aspects are now the main
focus of research in order to produce feasible perovskite solar cells for commercial use.
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2.3. DOUBLE JUNCTION TANDEM DEVICES

NE innovative idea to increase the PCE of solar cells is to stack different technolo-
O gies of solar cells on top of another (generally 2 or 3 stacks). Currently, in single
junction devices, a large part of the solar spectrum is lost thanks to two main causes.
Firstly, photons with lower energy than the solar cell band-gap are not absorbed, and
secondly, excess energy from high energy photons is transformed into heat and thus
lost due to thermalization. These two main losses were quantified using the Shockley-
Queisser limit, and the results show that the maximum conversion efficiency that can be
achieved with single junction devices and materials with band-gaps between 1.10 and
1.40 eV is approximately 30-33% [78]. To circumvent this issue, the implementation of
two or more layers of materials with different band-gaps and stacking them one on top
of the other (higher band-gap on top of lower band-gap Figure 2.23a. it is possible to
reduce the thermalization losses and thus increase the PCE of the device.
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Figure 2.23: a. Tandem solar cell concept, where higher-energy photons are absorbed from the wider-band-gap
semiconductor (in blue) and lower-energy photons can be absorbed by the narrower-band-gap semiconductor
(in red).b. Solar irradiance spectrum showing the spectral regions over which the two semiconductors could
absorb (the color scheme is the same as in part a). c. Diagram of the architecture of two-terminal (2T) and
four-terminal (4T) tandem solar cells. Adapted from [79] and [80].

Figure 2.23c. and 2.23d., show the two main designs that can be used to connect the
multiple layers of the solar cells. The first one called two terminal (2T) or monolithic
configuration requires the fabrication of the top sub-cell directly on top of the bottom
sub-cell. Consequently, the processing of this design requires proper use of solvents,
thickness, and surface roughness of the layers that compose the device making it more
challenging [79] [81] (reviewed in Section 2.3.1). Along with this, by implementing this
type of design the cells are connected electronically in series configuration, meaning that
the open circuit voltage of the device is the sum of both sub-cells open circuit voltage.
While the short circuit current is limited by the bottom sub-cell, thus, the band-gap of
both sub-cells must be properly tuned to achieve same short circuit current and reduce
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losses. On the other hand, four terminal (4T) configuration devices, can be electrically
connected in both series and parallel configuration since each sub-cell is produced in
separate substrate and has its independent front and back contacts, however they are
physically stacked on top of each other. This type of configuration enables easier man-
ufacturing, avoid the limitation of current matching and thus band-gap optimization is
not as critical as with 2T devices. Still, it is important to recall that three out of the four
electrical contacts must be transparent to reduce optical and parasitic losses [79].
Among the different variables that play an important role in the creation of tandem
devices, the band-gap is the most important one. Figure 2.24 shows the optimum band-
gaps and the approximate PCE for 2T and 4T devices. Note that in 4T tandem devices the
selection of ban-gap allows choosing from a much wider range compared to 2T. How-
ever, in both cases, the bottom cell band-gap should be around 1.10 eV when the top
cell used correspond to a perovskite solar cell with a band-gap between 1.50 and 1.60 eV.
Due to easier processing, manufacturing (especially for 4T tandem devices), and band-
gap tunability, multiple research has been done to create tandem devices made out of
just perovskite materials. Nevertheless, the lack of stability in terms of oxidation due to
phase segregation [82] and band-gap retention after exposure to illumination [83] make
the creation of tandem devices using only perovskite materials arduous. Moreover, 4T
and 2T perovskite composed tandems suffer from large voltage deficit due to electronic
losses [80]. In contrast, the use of hybrid perovskite-CIGS or Si-Perovskite tandem de-
vices overcome the issue of phase segregation and band-gap stability. Although using Si
solar cells as the bottom sub-cell shows the most promising development of tandem de-
vices due to the low cost and maturity of the technology [84] [1], it can not be deposited
on flexible substrates [85] and standard Si solar cells are not optimized for infrared ab-
sorption [79]. Whereas, CIGS solar cells can be easily optimized for infrared absorption
and deposited on flexible substrates. Ideally, to obtain the most optimum perovskite-
CIGS 2T and 4T tandem device the band-gaps must be 1.75 and 1.10 eV respectively [84].
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Figure 2.24: Theoretical maximum power conversion efficiency (PCE) as a function of the front (top) and rear
sub-cell band-gap for 2T and 4T designs, assuming no absorption losses. The dashed line traces the peak
efficiency for the whole range of front-cell band-gaps, and the white circles indicate the maximum power con-
version efficiencies. Adapted from [79].

Apart from 2T and 4T tandem devices, over the last years, the development of a new
concept three terminal (3T) tandem device started taking place. Nowadays, modeling of
3T tandem devices showed improved performance when compared to 2T and 4T thanks
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to the multiple ways in which they can be configured and fabricated, in essence, it com-
bines the advantages of both 2T and 4T tandem devices [86]. There are two main con-
figurations for 3T tandem devices. The first one known as middle contact 3T device, im-
plements a middle contact in the junction of the two sub-cells acts as a common ground
and therefore the current form of both sub-cells is extracted, and thus there is no need for
an ETL or tunnel junction like in 2T tandem devices [87], [88]. The second one is named
integrated back contact (IBC) 3T device, the bottom sub-cell contains two terminals and
allows to suppress parasitic absorption caused by the middle contact and consequently
increase the performance [86] [89]. To date, only perovskite-Si and combinations of III-V
group elements with Si have been used to fabricate 3T terminal tandem devices obtain-
ing maximum efficiencies of 17.1% [86] and 34.5% [90] respectively. Figure 2.25 shows
the different structures that can be used to build two cell tandem devices.

. i . d.
Top sub-cell o
Top sub-cell Top sub-cell Top sub-cell

Bottom sub-cell Bottom sub-cell

Bottom sub-cell

Bottom sub-cell

Figure 2.25: Different tandems structures. a. 2T structure, b. 3T IBC structure, c. 3T middle contact structure
and d. 4T structure.

2.3.1. 2T PEROVSKITE-CIGS TANDEM DEVICES
T HE creation of 2T tandem devices requires overcoming multiple challenges. In this
section, the most important challenges for the production of 2T perovskite-CIGS de-
vices are going to be discussed and reviewed. Figure 2.26 shows the device structure of
a 2T tandem device together with the four vital layers. The first one, composed by the
CIGS sub-cell needs to have the optimum band-gap to provide the correct short circuit
current and also need to show low surface roughness. The second one is the tunnel junc-
tion or recombination layer, which should enable proper recombination of the electron
generated carriers from the CIGS sub-cell and the holes from the perovskite sub-cell.
The third one is the perovskite top sub-cell, similar to the bottom sub-cell it should pro-
vide the proper band-gap and also be highly transparent especially for the high wave-
lengths of the spectrum close to the NIR. Finally, the topmost layer composed of the ETL
and contacts should be also as transparent as possible and provide high mobility for the
electrons and thus allowing a proper separation and collection of them [81].
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Figure 2.26: 2T perovskite-CIGS tandem structure and the four most important layers.

To begin, the bottom layer composed by the CIGS sub-cell must show a band-gap
between 1.08 and 1.10 eV in order to provide accurate current matching with the top
sub-cell. As discussed before in Section 2.1.2, by properly tuning the Ga profile in the
absorber layer of the CIGS it is possible to achieve absorbers with different band-gap
throughout its depth. Still, this sub-cell must also present low surface roughness to pre-
vent shunting and allow for proper growth and deposition of the top cell [81]. Com-
monly, the surface roughness of a CIGS film can be in the order of 100 nm, [91] which
is roughly in the same order of magnitude of the subsequent layers (buffer layer, TCO
and perovskite layers). Consequently, by having a high surface roughness the deposition
of the next layers can be imperfect by not achieving full coverage, or not having the ap-
propriate thickness which then result in low performance of the tandem device [81]. To
overcome this issue, it has been shown that the use of Ag and Cu during the absorber
position the roughness of the cell can be improved by promoting grain growth [92].

To finish the bottom CIGS sub-cell, the buffer layer and a TCO are needed. It has
been found by Kin et al. [93] that longer CBD deposition times of CdS promote the cre-
ation of CdS particles which can be as big as few hundreds nm in diameter, the same
order of magnitude as the surface roughness of the CIGS. Thus, this kind of particles
may be responsible of the creation of shunting areas were coverage is not achieved. The
most common solution to prevent this is to reduce the CBD time and together with this
the total thickness of the CdS layer, which can be beneficial and improve the short cir-
cuit current or can be detrimental and increase the surface recombination and reduce
other electrical parameters such as open circuit voltage and FE Another solution that
can be implemented is the replacement of CdS with atomic layer deposition (ALD) of
Sn0, and thus ensure smooth surface coverage [94]. On top of the buffer layer, a TCO
(i-ZnO) in combination with ZnO:Al are applied to provide full coverage of the surface.
Furthermore, the use of this layer is essential to properly deposit the HTL and assure
good performing tandem devices [81].
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Figure 2.27: SEM micrographs of CdS thin films deposition with different thicknesses: (a) 27 nm, (b) 57 nm, (c)
89 nm, and (d) 113 nm. Adapted from [93] and Right. cross sectional view of a CdS particle in the surface of
the CIGS layer [81].

The next important layer is the transparent recombination layer which needs to ef-
fectively create a tunnel junction for the generated electron carriers from the CIGS sub-
cell and enable the recombination with the holes from the perovskite sub-cell. In addi-
tion to this, this layer should be transparent in order to enhance the absorption of the
bottom sub-cell, and not damage the CIGS stack during its deposition. Some of the HTL
materials that have shown good performance and can be implemented in a 2T tandem
are: NiO [95]-[96], Cul [97], CuO [98], PTAA [99] among others. But, thanks to its good
stability, earth abundance, and compatibility with vacuum deposition procedures NiO is
the most used HTL in tandem devices. It can be applied by e-beam evaporation ([100]),
sputtering [101]-[102], pulsed laser deposition [103], and ALD [104]. Recently, it has also
been found that the use of a double stack of HTL composed by sputtering NiO and spin
coating PTAA show higher homogeneity over the sample surface and thus produce better
performing samples [81].

The last three layers of the tandem device correspond to the perovskite, ETL, and the
top electrode. Some of the most important aspects that the perovskite sub-cell must ex-
hibit are: the optimal band-gap and thickness to absorb all of the high energy photons
from the solar spectrum in a single light pass and produce the desired matching cur-
rent [79]. In addition, it must be stable and be able to avoid problems such as oxidation
or phase segregation which could limit the performance of the device (discussed previ-
ously in Section 2.2). As well as with the other bottom layers, it should be transparent
and provide full coverage to prevent shunts and bad performance. Next, the selection
of the optimal ETL to effectively collect and separate the generated electrons in the per-
ovskite tandem should be taken into account. One of the most effective ETL for single
cell perovskite devices is the PCBM [105]-[106] achieving PCE above 15%. Neverthe-
less, when just this ETL is implemented in tandem devices it does not show to properly
achieve good coverage resulting in lower performance. But when a combination be-
tween different ETL like LiF/PCBM/SnO; [81] or C60/SnO, [104] are used, proper cover-
age is achieved and thus good performance is expected. Finally, the last layer consists of
the top electrode, most of the time a fluorine doped tin-oxide (FTO) or a TCO are used.
This layer needs to exhibit high transmission properties to prevent parasitic or optical
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losses.

2.3.2. 4T PEROVSKITE-CIGS TANDEM DEVICES

HANKS to its easier processing and large availability of good performing top and bot-

tom sub-cells, 4T tandems provide are a fast investigation of this type of device due
to its easy assembly and robustness. In contrast to 2T design where multiple interfaces
need to be considered, in 4T devices the sub-cells only need to be tuned to provide the
optimum band-gap. Nonetheless, the requirement of transparent electrodes both (front
and rear) for the top sub-cell and front for the bottom sub-cell is the main concern
in order to prevent parasitic and optical losses. Besides, both sub-cells are electrically
isolated and need individual maximum power point trackers, inverters and additional
wiring.
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Figure 2.28: 4T perovskite-CIGS tandem structure and the three most important layers.

Figure 2.28 shows the device structure of a 4T tandem device together with the three
most relevant layers (apart from the main absorber sub-cells) that need to be optimized
to enhance the performance of this type of device. The first layer that needs to be consid-
ered is the TCO layer from the CIGS sub-cell, however, this layer has been widely studied,
and ZnO:Al is most of the times selected as the front TCO due to its low resistance, high
transparency, and low cost thanks to the high abundance of the elements that is made
out make it the best option [107]. The next stack of layers that requires optimization are
shown in Figure 2.28 with subscript 2. Depending on the type of device that wants to
be manufactured (flexible or not) the substrate used can be glass (for rigid devices) or
PET (for flexible ones) [108]. On top of the substrate, a transparent electrode needs to be
deposited, the first 4T tandem device used a Ag-nanowire transparent electrode with a
transmission above 85% and low resistance, making possible to achieve equal efficiency
to that of a single junction perovskite solar cell [108]. Recently, one of the best perform-
ing 4T tandem devices incorporates an indium zinc oxide (IZO) as the back electrode
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[109], other solutions consist on using the same TCO (ZnO:Al) as the bottom CIGS sub-
cell [110]. The next layer is the HTL; the best performing devices use a combination of
MoO3 and Spiro-OMeTAD as the HTL, this combination results in high stability for this
layer [109]. Finally, the third stack that needs to be considered is composed of the ETL
and the front electrode of the perovskite solar cell. In contrast to the 2T device, the ETL
does not need to be composed by multiple layers to enable uniform coverage. Thus, due
to its good performance and stability TiO, is used in combination with FTO [111]-[110]
or tin doped indium oxide ITO [112]-[108].

2.3.3. STATE OF THE ART HIGH EFFICIENCY 4T AND 2T TANDEM DEVICES
In Table 2.3 a short compilation of state of the art high efficiency 2T and 4T devices is
provided.

Table 2.3: State of the art high efficiency 4T and 2T tandem devices.

Device . Voc Jsc FF PCE MPP Area
Structure Institute Year v [mA em™2] (%] (%] %] (cm?] Reference
2T HZB 2019 1.58 18.0 76.0 21.6 21.6 0.78 [104]
2T Empa 2019 1.75 16.3 46.4 13.2 13.2 - [113]
2T HZB/KUT 2019 1.68 19.2 81.9 23.3 23.3 1.03 [114]
2T HZB 2020 1.76 19.2 72.9 24.2 24.2 1.04 [115]
AT Empa/Solliance 2019 1.03/0.56  20.8/19.4  79.8/74.2 17.2/8.1 25.0 0.57 [31]
4T KIT/ZSW 2020 1.16/0.71 19.7/13.6  78.7/78.1 17.5/7.5 25.0 0.06/0.5 [116]

4T Empa 2020 1.09/0.56  22.9/17.5 70.5/73.7 17.3/73 24.6 0.3/0.51 [117]
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EXPERIMENTAL METHODS

In this Chapter, the process of fabrication of the CIGS solar cells and the multiple employed
characterization techniques are described. The first four Sections compile the process of
substrate preparation, 3-stage co-evaporation using Ga grading to achieve low band-gap
CIGS, afterwards buffer layer and front contact deposition are described. Next, the used
compositional and electrical characterization techniques are described. These make pos-
sible the identification of important parameters and variables to take into account for the
RbF PDT optimization described in detail in Chapter 4.
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3.1. DEVICE FABRICATION

3.1.1. SUBSTRATE

LL the solar cells produced in this work are deposited on a float soda lime glass (SLG)
Asubstrate of 1.1mm thickness, the substrate dimensions are 10x10cm? (Figure 3.1),
which is then cut into 5x5cm? in order to perform multiple variations in each of the
quadrants if needed. The approximate composition of the SLG can be found in Table 3.1.

Table 3.1: SLG composition.

Elemental Composition of SLG

SiOy 70-73 %
Al,O3 1.1-2.2%
Fe; 03 0.08-0.14 %

CaO 7-12 %
MgO 1-4.5 %

SO3 0.050.5%

N302+K20 13-15%

In order to properly deposit the Molybdenum back contact, first, the substrates are
cleaned using a standardized Solliance procedure. Then, a sputtering tool is used to
deposit two different layers of Mo, the first one is an adhesive layer which is mainly com-
posed of larger grains and act as a buffer for the second layer which is the conductive
Mo. This second layer is higher in density and therefore contains smaller grains. The
total thickness of the Mo layer is approximately 500nm.

Figure 3.1: Mo on SLG substrate. a. 10x10cm? SLG/Mo substrate. b. 5x5cm? Four quadrant division.
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3.1.2. ABSORBER GROWTH

T HE CIGS absorbers are produced via physical vapor deposition (PVD) using the co-
evaporation tool in Figure 3.2

Figure 3.2: Co-evaporation tool.

The source materials used are listed in Table 3.2 along with its purity. The evapora-
tion rate of the elements is controlled by their source temperature. The tool contains
one k type thermocouples in each of the crucibles of In, Ga, Cu, and RbE while the Se
source contains two thermocouples, one in the crucible and another one in the heater.
Each of the sources is properly calibrated with reference runs to enable reproducibility
and repeatability of the absorber.

Table 3.2: Material purity.

Purity of the materials

In 99.9999 %
Cu 99.9999 %
Ga 99.999 %
RbF 99.98 %

Se 99.999 %
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Figure 3.3 illustrates the regular three stage process used to deposit the absorbers,
throughout the deposition the temperature of the substrate is kept at 550°C and samples
are preheated for 40 minutes to enable Na diffusion from the SLG (some samples were
also prepared without the first 40 minutes preheat, explicitly mentioned on the results
section). During the first stage In and Ga is deposited, for six minutes. The first two min-
utes In at a lower rate than Ga. Then, in order to create Ga back graded absorber, the re-
maining four minutes Ga is ramped down, and In is ramped up. In the second stage, the
sample becomes Cu rich by depositing excess Cu, and finally, the last stage In is ramped
up again to finish the deposition. The Cu concentration in the sample is controlled by
the duration of the second and third stages, therefore variable CGI concentrations can
be achieved by tuning the deposition time of these stages. After finishing the deposition,
the sample heater is turned off, cooled down, and taken out of the chamber when its
temperature is between 150°C-130°C.

After finishing the absorber deposition, the RbF PDT is performed on the samples.
Depending on the state of the sample, exposed or not exposed to air a different proce-
dure is followed, described in more detail in Chapter 4.

A
2 -==In
Frmrm— = | --Cu
. . —Ga
1 1
1 i i
= 1 1
P : : 3
= 1 1
§ . .
= ] 1
= e . . e
8 / Vo I i 1
Qo | o 1 . . ,’ 1
= I 1 ’ H
1 . . ’ 1
I
| 1 1 H
- . ,’ i
\ I I / i
1 I 1
tl [ i
¥ D/ :
[ [ ]
\‘. o 1
i 1/ !
1] of »
Time [min]

Figure 3.3: Three stage absorber growth.

3.1.3. BUFFER LAYER

NCE the absorber deposition and RbF PDT is performed on the samples, the CdS
buffer layer deposition is carried out. The process is done by chemical bath depo-
sition (CBD), using 600ml of an aqueous solution of Cadmium, ammonia, and thiourea.
The CBD is performed at a temperature of 65°C for a period of 4:00 minutes for the stan-
dard process (other variations were performed, discussed in Chapter 4), resulting in an
approximate thickness of 30-35nm.
However, thanks to the PDT, the CdS layer thickness can be further optimized, and
the thickness can be reduced in order to increase the short circuit current, discussed in
Section 4.2.4.
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3.1.4. FRONT CONTACT

o finish the samples, front contact is deposited by radio frequency magnetron sput-

tering, using an MRC 643 vertical batch sputtering tool. It consists of two layers, the
first one is intrinsic ZnO (i-Zn0O) and on top of this aluminum doped zinc oxide (AZO).
The i-ZnO is sputtered from a 100% ZnO target with a ratio of 99% Ar to 1% O, and the
AZ0 is sputtered from Zn0:3%Al,03 target using 100% Ar. Typically, the resistivity is of
approximately 30 Ohm cm™2. The total layer thickness of both layers is approximately
330nm; 60nm i-ZnO and 270nm the AZO.

After the TCO is deposited, Cu grids are placed via sputtering and the sample is man-
ually scribed to create single solar cells of 50mm by 100mm. Each sample can consist of
1 quadrant of 32 single solar cells or 4 quadrants of 128 solar cells (Figure 3.4).

Figure 3.4: One (32 cells) and four (128 cells) quadrant division samples.
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3.2. DEVICE COMPOSITIONAL CHARACTERIZATION

3.2.1. X-RAY FLUORESCENCE (XRF)

HE elemental composition of the samples was measured using the Fischerscope X-
T ray SDV instrument. It uses a 50kV X-ray source and a silicon drift detector. The
acquisition time is 15s using a spot size of 3mm. The sample is measured in 36 different
points, each of them spaced equally in the x and y direction (Figure 3.5). For quantifica-
tion, only the K, peaks of Cu, In, Ga, Se, and Mo are correlated with a calibrated reference
sample.

Example XRF measurement points
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Ar x x x x x
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P
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R,

Figure 3.5: XRF measurement positions and sample contour.

Samples are measured by XRF immediately after finishing absorber deposition since
with the CdS bulffer layer the accuracy of the XRF results is reduced. To calculate the ho-
mogeneity of the samples Equation 3.1 is used, where the larger the value is the sample
show alarge nonuniformity. Also, based on the different points were the XRF is measured
the quadrant CGI and GGI can be obtained as well as an approximate concentration of
the composition of the cells with the closest XRF measurement point.

max(x) — min(x)

% of non uniformity. = maxt) % 100% (3.1)
X

3.2.2. GLOW DISCHARGE OPTICAL EMISSION SPECTROSCOPY (GD-OES):
T 0 complements the compositional characterization and obtain depth profiles of the

multiple elements that are present in the samples glow discharge optical emission
spectroscopy (GD-OES) is used. GD-OES allows measuring the elemental distribution
of the sample, with a sufficient depth resolution in the typical thickness of the absorber
(2-3um).

However, the measured raw data (intensity vs sputtering time) of GD-OES does not
directly allow for analysis of the band-gap profile and molar fractions of each of the el-
ements as a function of the absorber depth. In order to do so, a reliable quantification
procedure must be implemented. In order to derive the profiles of the different elements
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Figure 3.6: (a) Quantified depth profile of a standard CIGSe layer. (b) Calculated profiles of CGI, GGI, and Eg
of the same layer. Adapted from [1].

and the location inside the absorber depth, Figure 3.6 shows the results of implement-
ing Kodalle et al. [1] algorithm based on the assumption of constant emission yield.
And thus allowing to quantify correctly the results and obtain molar fraction of each ele-
ment vs layer depth to calculate the CGI, GGI and calculate the band-gap of the absorber
across its depth by using Equation 22.

All GD-OES depth profiles were measured using the GDA650-system built by Spec-
truma Analytic in pulse radiofrequency mode. The system uses an Ar-plasma for sput-
tering and a CCD-array to detect the photons emitted during the relaxation of the atoms
and ions and is equipped with a Grimm-type glow discharge source including an an-
ode with an inner diameter of 2.5mm and a non-conducting cathode plate with a front
end coupling. The optimal parameters for standard CIGS samples are: Pressure: 2.5hPa,
Voltage: 650V, Frequency: 451Hz, Pulse length: 89ms, and duty cycle: 4%.

3.2.3. RAMAN SPECTROSCOPY

0 identify the different phases and compounds present in the solar cell Raman spec-

troscopy can be used. This technique is highly valuable because is non-destructive
and thus allows to perform other measurements on the same sample to obtain impor-
tant results and correlate them. In the case of CIGS solar cells, some of the most impor-
tant characteristics that can be extracted are: the identification of Cu poor and Cu-In-Se
phases also called ordered vacancy compounds (OVC), secondary phases like RIS or KIS,
and the correlation of the width of the CIGS A1 mode with the Cu-poor or Cu-rich ab-
sorber composition.

In Table 3.2.3, the different Raman shifts of the mentioned phases and compounds
can be found. The measurements were done using a Renishaw inVia Raman microscope
with a HeNe 633nm wavelength red light laser. The laser power was kept at 10% of the
rated power of the laser to prevent degradation of the samples, the acquisition time was
set between 15s and 30s sample exposure and 10 accumulations. Depending on the in-
tensity and noise to signal ratio of the results, higher acquisition times or accumulations
are used. The penetration depth was estimated to be 300nm. To correct background
noises and baseline subtraction, MATLAB software is used following the procedure de-
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Table 3.3: Raman shifts for different compounds at different wavelengths.

Compound Laser Wavelength Raman_ 1Shift Reference
[nm] [cm™]

ovc
(Al CulnsSes) 532-633 150-160 (2]
CIGS A1 mode 532-633 173-175 (2]
CIGS B2 mode 532-633 212 [3]
CIGS E mode 532-633 228 (3]
CuSe 514-633 260 [4]
RbInSe; 442 175.8, 113.05, 237.9* (5]

scribed in Appendix D.
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3.3. DEVICE ELECTRICAL CHARACTERIZATION

3.3.1. CURRENT-VOLTAGE MEASUREMENTS (I-V)
LIGHT I-V

ASIC electrical parameters of the solar cell such as efficiency, fill factor, open circuit
B voltage, short circuit current, series, and shunt resistance are measured under a cali-
brated solar simulator using standard test conditions (STC) [6]. The Vpc and Js¢ current
are calculated from the IV curve3.7. For the series and shunt resistance, the slope is cal-
culated using the point after the V. and J. respectively.

Vmpp - Jmpp
FF= ———— (3.2)
Voc - Jsc
Pypp (3.3)
Plllumination
0.08 .
0.06 | .
§ 0.04 .
c
o
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Figure 3.7: LIV curve and relevant parameters.

The mentioned variables are measured using a dual-axis mechanical auto-tracking
machine equipped with a Keitley 2400 source to perform the current-voltage measure-
ments. The illumination was provided by an arc lamp mks6286, power supply (mks69911),
beam turning mirror (mks66245) to reflect the light normal to the solar cell, and an opti-
cal filter holder (mks71260) together with an AM 1.5 filter. The lamp is calibrated with a
reference Si cell to provide a power density of 1000 W/m?. The cells are measured using
a bias voltage from -0.2 to 0.6V using a current limit of 0.1A to prevent the destruction of
the solar cells by an increased current.

DARK -V
O NE important technique that can be used to examine and understand the diode
properties when the carriers are not generated (by the light) but rather injected.
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By making this, it is possible to calculate relevant parameters of the solar cell such as
recombination current and diode ideality factor. According to Williams et al. [7], with
this technique, in combination with an equivalent circuit model consisting of 2 diodes in
parallel, the quality of the material can be evaluated by correlating higher recombination
currents with the presence of multiple defects such as micro-scale pinholes in layers of
the CIGS, segregation of conductive chemical elements in grain boundaries and thus
the formation of resistance pathways. Or diode factors deviated from 1, which can be
correlated with different types of recombination such as Auger (n=2/3), radiative (n=1-
2) or Shockley-Read-Hall (n=2) [8].

To identify them, a two diode model is described in [7] make use of 4 parallel cur-
rent pathways (Equations 3.4-3.7) that correspond to the main junction diode, a second
diode (weaker), Ohmic leakage current, and non-Ohmic leakage current. By combin-
ing all of the above, the dark recombination current can be modeled (Equation 3.8). It
is important to recall that the recombination current has a strong dependence on the
temperature. In comparison to a one diode model, the two diode model used assure
accurate fitting of the experimental results with the modeled ones at room temperature
(323K). By isolating the main junction from the effects of non-idealities, series and shut
resistance and can be validated by obtaining diode ideality factors within the allowed
limits (1 < n < 2), which can be calculated using Equation 3.9, where K is the Boltz-
mann’s constant, T is the temperature and q is the electron charge.

S =T -1 (3.4)
Jo=Joa(e™V - 1) (3.5)
J3=V/Rsy (3.6)
Ja=kv™ 3.7)

Jo = Jor (MR _ 1) 4 Joo (eA2VTIOR) _1) 4 (V = JoRg)/Rsp + k(V — JoRy)™  (3.8)

q

In order to calculate the different parameters, dark I-V values are fitted to Equation
3.8 using anon-linear least square in MATLAB. The model limits the number of iterations
to 500, and the specified limits of the calculated parameters are set as in Table 3.4. To
evaluate the accuracy of the fit, the error is calculated together with the goodness of the
fit (GOF), which is defined as the sum of the squared norm of the residuals. To present
the results, the maximum error and GOF values are taken into account since there might
be only one point that presents a large error. In case the maximum error is above 12%,
the GOF is assessed and if it is larger than 0.9 the results are excluded otherwise the
results are included. This excluding procedure was established after assessing previous
data sets. The solar cells are measured from -0.2 to 1 V using a current limit of 0.1A to
prevent damaging the solar cell.
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Table 3.4: Fitted parameters boundaries.
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Figure 3.8: Example of the 2 diode model fitting results.

3.3.2. EXTERNAL QUANTUM EFFICIENCY

HE external quantum efficiency (EQE) is measured on a custom setup designed at

Solliance. The setup consists of a halogen lamp as a light source and a monochro-
mator. The cells are measured using a 10nm step and 66Hz as the chopping frequency
in the lock-in amplifier. Before each set of measurements, the spectrum of the lamp is
acquired and calibrated with reference Si and Ge cells.

Figure 3.9 describes the ratio of absorbed and extracted photons, with respect to the
total incoming photons in dependence on the illumination wavelength. Among the dif-
ferent characteristics of the solar cell that can be extracted from this curve are: Jg¢, band-
gap, parasitic absorption in the buffer and window layer, and losses due to reflection at
the front interface.

To extract the band-gap of the solar cell, the maximum of the derivative (-d(EQE)/dA)
is calculated in the NIR. Whereas, by integrating the product of the EQE with the solar
photon flux density over the relevant wavelengths, under short circuit conditions (V = 0),
the current of the solar cell can be obtained. Generally, EQE measurements are per-
formed on the best two cells for each of the quadrants, these two cells are selected based
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Figure 3.9: The EQE of a typical CIGS solar cell. The band-gap of the absorber layer can be determined by the
peak in the derivative in the near infrared region decay of the curve.

on the FF x V¢ parameter.

3.3.3. VARIABLE IRRADIANCE MEASUREMENTS (VIM)

HE performance of the solar cells might be affected by several parameters. Two of

the most important ones are: the irradiance level and the temperature. By changing
the irradiance level at which the cells are exposed, it is possible to obtain the quasi state
Voc and Jsc, as well as the FF and 1 dependence on the irradiance level. In comparison
to standard IV measurements, this method allows to reduce the effect of the series re-
sistance on the solar cell which generally represents the dominant losses on a solar cell,
and thus obtain an ideal IV curve [9].

In addition, by analyzing the different shapes of the IV curves obtained the presence
of distortions such as crossover between the curves can be observed, and correlated with
possible current barriers present at the different interfaces [10]. Figure 3.10 left, shows
the curves obtained under different irradiance levels. From this figure, the Vo and Js¢
of the solar cell can be extracted and compared with the DIV performance of the solar
cell (Figure 3.10 right), the deviation of the DIV and ideal LIV represents different losses
in the solar cell. In order to be able to quantify this loss, the procedure explained in
Appendix E is implemented.

The data is acquired using the NeonSee solar simulator calibrated with a reference
Si solar cell. The variation of the solar spectrum is changed by an attenuator, and the IV
parameters are obtained with built-in software. The temperature of the solar cells is kept
between 24°C to 25°C with the use of a water chiller. The cells are measured from -0.2 to
0.6V.
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Figure 3.10: Variable irradiance measurements example. Left. IV curves of a solar cell under different irradi-
ance levels. Right. DIV and Pseudo LIV curve comparison.

3.3.4. LIGHT DEPENDENCE MEASUREMENTS

0 investigate the possible presence of a photoactive barrier in one of the two in-

terfaces: CdS/CIGS or CIGS/Mo, light dependence measurements were performed
with infrared and blue light. With the use of this technique, depending on the energy of
the photons generated with the induced light, the photogenerated carriers will be either
at the front or at the back with the blue (high energy photons) or infrared (lower energy
photons) light respectively [10]. Furthermore, thanks to the photoconductive effect with
the generated carriers either at the front or at the back, the presence of a photoactive
barrier can be detected by observing different performances under infra-red, blue, and
white light on the different electrical parameters.

Additionally, different distortions in the IV curve such as s-shapes, kinks, or crossovers
[11] could appear (Figure 3.11), caused by the presence of deep defects in one of the in-
terfaces mentioned earlier.
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Figure 3.11: Different distortions in IV curves were observed by light dependence measurements. Adapted
from [10].

In order to compare the results obtained by both the infrared and blue light, the pho-
togenerated carriers should be as close as possible to the ones generated under white
light. However, this is not possible with the current setup without exceeding the maxi-
mum rated power of the LED lights used. Nevertheless, the calibration was performed in
order to obtain half of the actual Js¢ of a reference cell for both infrared and blue light.
The measurements were performed using mounted LEDs with spectra of 530nm and
850nm, the electrical parameter of the solar cells were extracted using the same setup as
with the light [V measurements.
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RBF POST DEPOSITION TREATMENT
OPTIMIZATION

After finishing the absorber deposition, a RbF PDT is implemented with the aim of en-
hancing the electrical performance of the solar cell. However, it has been observed in pre-
vious studies that multiple parameters such as substrate, source temperature, and anneal-
ing atmosphere [1], PDT duration [2], CGI of the absorber [3], buffer layer thickness [4]
play an important role on the effectiveness of the PDT. Therefore this Chapter is divided in
4 sections, the first one explains in detail the steps involved during the PDT as well as the
different sets of experiments that were performed. The next two sections show the mate-
rial characterization and performance of the solar cells respectively. Finally, a correlation
between the observed material properties and electrical performance is performed.
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4.1. 3-STAGE RUBIDIUM FLUORIDE POST DEPOSITION TREAT-
MENT

FTER finishing the regular 3 stage deposition of the CIGS, the next step is to per-

form the Rubidium fluoride post deposition treatment (PDT). The PDT is divided
into three different stages as it can be seen in Figure 4.1. The first one, is the deposition
of the capping layer, during this stage In and Se are deposited on the sample at a lower
substrate temperature than for the regular three stage deposition, here both temperature
and duration play an important role. The second stage, consist of the deposition of RbF
under areduced Se flux. Similarly to the previous stage, substrate temperature and dura-
tion of this stage are paramount to obtain good electrical performance. The last stage is
the annealing of the sample, in which the sample temperature is kept constant at 380°C
and is subjected only to a Se atmosphere.
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Figure 4.1: Schematic of the 3 stage involved during the PDT. 1. Deposition of the capping layer, 2. Deposition
of the RbF and 3. Annealing.

In order to evaluate the impact that each of the three different steps has on the elec-
trical performance and material composition, different experiments were performed.
Based on the literature, the substrate temperature during the second stage as well as
the duration of this is key in order to obtain proper electrical performance. Therefore,
in the first set of samples, a variation of the substrate temperature was implemented.
Next, based on the optimum substrate temperature, the RbF flux was modified to extend
the duration of the second stage and perform a similar duration as reported on litera-
ture (longer deposition but depositing the same amount of material). After noticing that
the samples showed a large Cu depletion on the surface, a variation in the duration of the
first stage of the PDT was implemented in order to correlate the duration of the InSe cap-
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ping layer with the observed Cu depletion and thus lower electrical performance. Sub-
sequently, with the optimum duration and substrate temperature of the first and second
stage, and with the desired chemical composition of the absorber (CGI) different varia-
tions on the rinsing procedures prior to the deposition of the CdS were performed. Table
4.1 presents the different experiments performed together with the description and pur-
pose.

Table 4.1: Description of the 4 different experiments performed to optimize the first 2 stages of the PDT.

Experiment Title Description Purpose
Implement 3 different substrate
Substrate temperature temperatures (340°C-350°C-360°C)

Optimization of the
substrate temperature

optimization during the second stage
Based on the RbF crucible Deposit the same amount
2 RbF flux calibration ternpeFature, cahbr'ate the RbF flux for of material 1'151ng 6.5
varying RbF crucible temperature and 10 minutes
Test 2 different duration of the Correlation of the InSe
3 InSe capping layer InSe capping layer deposition capping layer with the
duration (1-2 minutes) during the first stage creation of OVC
Observe the electrical
4 Absorber CGI Increase the CGI of the absorber performance and OVC
composition (>0.90). amount of high CGI

samples

In addition to the different variations implemented for the PDT, it was noticed that
the rinsing procedure prior to the deposition of the buffer layer might be another impor-
tant parameter to optimize in order to prevent losses in the Vo by an excess of alkali
in the surface, incomplete coverage as a result of the thinner CdS layer, obtain an ideal
Jsc and minimize the oxidation of the treated surface. For this reason, the variations on
the cleaning procedures prior to the CdS layer depositions described in Table 4.2 were
performed.

Table 4.2: Description of the 4 different rinsing procedures performed prior CdS deposition.

Experiment Rinsing procedure Description
Rinse the sample with NH3
1 NH3+N; (dry) afterwards blow dry with the

nitrogen gun and start deposition

2 NH; (wet) Rinse the sample V\{th NH3
and start deposition
Rinse the sample with NH3,
3 NH3+H0+N> afterwards H, O blow dry
and start deposition

Room temperature  Place the samples in the holder
deposition and start deposition from RT
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In the next sections, the different results an analysis of the material and electrical
characterization techniques will be presented. The different samples prepared were
divided into four different groups depicted in Table 4.3, based on the experiment per-
formed (described in Table 4.1). It is important to bear in mind that some samples might
have also a variation in the rinsing procedure prior to the CdS, if this is the case it will be
stated on the sample description.

Table 4.3: Description of the 4 different set of samples prepared.

Set name Description
. Overview of the substrate temperature influence during
Temperature series s
the RbF deposition.
Capbing laver variation Implementation of different substrate temperatures and
pping 1y deposition times for the InSe first stage.
Based on the established substrate temperature and

Buffer layer variations duration of the first and second stage, evaluate the impact of
rinsing procedures prior to CdS deposition.
Based on the established substrate temperature and
CGI variation duration of the first and second stage, evaluate the impact on
high CGI samples.

4.,2. MATERIAL CHARACTERIZATION

In this Section, the results and analysis of Raman spectroscopy, GD-OES, and XRF mea-
surements will be presented for the different sets of samples. For each of the sets, one
table will show the description of the variables used for the PDT, CdS rinsing technique,
and other relevant notes (if necessary). Thanks to improper removal of the CdS buffer
layer on the samples, the quantification of the GD-OES data was not possible. Conse-
quently, the GD-OES data only provides information related to the distribution of the
different elements.

4.2.1. TEMPERATURE SERIES

HE substrate temperature is one of the most important parameters of the PDT. The
T electrical performance of the samples, passivation of OVC is heavily affected by the
substrate temperature at which RbF is deposited on the sample.

In order to find the optimum substrate temperature, 3 different sets of samples were
deposited varying the temperature, trying to keep the same average CGI and GGI con-
centrations to minimize the effect of these parameters in the electrical performance
of the samples. However, it is important to remember that the samples show some-
times large non-uniformity (Appendix H) in the different quadrants (observed in the XRF
maps, Section 3.2.1). After finishing the PDT, all samples received the same CdS buffer
layer, TCO, and grids (except for sample 210706_1 which by mistake stayed one night
inside the chamber, and the buffer layer was deposited one day after). All the samples
prepared for this set were done in a span of two weeks.
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Table 4.4: Substrate temperature series overview.

Substarte Cappinglayer RbFstage Annealing stage

Sample Temperature stage duration duration duration CdS description
[°C] [min] [min] [min]
No rinse. 5:15 min
Reference - - - - "
deposition
210625_1 360 2 6.5 20 NHg+N; rinse. 3:30 min
deposition
NH3+Nj rinse. 3:30 mi
210706_1 350 2 6.5 20 s+iz inse. 530 min
deposition
NH3+Nj rinse. 3: i
210708_1 340 2 6.5 20 3+N; rinse. 3:30 min
deposition

With the use of XRE it is possible to quantify the elements present in the different
layers of the CIGS and extract important parameters such as CGI and GGI ratios. Table
4.5 shows the results for the different substrate temperatures. Compared to the reference
performance, the first thing that can be observed for all PDT samples regardless of the
substrate temperature is a large decrease in the CGI of the sample. This can be a result
of a Cu depletion caused by the InSe capping layer in which the Cu migrate outside the
absorber layer towards the InSe and thus large Cu vacancies are created (observed later
with the GD-OES results).

The second thing that can be observed, is that the additional In added with the InSe
capping layer on the PDT samples is not affecting the GGI of them. Therefore, the ex-
tra InSe layer together with the RbF deposited on the absorbers is only responsible for
modifying the Cu content particularly in the surface of the samples and not the Ga con-
tent. With Raman spectroscopy (Figure 4.2) a clear difference in the Raman spectra is ob-
served for various substrate temperatures. The presence of the OVC peak at 150 cm™! for
PDT samples becomes more prominent with lower substrate temperatures (i.e. 340°C).

Table 4.5: Substrate temperature series compilation XRF results.

Substarte Average CGInon  Average GGInon Avergae  Thickness non
Sample Temperature CGI uniformity GGI uniformity thickness uniformity
[°C] [-] [%] [-] [%] [pm] (%]
210624_2 - 0.89 8.3 0.07 9.8 2.28 8.2
210625_1 360 0.86 6.2 0.07 8.3 1.84 9.2
210706_1 350 0.85 10.7 0.05 9.5 1.63 5.9
210708_1 340 0.85 12.4 0.07 11.0 1.84 8.5

This reduction in the OVC peak for higher substrate temperatures might suggest that
the RbF is effectively diffusing throughout the Cu vacancies and thus is passivating them.
Whereas on the lower substrate temperatures the diffusion and mobility of Rb are re-
duced and as a result, higher intensities in the OVC are observed.
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Figure 4.2: Raman spectra for the different substrate temperatures, Lower temperatures create larger intensi-

ties in the OVC peak present at 150cm™!.
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Figure 4.3: Substrate temperature series compilation GD—OES results non-alkali elements, clear In and Se
peaks are present in the surface of the PDT samples. No modification of the Ga distribution is observed.

Figure 4.3 shows the distribution of the non-alkali elements for the different sub-
strate temperatures used and the reference sample. The main difference between the
PDT solar cells and the reference sample lays on the In and Se peak observed at the front
of the absorber. Making a close up into the first 3s of sputtered time (Figure 4.4) it can be
noticed that the In peak is accompanied by a strong Cu depletion (between 0 and 1s) in
which 340°C show the lowest Cu intensity, followed by 350°C and 360°C, similar to what
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the OVC intensities show on the Raman spectra, therefore it can be concluded that the
InSe capping layer is responsible for the Cu depletion in the surface of the solar cells.
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Figure 4.4: Substrate temperature series compilation GD-OES results close up to the surface. Cu depletion
accompanied by Se increase is observed on the different substrate temperatures. In some cases (350°C and
360°C) In is also present at the top of the absorbers.
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Figure 4.5: Substrate temperature series compilation GD-OES results alkali elements. Large Rb peaks are ob-
served at the top of the PDT absorbers, while K and Na are pushed out in the back.

Analyzing the distribution of the no-alkali elements at the back part of the solar cells
close to the Mo back electrode, the 350°C sample shows a different Ga distribution com-
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pared to the PDT and reference sample, which can describe the lower performance ob-
served on this sample (especially in the Vo Section 4.3.1).

On Figure 4.5 the distribution for the three alkali elements present in the solar cells
can be observed. Obviously, on the reference sample, Rb is not present, but instead, a
large Na intensity is observed at the top of the absorber.

Similar to what is reported in the literature, when heavier (Rb) alkali metals are intro-
duced into the CIGS a large decrease of smaller ones (Na, K) is observed (Figure 4.6) this
can be explained by the ion exchange mechanism (where Rb occupies the position of Na
and K at grain boundaries, thus, these are pushed inside the grains). Additionally, it can
be perceived that for all the samples there is a presence of alkali elements in the buffer
layer, Na for the reference sample and Rb for the PDT ones. After the buffer layer, the
distribution of Rb on the 360°C sample decrease gradually while for 350°C and 340°C a
steeper decrease is noticed. Suggesting that Rb is in abundance, thanks to an enhanced
diffusion for the higher substrate temperature (360°C).
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Figure 4.6: Substrate temperature series compilation GD-OES results alkali elements, In, Se, and Cd close up,
front. Rb like to be present inside the CdS buffer layer regardless of the substrate temperature used, sometimes
the Rb is accompanied by In and Se (350°C and 360°C).

On the back part of the cells (Figure 4.7), accumulation of Na and Rb can be identified
especially inside the Mo back contact. On the PDT samples first Rb and afterward Na,
while on the reference sample only Na accumulation is observed. Surprisingly no K is
detected throughout the absorber in none of the analyzed.
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Figure 4.7: Substrate temperature series compilation GD-OES results alkali elements and Mo close up, back.
Similar profiles are observed for the PDT absorbers, where Rb pushes out smaller alkali elements (K, Na).

4.2.2. CAPPING LAYER VARIATION

NE of the variables that need to be considered to perform the PDT, is the capping

layer. The aim of the capping layer is to provide a buffer for the RbF allowing it to
stick to the surface of the absorber layer and later diffuse throughout it. There are two
main variables to consider during the deposition of the capping layer: the temperature
of the substrate, and the thickness or duration of the deposition. Based on the literature
review, Feurer et al. [1] performed a capping layer of approximately 50 nm thick using a
substrate temperature of 380°C.

In order to be able to modify the capping layer, first, a characterization was per-
formed (Appendix F). After this, it was established that to obtain a 50nm capping layer
the duration of this stage should be of approximately 2 minutes. To verify the influence
that the duration of the capping layer has on the elemental composition of the CIGS,
2 sets of samples were performed and analyzed by Raman spectroscopy and XRE Table
4.6 shows the detailed description of the samples, the average intensity of the OVC peak,
average CGI, and GGI for each of the quadrants. For each of the samples, the same cells
were measured and a total of 12 cells were measured by Raman (i.e. 3 in each of the
quadrants).

Both samples have the same CBD for depositing the CdS buffer layer of 5:15 min-
utes, giving an approximate CdS thickness of 60nm, since the goal of the experiment is
to verify the impact of the capping layer on the creation of OVC, the samples are only
subjected to the first stage of the PDT.
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Table 4.6: InSe Capping layer comparison.

Capping layer . . . :
Sample Quadrant stage duration Approximate thickness CGI GGI  OVCintensity
. [nm] [%] [%] [au]
[min]
1 1 23.8 0.868  0.057 0.264
2 1 23.0 0.888  0.056 0.173
210726_1 3 1 25.5 0.870 0.055 0.244
4 1 24.6 0.846 0.055 0.275
1 2 47.6 0.857 0.053 0.518
2 2 46.0 0.871 0.053 0.454
2107271 3 2 53.0 0.862  0.054 0.457
4 2 49.2 0.848 0.054 0.555
n Comparing the 2 different samples, the main difference observed is the intensity of

the OVC peak which directly correlates with the duration of this stage. As expected, with
a longer and therefore thicker capping layer, the presence of the OVC peak will be in-
creased creating a copper poor surface in which Rb can easily be absorbed and hence
diffuse throughout the absorber. Nevertheless, it is important to keep in mind that a high
copper poor surface can be detrimental to the electrical performance of the PDT treated
CIGS (observed in the previous internship), by mainly reducing the FF of the cells.
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Figure 4.8: 1-2 minutes capping layer Raman spectra, the intensity of the OVC peak is proportional to the
duration of the capping layer deposition.
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Table 4.7: Capping layer Raman cells results.

Capping layer ovc ovc ovC CIGSA1 CIGSAl1 CIGSAl
Sample Cell stageduration Intensity location width intensity location  width GOF
. -1 -1 -1 -1 -1 -1 [%]
[min] [em™] [em™"] [em™"] [em™7] [em™"] [em™7]
210726_1 B2 1 0.178 152 16 0.989 174 4 0.994
210727_1 B2 2 0.473 151 18 0.976 174 5 0.898
210726_1 B4 1 0.149 152 16 0.993 174 4 0.993
210727_1 B4 2 0.418 151 16 0.947 174 4 0.994
210726_1 B6 1 0.183 151 18 0.982 174 4 0.996
210727_1 B6 2 0.490 151 17 0.995 174 4 0.987
210726_1 D7 1 0.220 152 17 0.985 174 4 0.992
210727_1 D7 2 0.495 151 17 0.983 174 4 0.996
210726_1 E3 1 0.191 152 16 0.989 174 4 0.996
210727_1 E3 2 0.485 151 17 0.991 174 4 0.989
210726_1 G2 1 0.181 152 18 0.981 174 4 0.994
210727_1 G2 2 0.462 151 17 0.982 174 4 0.996
210726_1 H8 1 0.275 152 19 0.977 174 5 0.993
210727_1 H8 2 0.564 151 17 0.982 174 4 0.991
210726_1 N3 1 0.240 151 17 0.992 174 4 0.997
210727_1 N3 2 0.546 151 17 0.971 174 4 0.993
210726_1 Q1 1 0.232 151 18 0.992 174 4 0.995
210727_1 Q1 2 0.348 151 13 0.937 174 4 0.996

Although the GGI compositions obtained by the XRF measurements differ by 0.03%
by inspecting the location of the CIGS Al mode it can be stated that the InSe capping
layer is only affecting the Cu and not the Ga concentration, since for all the measured
cells the location of the CIGS Al mode is on the same Raman band. Similar to what can
be observed with the Ga distribution and intensity from the GD-OES results (Section
4.2.1). Moreover, the Cu depletion is only produced on the surface in most of the cases
given that the width of the CIGS Al mode is constant and not changing extremely when
comparing 1 and 2 minutes capping layer depositions times. Furthermore, the creation
of OVC in all the quadrants of the samples is homogeneous as given the OVC intensities
and the results obtained in Appendix F.

4.2.3. CGI VARIATION

ASED on the electrical performance obtained with the different substrate tempera-

tures for the RbF deposition and the duration of the capping layer, three important
decisions were taken: the first one related to the capping layer, it was established that
the 2 minutes capping layer deposition was lengthy and therefore large amount of OVC
were not been passivated by the RbE therefore 1 minute InSe capping layer deposition is
performed instead of 2. The second one, related to the substrate temperature for the RbF
deposition and duration of this stage. It was concluded that the substrate temperature
must be 360°C for the RbF deposition and an extended duration of the PDT should be
performed i.e. from 6.5 to 10 minutes (Appendix G) in order to enhance the Rb diffusion.
Finally, the last decision was to increment the CGI content of the samples, according to
literature and suggestions from partners.

In Table 4.8 an overview of the 4 different quadrants of the high CGI sample is shown.
As stated previously, the purpose of this sample is to evaluate the performance obtained
after the different variables of the PDT were tuned. In addition, compared to the tem-
perature series (Section 4.2.1) the duration and cleaning procedure for the CdS layer de-
position is different (discussed in Section 4.2.4).
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Table 4.8: High CGI series overview.

Cappinglayer RbFstage Annealingstage

Sample  Quadrant Sul;f(t:a]lrte stage duration  duration duration CdS description
[min] [min] [min]
2106242 1 ) ) ) ) No rinse. ?:.15 min
deposition
210803_1 1 360 1 10 20 NH; (Wet), 4:00 min
deposition
210803_1 2 360 1 10 20 NH; (Wed), 4:00 min
deposition
210803_1 3 360 1 10 20 NH;+Nz, 4:00 min
deposition
210803_1 4 360 1 10 20 NH3+Nz, 4:00 min
deposition
Table 4.9: High CGI series XRF results.
Average  CGInon  Average GGInon Avergae  Thickness non
Sample  Quadrant CGI uniformity GGI uniformity thickness uniformity
[-] [%] [-] [%] [pm] (%]
210624_2 1 0.892 8.3 0.07 9.8 2.28 8.2
210803_1 1 0.904 4.0 0.06 4.9 2.26 3.5
210803_1 2 0.923 3.8 0.06 4.1 2.26 4.2
210803_1 3 0.887 6.9 0.06 11.9 2.20 5.6
210803_1 4 0.871 4.7 0.06 6.5 2.20 5.8
Sample 210803_1 CGI Sample 210803_1 GGI
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Figure 4.9: High CGI series XRF results.
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Table 4.9 shows the different CGI, GGI, and thickness obtained for the CGI variation
sample. Compared to the previous set of samples, it can be observed that on average
the CGI is around 0.03 higher. In Figure 4.9, the map of the 4 different quadrants from
sample 210803_1 can be observed. As generally observed with Solliance co-evaporation
depositions, quadrants 1 and 2 have the higher CGI among the rest (Appendix H), thus,
is not a consequence of the different rinsing procedures prior to the CdS deposition.

In agreement with these results of the XRF analysis, the spectra of the different quad-
rants for the high CGI sample (Figure 4.10) do not show a high intensity for the OVC
at 150cm~!. Still, the quadrants with lower CGI reported by XRF (Q3 and Q4) show a
slightly higher intensity around that area, but the fitting routine does not detect them as
a peak since the intensity is below 10% of the maximum value. Therefore, by reducing
the InSe capping layer deposition time, extending the RbF deposition duration, and in-
creasing the overall CGI of the samples (i.e. reducing the time of the third stage during
the absorber deposition) it is possible to achieve a low concentration of OVC in the sur-
face of the absorbers. Besides this, the overall GGI concentration of the samples is not
modified regardless of the modification of the PDT variables or the 3-stage step in the
co-evaporation process to deposit the absorber.
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Figure 4.10: High CGI series Raman spectra for the different quadrants, as a result of the high CGI and reduced
duration of the capping layer deposition, no OVC are created on the surface of the CIGS.

In Figure 4.11 and 4.12 the distribution of the non-alkali elements for quadrant two
can be observed. Similar to the Temperature Series samples (Section 4.2.1), alarge in the
Se intensity can be identified in the surface of the samples. Although, in this case, the In
and Cu signals of reference and 210803_1 samples show a similar distribution, the latter
one with stronger intensity showing a direct correlation between the observed Raman
spectra with none OVC.
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Figure 4.11: GD-OES results, non alkali elements for the high CGI series (quadrant two). Significant In and Se
peak are present at the surface of the absorbers, and a small Cu migration towards the front. With respect to
Ga, no modification is noticed.
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Figure 4.12: GD-OES results, non alkali elements for the high CGI series (quadrant two), close up. No Cu
depletion is observed at the front of the absorbers. However compared to the reference, In and Se show larger
intensities.

Overall, the intensity and distribution of the non-alkali elements after a sputter time
of 3s is reasonably similar. Except for the In signal, which is around 1.5 times larger, as
a result of the deposited InSe capping layer which in this sample is not creating a Cu
depletion and probably just diffusing throughout the absorber.
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Figure 4.13: GD-OES results alkali elements, In, Se, and Cd at the front high CGI series (quadrant two), close
up. The clear presence of Rb in a "U" shaped profile inside the CdS buffer layer, lower intensity of Rb detected
after the buffer layer compared to the results of the substrate temperature series.
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Figure 4.14: GD-OES results alkali elements, In, Se, and Cd at the back high CGI series (quadrant two), close
up. Similar results to the temperatures series, smaller alkali elements (K, Na) are pushed out by the Rb.

Comparing the distribution of the alkali at the front interface (Figure 4.13), the sig-
nal of Rb inside the buffer layer has two peaks with similar intensities, but shortly after
the buffer layer, the Rb intensity decreases rapidly. This can be explained by the lower
amount of OVC present in the surface of the absorber, thus lower Rb adhesion and overall
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lower concentration and diffusion of it. On the back of the sample (Figure 4.14), accu-
mulation of both Na and Rb is identified, with Na reporting lower intensities if the Rb
intensity is bigger (ion exchange mechanism).

4.2.4. BUFFER LAYER VARIATIONS

The last set of samples to be analyzed is the one in which different rinsing techniques
prior to the deposition of the CdS buffer layer were implemented. The intention of this
set of samples is to test different methods to clean the surface of low band-gap PDT
samples. Since on previous high band-gap PDT samples (Appendix A), it was noted
that different electrical performance can be obtained by changing the rinsing technique.
Therefore, Table 4.10 shows the different procedures implemented for rinsing this set of
samples.

Table 4.10: Buffer layer variation set overview.

Substarte Cappinglayer RbFstage Annealing stage

Sample Quadrant Temperature stage duration duration duration CdS description
[°C] [min] [min] [min]

210624_2 1 - No rinse. ?:.15 min
deposition

210802_1 1 360 1 10 20 NH; (Wet) ,.4_:00 min
deposition

210802_1 3 360 1 10 20 NHs+Np, 4:00 min
deposition

210401_1 1 360 1 6.5 20 NH;+H>0+Np, 3:30 min
deposition

210401_1 3 360 1 6.5 20 NHs+Nz, 3:30 min
deposition

210805_1 1 360 1 10 20 No rinse, room temperature

CdS 14:40 min deposition

Table 4.11 shows the different compositions for the 5 different variations of rinsing
procedures and CdS deposition times. The set of samples is selected with the aim of hav-
ing similar CGI, GGI, and thickness in order to be able to distinguish clearly on Raman
the impact of the different rinsing procedures, CBD and PDT implemented on them. It
is worth mentioning that the XRF is measured prior rinsing the samples.

Table 4.11: Buffer layer variation set XRF results.

Average CGInon  Average GGI non Avergae  Thickness non
Sample Quadrant CGI uniformity GGI uniformity thickness uniformity

[-] (%] [-] (%] [pm] (%]
210624_2 1 0.89 8.3 0.07 9.8 2.28 8.2
210802_1 1 0.87 5.7 0.06 7.5 2.13 5.2
210802_1 3 0.88 5.3 0.06 4.9 2.13 5.4
210401_1 1 0.87 4.3 0.08 7.0 1.96 3.4
210401_1 3 0.87 3.9 0.08 6.7 1.93 5.4
210805_1 1 0.89 5.6 0.06 7.1 2.20 3.7

Figure 4.15 presents the multiple Raman spectra obtained. In the first place, a clear
difference can be observed with the sample rinsed with NH3+H,O+N> in which the in-
tensity of the OVC peak at 150cm™! is negligible compared to the sample rinsed with
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NH3+Nj, considering that both samples have the same PDT, CGI, and CdS deposition
time, oxygen from the water molecules might occupy the Cu vacancies, oxidizing the
surface and reducing drastically the electrical performance (Section 4.3.3). In contrast,
samples rinsed without water show a similar response despite the rinsing procedure
used, except for a clear outlier in the sample rinsed with NH3+N> and 4:00 minutes CdS
deposition, where a large intensity can be observed in the OVC region. After fitting the
data to the Gauss model this cell also displayed a larger CIGS Al width compared to the
others, thus the large intensity of the OVC can be correlated with a lower Cu content on
this specific cell and not to the rinsing procedure performed on it.
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Figure 4.15: Buffer layer variations series Raman spectra. With the reduced InSe capping layer deposition,
lower OVC intensities are observed.

Figure 4.16 shows the fitted results of the different cells measured by Raman, in addi-
tion to what it was observed previously the sample rinsed with NH3+H,0+N; show the
emergence of a third peak at 240 cm~! which the other cells do not show. Comparing
the different spectra from 135 cm™! to 170 cm™! a reduction in the OVC peak can be no-
ticed for the sample with RT CdS and sample rinsed with NH3+N (3:30) which contain
a different RbF deposition (210401_1).
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Figure 4.16: Buffer layer variations series Raman fitted spectra results, on the OVC region the different spectra
show similar results, however, a 3 peak is identified between 200cm ™! and 250cm™!.

From the different buffer layer variations implemented, only sample with RT CdS
(210805_1) was analyzed by GD-OES. Figure 4.17 shows the distribution of the non alkali
elements of this sample, the reference sample, and sample 210625_1 (Substrate Temper-
ature variations 360°C). As expected a noticeable Cu depletion is created in the surface
of the PDT sample by the introduced capping layer, nonetheless on sample 210805_1 the
Cu depletion is larger despite of the reduced capping layer thickness, but this also leads
to a surface extremely poor of Cu, In and Se (0 to 1s). Moreover, the Se peak present
after 1.5s decrease more intensely comparing samples 210805_1 (RT CdS) and 210625_1
(NH3+N, from the temperature series). After the first 3s, no clear differences can be
identified in the distribution of the non-alkali elements.

Reference RT CdS 360°C
8 o

r""‘f 7

~

~
)

o

u]

w
o

~

Intensity [a.u.]
Intensity [a.u.]

~
Intensity [a.

N
w
w

)

= ‘ \

0 0
0 100 200 0 50 100 150 200 0 50 100 150 200
Sputter time [s] Sputter time [s] Sputter time [s]

[S)
N

Figure 4.17: GD-OES results for the Buffer layer variations. Reference, RT CdS deposition and 360°C Substrate
temperature variation sample (210625_1), distribution of non-alkali elements. Similar results for the PDT sam-
ples, large In and Se peaks, with small Cu migration towards the front of the samples. Sample 210625_1 shows
a larger intensity for the In peak as a consequence of the longer InSe capping layer deposition.
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Figure 4.18: GD-OES results for the Buffer layer variations. Reference, RT CdS deposition and 360°C Substrate
temperature variation sample (210625_1), non-alkali elements, close upfront. RT CdS sample show a clear Cu
and Se depleted surface, while sample 210625_1 the Cu depletion is also accompanied by the presence of In
and Se.
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Figure 4.19: GD-OES results for the Buffer layer variations. Reference, RT CdS deposition, and 360°C Substrate
temperature variation sample, alkali elements, Cd, In, Mo close up front. Similar "U" shaped profiles for the Rb
distribution inside the CdS buffer layer, however, samples with RT-CdS show lower content of Rb throughout
the CdS layer. After the CdS, similar Rb intensities and profiles are noticed. Additionally, RT CdS do not show
the presence of In or Se inside the CdS bulffer layer.

On the other hand, Figure 4.19 shows the distribution of the alkali elements together
with the Cd, Mo, In, and Se. The first thing that can be examined is the thickness of the
buffer layer of the multiple samples, where the reference and sample 210805_1 exhibit
similar thickness while sample 210625_1 show a reduced one. The next relevant thing is
the intensity of Rb inside the CdS buffer layer. In both PDT samples behave similarly hav-
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ing a "U" shaped profile, though on sample 210805_1 (RT CdS) this "U" shaped profile is
deeper and the intensity of Rb decrease by 4 units, while on 210625_1 it only decreases
by 1.5, and a clear presence of In is noted at the surface of the absorber, presumably as a
consequence of the different RbF and InSe capping layer deposition duration.
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Figure 4.20: GD-OES results for the Buffer layer variations. Reference, RT CdS deposition, and 360°C Substrate
temperature variation sample, alkali elements, Cd, In, Mo close up back. Similar results to the previous sam-
ples, Rb pushes out smaller alkali elements inside the Mo.

Lastly, the distribution of alkali elements at the back of the absorber for both PDT
samples behaves similarly where Na is pushed out replaced by Rb (Figure 4.20).

4.2.5. CONCLUSIONS

After the different material characterization techniques were performed, remarkable dif-
ferences in the different sample sets were noticed. With the use of Raman spectroscopy,
the determination of OVC present at the surface of the CIGS were observed and corre-
lated with the InSe capping layer deposition duration, in which for longer capping layer
deposition a larger amount of OVC are created except on the high CGI variation sample,
where no Cu depletion was seen in spite of the deposited InSe capping layer. Further-
more, the distribution of the elements throughout the absorber was identified with the
help of GD-OES, it can be concluded that with a thicker (2 minute deposition) InSe cap-
ping layer an increased migration of Cu, and Se towards the front interface is created.
Whereas on thinner (1 minute capping layer deposition) the ideal Cu depletion is cre-
ated without the migration of other elements.

With respect to the alkali elements distribution, it was noted that they are present
inside the CdS buffer layer regardless of the rinsing procedure performed on them. Also,
significant changes in the profile of the Rb distribution and intensity at the front of the
samples were observed by changing the duration of the second stage where for longer
deposition times the "U" shaped profile shows a deeper response. While by changing
the substrate temperature during the Rb deposition, the diffusion of the Rb after the
buffer layer shows slight variation. Finally, it was noted that accumulation of Rb and
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Na takes place in the Mo back contact where the ion exchange mechanism becomes
evident (as well as in the surface of the solar cells) and smaller alkali elements (Na) are
replaced by heavier (Rb) ones. Overall, no other notable changes are observed in the Ga,
Se, Cu, and In distribution on the solar cells, indicating that the PDT is only responsible
for modifying the surface of the absorber.
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4.3. ELECTRICAL PERFORMANCE OF THE SOLAR CELLS

Following the material characterization of the samples, it is also essential to evaluate the
electrical performance of each of the sets. To do this, depending on the data set different
electrical measurements were conducted on them.

This Section will be divided similarly to the material characterization section. De-
picting an overview table with the description of the PDT variables, CdS description,
and average of the best 2 cells electrical parameters (LIV and DIV) for the best quadrant.
In addition, different box plots comparing the best quadrants will be shown to give a
broader overview of the performance of the samples.

The set which attracted the most attention was the temperature series, in which clear
improvements were observed in the recombination current but a large loss in Voc was
still observed, in an effort to understand why is this happening, variable irradiance mea-
surements and light dependent measurements were performed.

After analyzing the results, it was observed that a possible photoactive barrier might
be present in the top interface between the CdS/CIGS layers. Thus, the buffer layer vari-
ations set in which CdS was deposited starting from room temperature was also ana-
lyzed by variable irradiance measurements and light dependent measurements in order
to observe possible differences, and compare the different CdS deposition techniques.
Regarding the capping layer variation and CGI variation sets, only the standard electri-
cal measurements were performed on them.

To conclude and make a clear correlation between the material properties and elec-
trical performance observed from each set, multiple plots with the CGI, OVC intensity,
light, and dark IV parameters will be presented from the measured cells in the different
characterization techniques used.

4.3.1. TEMPERATURE SERIES

On Table 4.12 the description of the implemented substrate temperatures, PDT vari-
ables, and CdS deposition techniques can be observed, Table 4.13 shows the average
electrical performance of the best two cells from the best quadrants, and Figure 4.21
shows the distribution of all the measured cells. Remarkably, FE J,, and nl of the PDT
solar cells show improved parameters compared to the reference sample. However the
Voc is almost 20-30 mV lower compared to the reference sample, and thus 7 too.

Table 4.12: Substrate temperature series overview.

Substarte Cappinglayer RbFstage Annealing stage

Sample Temperature stage duration duration duration CdS description
[°C] [min] [min] [min]
No rinse. 5:15 min
Reference - - - - V-
deposition
210625_1 360 2 6.5 20 NH3+N» r1ns.e.. 3:30 min
deposition
210706_1 350 ) 6.5 20 NH3+N3 rms.e.. 3:30 min
deposition
210708_1 340 2 6.5 20 NH3+N> rinse. 3:30 min

deposition
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Similar to the literature, the different temperatures used during the PDT result in
variations of the electrical performance of the solar cells. Figure 4.21 gives a broader
overview of the variation in electrical performance. On one hand, FE ], and n1 are the
parameters that are mainly affected by changing significantly, while the Vo is approxi-
mately similar regardless of the substrate temperature used.

Table 4.13: Temperature series electrical performance.

Substarte
Ul Voc Jsc FF Rs Rsh Jo nl
Sample  Quadrant tem‘?fg‘“'e % [mV] [mA/em?] [%] [Ohm*cm?] [kOhm*cm?] [mAfcm?]  []
210624_2 1 Reference 1531 532.50  39.67  72.45 1.63 502 463x10° 149
210625_1 2 360 1508 51150  40.06  73.60 132 582 208x107° 122
210706_1 4 350 1311 50550  37.82  68.60 1.82 582 6.68x10~9 136
210708_1 3 340 1407 51550 3855  70.80 1.88 425 558x1079 139
n [%] FFxV__ FF [%] v, [mv]
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Figure 4.21: Temperature series LIV and DIV performance (best quadrants).

On one hand, substrate temperature of 360°C gives the best performance of the dif-
ferent substrate temperatures used. It shows a Jo one order of magnitude lower than
the reference performance, 1.15% increased FE and a diode ideality factor closer to 1.
This can be explained by the passivation of defects caused by the Rb atoms diffusing
effectively throughout the absorber layer with the help of Cu vacancies. Probably ex-
plains the lower intensity observed for the OVC peak in the Raman spectra, indicating
that these parameters might be correlated (discussed in Appendix C).

On the other hand, substrate temperatures of 340°C and 350°C show decreased elec-
trical performance. A clear inconsistency can be observed, the data set does not fol-
low the expected trend of lower electrical performance for lower substrate temperatures.
This can be caused by the different processing of sample 210706_1 (explained in Section
4.2.1). Despite of this, comparing the Raman OVC and GD-OES intensities and element
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distribution, larger OVC peak intensities together with a steeper reduction of Rb inten-
sities are observed for lower substrate temperatures, where a lower amount of Rb was
successfully diffused. Arguably explaining the variations in ]y, diode ideality factor, and
particularly FE
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Figure 4.22: Temperature series LIV and DIV curves best cells.
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Figure 4.23: Temperature series LIV and DIV curves of all cells for the best quadrants.

Despite the fact that the PDT solar cells show better performance in most electrical
parameters, the Voc of the solar cells is not improving but degrading substantially. In an
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effort to explain the lower Vo observed for the PDT solar cells the LIV and DIV curves
of them were analyzed to observe the presence of possible distortions that might help to
explain the large reduction in V¢ observed. Figure 4.22 shows the different LIV and DIV
curves for the best cells and Figure 4.23 shows the LIV and DIV curves for all the cells
of the best quadrant, but in none of the cases, the clear presence of rollover behavior or
kinks are observed. The largest difference can be seen on the DIV curves of 350°C and
340°C where a large voltage is needed to achieve the same current as of the reference and
360°C samples.

Subsequently, a comparison between the LIV and DIV curves for the best cells and 3
random cells was performed with the aim of identifying possible crossovers between the
curves and thus correlating it with the presence of a photoactive barrier as described in
(5].
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Figure 4.24: Temperature series LIV and DIV curves for crossover comparison, part 1.

Figure 4.24 and 4.25 show the curves of the reference and 3 different substrate tem-
peratures used. Distinctively PDT cells show crossover of the DIV and LIV curves which
becomes more apparent for lower substrate temperatures whereas the reference sample
does not. In some cases (cell 360°C-h9, 350°C-g6, 340°C-n7) these crossover is located at
lower voltages, while in other cases (cell 360°C-e6, 350°C-k8, 340°C-a6) is at higher volt-
ages. With the results obtained it can be stated that a photoactive barrier is present in
the conduction band of the solar cells and in some cases, this barrier is larger than in
others creating a bigger Voc drop [5].
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Figure 4.25: Temperature series LIV and DIV curves for crossover comparison, part 2.

To be able to quantify the drop in the V¢ created by the photoactive barrier and eval-
uate the possible location (top or bottom interface) of the barrier, two different measure-
ments were performed; the first one known as variable irradiance measurements (VIM),
in which the cell electrical parameters are measured under different irradiance inten-
sities, and the second one is the characterization of the solar cells under different light
spectra (blue and infrared).
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Figure 4.26: VIM results, for selected cells from the temperature series.
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Figure 4.26 shows the evolution of FE V¢, and n under different irradiance levels. It
compares the reference sample and the multiple substrate temperatures used. On the
leftmost figure the evolution of FF is displayed, ideally, the FF should not change dras-
tically upon different irradiance levels. The reference sample shows this behavior, while
the PDT multiple cells show significant changes in FF especially when they are subjected
to lower irradiance. This is because of the lower current generated and thus lower elec-
trical losses (Pj,ss = I2R) obtained when the current is flowing across the solar cell. Con-
sidering that the current is similar for the different cells at the same irradiance, the only
parameter that can be causing this reduction in FF is a larger series resistance, created
by an increased barrier height. This barrier height change upon illumination and thus
different FF are obtained (Figure 4.29). Unlike the FE the V¢ increases logarithmically
with the irradiance and for both reference and PDT solar cells, a similar trend is ob-
served. Lastly, the efficiency is directly proportional with the FE V¢ and Jsc, therefore
the multiple changes in the parameters will be reflected on the efficiency curves.
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Figure 4.27: VIM results for reference and 360°C temperature series comparison between DIV and Pseudo LIV.

One approach to quantify the loss in Vg¢ created by the barrier is to calculate the
pseudo IV curve in which the effect of the series resistance is neglected (explained in
more detail on Appendix E). Figure 4.27 and Figure 4.28 shows the obtained DIV and
reconstructed LIV curves, Table 4.14 shows the obtained parameters. Clearly in the PDT
solar cells that have the largest discrepancy between the curves at higher voltages, the
presence of the barrier contributes to a loss in Vo¢ of more than 60 mV, especially in the
cells with 350°C and 340°C substrate temperatures.
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Figure 4.28: VIM results for 350°C and 340°C temperature series comparison between DIV and Pseudo LIV.

Table 4.14: Temperature series Vo loss and FF slope quantification.

Jsc Voc Voc loss Slope GOF
Sample Cell [mA/em?] [mV] mv] FF FF

Reference B8 36.07 522.01 34.23 -1.94x1073  0.952
Reference  F9 36.57 528.08 30.53 -1.74x1073  0.925
Reference  H8 35.09 522.67 27.94 -1.19x1073  0.908
360°C E6 36.30 506.28 32.91 -3.93x1073  1.000
360°C G6 35.83 498.22 35.46 -3.15x1073  0.993
360°C H9 36.04 479.15 46.55 -7.69x107°  0.004
350°C G6 34.07 482.95 91.63 -4.96x1073  0.990
350°C N7 36.70 487.79 61.23 -4.85x1073  0.998
350°C Q1 33.43 476.06 88.24 -4.22x1073  0.997
340°C K2 34.49 524.36 57.97 -5.32x1073  0.999
340°C N7 33.58 484.74 61.48 —4.14x1073  0.994
340°C Q6 35.92 470.79 63.80 -4.05x1073  0.992

To identify the location of the barrier present on the PDT solar cells, light dependent
measurements were performed. Figure 4.29 shows the change of FF and V¢ when dif-
ferent spectra of light are used. The main difference observed is in FF (similar to VIM
results) comparing red and blue light. On one hand, when higher energy photons are
used, a larger FF is obtained. This is because the barrier height is dependent on the
carrier density when the solar cells are exposed to blue light, a substantial amount of
carriers will be generated at the front compared to infrared light, where the majority of
carriers will be generated at the back or far away from the top interface. As a result, the
doping density in the front interface is increased with blue light hence the barrier is de-
creased and a better FF is obtained. On the other hand, when the cells are exposed to
infra-red light, a clear decrease in FF is observed thanks to the absence of carriers at the
front that help reduce the barrier height thus, a lower performance when compared to



4.3. ELECTRICAL PERFORMANCE OF THE SOLAR CELLS 93

white and blue light is noted. Although it is not clear why the V¢ of the solar cells re-
mains constant for red and blue light. In contrast to the PDT samples, the reference cell
shows a different trend, in which the FF improves for infra-red light and degrades slightly
for blue light. However, the performance is increased compared to the white light by us-
ing blue or infra-red light.
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Figure 4.29: Light dependence measurements FF and V¢ results, best quadrants from the temperature series.

To analyze if the PDT substrate temperature has an influence on the Js¢ EQE mea-
surements were carried out. On literature, it is stated that thinner CdS buffer layers can
be used, and thus the Js¢ of the solar cell can be enhanced. As described in Table 4.4 a
shorter and thus thinner CdS layer is deposited on the PDT solar cells. Figure 4.30 depicts
the EQE of the best cells from each of the samples, a clear increase in the blue region
is observed for the PDT cells thanks to the reduced thickness of the CdS, however, the
absorption in the NIR is decreased, particularly for 350°C substrate temperatures. Nev-
ertheless, the Js¢ of the best two cells using 360°C substrate temperature is 1.5 mA/cm?
more than the reference sample.

Table 4.15 shows the relevant parameters that can be extracted from the EQE mea-
surements such as band-gap, Jsc, and projected Js¢ in a 2-terminal tandem device. Cells
from the sample deposited at 360°C show 0.012 eV smaller band-gap and V¢ than the
reference cells despite this, the calculated V¢ deficit is similar to the reference cells. In
contrast, samples deposited at 350°C and 340°C show a comparable band-gap to the ref-
erence cells but a substantially larger Vo deficit, in connection to what is observed on
the VIM measurements loss created by the barrier.
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Figure 4.30: EQE results of the best cells from the temperature series and reference sample.

The potential application of the different cells in a tandem device can be calculated
with the projected Js¢, but as the different EQE curves show the absorption in the NIR re-
gion is reduced compared to the reference cells, thereby it is essential to improve the CdS
deposition in order to enhance the absorption at the NIR (discussed on Section 4.3.3).

Table 4.15: Temperature series EQE results.

. Projected Js¢
Band-gap Vopc Voc deifcit Jsc .
Sample  Cell 2 2-Terminal
[eV] [mV] [mV] [mA/cm?] [mA/em?]

210624 2 F9 1.02 532 484 39.70 24.24
2106242 G9 1.02 533 483 39.65 24.23
210625_1 El 1.00 512 488 40.05 23.42
210625_1 F1 1.00 511 489 40.07 23.46
210706_1 L8 1.02 500 516 37.67 21.97
210706_1 K8 1.02 511 514 37.97 21.70
210708 1 K2 1.01 516 492 38.61 22.65
210708_1 K7 1.02 514 511 38.30 22.45

To conclude, by using a substrate temperature of 360°C the performance of the PDT
solar cells can be enhanced. Mainly, parameters like FE Js¢, nl1, and Jo show improve-
ment. However, the creation of a photoactive barrier in the top interface reduces the V¢
of the solar cells by more than 60 mV in most of the cases, and overall the performance
of the sample is considerably reduced. This photoactive barrier is weakened upon blue
light illumination thanks to the generation of carriers and change in the acceptor density
at the top interface or the so called photoconductive effect. It is still unclear what is the
source of this barrier since it can be the InSe capping layer and amount of OVC, accu-
mulation of Rb at the surface, incorrect cleaning of the samples prior to CdS deposition,
or possible issues in the TCO stack when samples are subjected to an RbF PDT (how-
ever in literature there no suggestion of this). In order to confront and reduce the barrier
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height, different variations in the cleaning procedures prior to CdS, higher CGI samples
intended to suppress the formation of OVC as well as variations in the PDT variables like
duration of the RbF and InSe deposition were performed.

4.3.2. CGI VARIATIONS

Based on the results obtained in the substrate temperature series (Section 4.3.1), and
capping layer variations (Section 4.2.2). Different variables of the PDT were modified,
first, the substrate temperature was set to 360°C during the PDT and the RbF deposition
time was extended from 6.5 to 10 minutes (reducing the flux of RbF), next, the capping
layer was reduced from 2 to 1 minute but the same substrate temperature was used for its
deposition (380°C), finally, two different rinsing techniques prior CdS depositions were
performed and the CBD was extended from 3:30 to 4:00 minutes as it can be seen on
Table 4.16.

Table 4.16: High CGI series overview.

Substarte Cappinglayer RbFstage Annealing stage

Sample Quadrant Temperature stageduration duration duration CdS description
[°C] [min] [min] [min]

2106242 1 No rinse. ?:‘15 min
deposition

210803_1 1 360 1 10 20 NH; (Wet), 4:00 min
deposition

210803_1 2 360 1 10 20 NHj (Wet), 4:00 min
deposition

NH3+Njy, 4:00 mi

210803_1 4 360 1 10 20 3+ 2, &BU N

deposition

Table 4.17 presents the obtained electrical performance for the high CGI sample.
Compared to previously deposited samples the CGI was increased by 0.03 on quadrant
1, 0.06 on quadrant 2, and 0.02 on quadrant 4. Looking into the average values of the best
two cells for different parameters and Figure 4.31, there is a big spread in performance.
In contrast to what is suggested in the literature, high CGI PDT samples (>0.90) do not
result in better electrical performance. In contrast, the higher CGI (0.92) sample (Q2)
show the lowest performance, Voc, FF and Jj are the most affected parameters. While
Q1 having a CGI of 0.90 shows a two order of magnitude better Jo, 50 mV higher Vo,
and 8% absolute higher FE Comparatively, Q4 having a CGI of 0.87 shows similar J, FF
but 10mV lower Vo and 1mA/cm? lower Js¢ (probably thanks to the different rinsing
implemented, and not to the lower CGI).

Table 4.17: High CGI series electrical performance.

CGI n Voc Jsc FF Rs Rsh Jo nl

Sample  Quadrant "¢y (mA/em?] (%] [Ohm*cm?] (kOhm*cm?] [mA/em?]  []
210624_2 1 0.892 1531 53250  39.67  72.45 1.63 502 463x10° 149
210803_1 1 0.904 14.07 575 38.80  71.45 171 730 14x10° 118
210803_1 2 0923 11.10 45850 3830  63.20 1.98 552 1.96x107  1.53
210803_1 4 0.871 13.08 49450  37.39  70.80 1.38 632 327x107 1.25
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Figure 4.31: CGI variation series LIV and DIV performance (best quadrants). Jy of Q2 not shown here, on
average it is 2 orders of magnitude larger compared to the other quadrants.

One of the possible explanations for the observed lower performance on the high
CGI sample (Q2) can be the non diffusion of Rb throughout the absorber (higher J, and
nl), but instead accumulation on the surface. With the capping layer variation experi-
ments (Section 4.2.2), it was observed that the creation of OVC is directly related to the
CGI of the samples, and by reviewing the Raman spectra of Q2 (Figure 4.10) no OVC
were created on the surface of the CIGS, therefore little or no Rb could adhere to the
Cu vacancies for latter diffusion, this can be observed in the GD-OES results of the high
CGI sample (Figure 4.13) where the intensity of the Rb signal is lower at the front and
decreases rapidly as the sputter time increases.

Moreover, the LIV and DIV curves of the best cells from the different quadrants were
plotted together in Figure 4.32. Meanwhile, Q1, Q4, and reference show similar behavior
on LIV and DIV curves. The quadrant with higher CGI (Q2) show an increased current
in the DIV curve at lower voltages making the kink in both LIV and DIV curves initiate at
lower voltages (thanks to the higher Jy), this can be seen as an interface issue between the
CIGS absorber and the deposited RbF layer, which could not diffuse properly, explaining
the lower FE V¢ and increased recombination current.

With the aim of observing if the photoactive barrier is still present after increasing
the CGI of the samples, the LIV and DIV curves from the best cells of the quadrants were
superimposed in Figure 4.33.
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Figure 4.33: CGI variation series LIV and DIV curves crossover comparison, best cells Q1 (c7-c8), Q2 (d3-c4),

Q4 (p6-g6).

The results suggest that the photoactive barrier is still present in Q4, where a small
crossover can be observed. Remarkably, Q1 and Q2 show a lesser crossover, in contrast to
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Q4 the rinsing procedure prior to CdS deposition implemented on the latter one, differs
from Q1 and Q2. On the other hand, it can not be ruled out the lower CGI content in Q4
(CGI<0.90). For this reason, it might be possible that the appearance of the photoactive
barrier occurs during the rinsing procedure implemented before the CBD of the CdS or
thanks to the lower CGI of the sample. Discussed further in Section 4.3.3.

After noticing the poor performance with high (>0.90) CGI samples. It was estab-
lished that the optimum CGI should be in the range of 0.85 to 0.90. Within this range,
the creation of OVC in the surface is optimum with a 1 minute capping layer deposition.
However, the Rb deposition might need to take place in a faster or slower manner since
at 360°C In, Cu, and Na are highly movable and might affect the final distribution of them
inside the different layers of the CIGS and hence the electrical performance of the sam-
ple. Intriguingly, the sample that shows a crossover between the LIV and DIV curve has
similar CBD deposition procedures and CGI to the ones from the temperature series,
which might indicate that the rinsing of the samples or the CGI content is responsible
for the creation of the photoactive barrier.

4.3.3. BUFFER LAYER VARIATIONS

The last set of samples was prepared with the aim of evaluating different buffer layer
deposition techniques and rinsing procedures. In accordance with what was observed
in the previous set of samples, the suppression of the photoactive barrier is key to reduce
the large reduction in Vpc. Furthermore, the CGI of the samples should be kept within
0.88 and 0.90 enabling the creation of the optimum density of OVC in the surface of the
CIGS with the 1 minute deposited InSe capping layer, and consequently, allow proper Rb
absorption and diffusion throughout the absorber. For this set, one of the first samples
that were prepared is used (210401_1), this sample was prepared with a different RbF
deposition duration of 6.5 instead of 10 minutes.

Table 4.18 shows the 5 different variations of rinsing procedures and CdS deposition
times used for this set of samples. The different variations include changes in the CBD
of 3:30, 4:00, and 14:40 minutes (starting from room T) in combination with cleaning
techniques prior to CdS such as rinsing with NHs, water, N2, or no rinsing were imple-
mented.

Table 4.18: Buffer layer variation set overview.

Cappinglayer RbFstage Annealing stage

Sample  Quadrant Substarte stage duration  duration duration CdS description
Temperature . . )
[min] [min] [min]

210624_2 1 Reference No rinse. ?:-15 min
deposition

210802_1 2 360 1 10 20 NH; (Wet) ,.4_:00 min
deposition

210802_1 4 360 1 10 20 NHs+Ny, 4:00 min
deposition

210401_1 1 360 1 6.5 20 NHz+H,0+N2, 3:30 min
deposition

210401_1 3 360 1 6.5 20 NHs+Nz, 3:30 min
deposition

210805_1 1-4 360 1 10 20 No rinse, room temperature

CdS 14:40 min deposition




4.3. ELECTRICAL PERFORMANCE OF THE SOLAR CELLS 99

Table 4.19: Buffer layer variation electrical performance.

CGI n Voc Jsc FF Rs Rsh Jo nl

Sample  Quadrant "¢ ) (mA/em?] (%] [Ohm*cm?] [kOhm*cm?] [mA/em®]  [-]
210624_2 1 0.892 1531 53250  39.67  72.45 1.63 502 463x10° 149
210802_1 2 0.890 14.05 50350  39.86  70.00 1.69 343 1.02x1078  1.28
210802_1 4 0.865 13.98 45350  37.67  71.95 1.37 788 1.91x10°  1.19
210401_1 1 0.870 13.17 548.00  40.39  68.40 2.16 789 820x10% 157
210401_1 3 0.870 1624 564.50  40.17  71.60 2.27 333 321x1077 1.9
210805_1 3 0914 14.85 52250  39.38  72.20 1.77 513 254x107  1.58

Table 4.19 shows the electrical performance and composition obtained with the mul-
tiple variations. The first thing that can be observed is the considerable increase in the
Voc for all the samples, except the one been rinsed with NH3+N,. Regarding FE a large
decrease in performance is noted for the sample rinsed with NH3 and water although
the Jp is in the same order of magnitude as most of the other samples. Apart from those
two samples, all the others show V¢ above 500 mV, FF larger than 70%, similar Js¢c and
Jo. Notably, sample (210401_1 Q3) shows a recombination current 2 orders of magnitude
higher and largest diode ideality factor despite being the best PDT performing sample.
Implying that first, the combination of 1 minute InSe capping layer with 6.5 minutes RbF
deposition creates the optimum amount of OVC in the surface, and diffusion of RbF can
take place effectively.
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Figure 4.34: Buffer layer variation series LIV and DIV performance (best quadrants), NH3 Wet (210802_1-Q2),
NH3+N> (210802_1-Q4), NH3+H2O+N2 (210401_1-Q1), NH3+N> (210401_1-Q3) and RT-CdS (210805_1-Q3).

Figure 4.34 shows the distribution of the electrical parameters from the whole quad-
rant. A big spread in all parameters can be observed for samples produced with 6.5 RbF
deposition time, suggesting that probably the RbF is reaching and diffusing adequately
on some cells while not on others, another reason could be insufficient coverage of the
CdS thanks to the reduced CBD time (the InSe capping layer is not responsible since the
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capping layer is homogeneous in all the quadrants as described in Appendix F, and the
intensities of OVC are similar as discussed on Section 4.2.2).
The multiple LIV and DIV curves for the best cells can be observed in Figure 4.35.
Under dark conditions, the shape of almost all curves is similar and do not show any
strange kinks, rollovers, or other types of distortions, except for the sample that uses
water in the rinsing procedure (210401_1 Q1) where the steepness of the curve is lower
at higher bias voltages. One outstanding difference, is the start of the curve bending, in
which depending on the duration of the CdS and rinsing procedure implemented, the
curve bending starts at different bias voltages. First, the two samples with longer CdS
deposition and ammonia rinsing, next to the samples with 3:30 minutes CdS deposition,
and finally the sample with RT CdS deposition. Regarding the LIV curves, no notable
difference can be observed, except for the increased Vo observed for the sample rinsed

with NH3+N», 1 minute capping layer, and 6.5 minutes RbF deposition.
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Figure 4.35: LIV and DIV curves for the best cells of the different rinsing procedures implemented.

After superimposing the LIV and DIV curves of the best cells from each of the sam-
ples (Figure 4.37 and 4.37), an evident crossover is noticed for the samples cleaned with
NHs3+N» (21802_1 Q4), similarly, the high CGI sample (210803_1 Q4 Figure 4.33) and
all the samples from the substrate temperature series (Section 4.3.1, Figure 4.24) were
cleaned using the same method. Indicating that this type of cleaning promotes barrier

creation at the surface, by improper deposition of the CdS created by the defective rins-
ing procedure implemented. Although for sample 210401_1 Q3 rinsed with the same
procedure this is not observed, probably thanks to a longer rinsing implemented on this

sample (performed by a different operator)



4.3. ELECTRICAL PERFORMANCE OF THE SOLAR CELLS 101

210802_1_Q2_C2 210802_1_Q2_G2 210802_1_Q4_06
0.1 0.1 0.1
< < <
€ 0.05 € 0.05 € 0.05
2 o o
5 5 5
© o © o0 © o0
0 0.4 0 0.4 0 0.4
Voltage [V] Voltage [V] Voltage [V]
210802_1_Q4_P6 210401_1_Q1_C8 210401_1_Q1_D8
01 = 0= 01 =
< --LIv < -- LIV < --LIV
€ 0.05 € 0.05 € 0.05
o o o
5 5 5
O o g O o O 9
0 0.4 0 0.4 0 0.4
Voltage [V] Voltage [V] Voltage [V]

Figure 4.36: Buffer layer variation series LIV and DIV best cells crossover, NH3 Wet (210802_1-Q2), NH3+N>
(210802_1-Q4) and NH3+H,0+N» (210401_1-Q1) part 1.
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Figure 4.37: Buffer layer variation series LIV and DIV best cells crossover, NH3+N> (210401_1-Q3), RT-CdS
(210805_1-Q3) part 2.

Compared to these samples, the one without cleaning and deposition of CdS starting
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from RT also shows a clear crossover but this time at lower bias voltages. To verify if
the crossover observed on the sample with RT CdS deposition is a consequence of a
photoactive barrier, VIM were performed and compared to the reference sample. Figure
4.38 shows the Vo and FF variation depending on the irradiance intensity and Figure

4.39 the comparison of the obtained pseudo LIV curve with the DIV one.

80 0.6
70 0.5¢ ]
60
. _. 04 ]
2 =
= %0 58
0.3 ]
40 ——Reference-B8
Reference-F9
0.2 ——Reference-H8| |
30 ' —~—RT-CdS-K4
—~—RT-CdS-R1
—RT-CdS-R8
20 0.1
0 500 1000 0 500

Irradiance [W/mz]

Irradiance [W/m2]

1000

200 600
Irradiance [W/m2]

Figure 4.38: VIM results, for selected cells of the reference and RT-CdS sample.
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Figure 4.39: DIV and Pseudo LIV curves for reference sample and RT-CdS deposition sample.
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Regarding the V¢ and 7 similar trends are observed when compared to the tempera-
ture series variation. Although for this sample the slope obtained for the FF is marginally
larger, and thus it can be hypothesized that the barrier height is larger. Table 4.20 shows
the quantification of the V¢ loss for selected cells and unequivocally it is larger, this
can be also seen in Figure 4.39 where the difference between the pseudo IV and the DIV
curve is significantly wider.

Table 4.20: Buffer layer variation Vo loss and FF slope quantification.

Jsc Voc Voc loss Slope GOF

Sample  Cell |\ \/em?l  [mV]  [(mV] Fll: FF
Reference B8 36.07 522.01 34.23 -1.94x1073 0.952
Reference F9 36.57 528.08 30.53 -1.74x 1073 0.925
Reference  HS8 35.09 522.67 27.94 -1.19x1073  0.908
RT-CdS K4 34.94 437.73 75.35 -5.41x 1073 0.990
RT-CdS R1 37.89 498.59 130.79 -559x107% 0.976
RT-CdS R8 31.31 473.52 152.08 -5.37x 1073  0.939

To evaluate the different thickness and rinsing procedures implemented, EQE mea-
surements were performed on the best 2 cells from each of the samples, Figure4.40, and
Table 4.21. Starting with the samples deposited using the different rinsing procedures
and variation in the CBD, a small change in the blue region can be noted, where thicker
(longer CBD) depositions result in a lower absorption namely 210802_1 (4:00 CBD) and
210625_1 (3:30 CBD). Due to low performance, no EQE was performed on the sample
which was rinsed with NH3+H,O+No.
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Figure 4.40: EQE results, best two cells from the different rinsing procedures implemented.
On the other hand, the sample in which CdS was deposited starting from RT, behaves

similarly to the reference sample in the blue region and even better on the infrared one.
Indicating that depositing CdS starting from RT for PDT cells is beneficial and even im-
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proved results can be obtained in the NIR, which is important for 2 terminal tandem
devices. Additionally, by comparing the different band-gaps and V¢ deficit obtained,
the best performing sample (210401_1) and RT CdS show a remarkable low V¢ deficit
thanks to its increased Vpc. Considering that the two best samples have a variation in
the RbF deposition duration and that the RT CdS one provides greater absorption at the
NIR while 210401 _1 show more suitable absorption at the blue region and higher Voc,
probably the combination of 6.5 RbF deposition with RT CdS deposition will show both
an enhanced absorption at the NIR and a superior Vg resulting in the best combination
for 2-terminal tandem devices.

Table 4.21: Buffer layer variation EQE results best cells.

. Projected Js¢

Sample  Cell BaJ[ld‘;]gap [V oc Vo deficit mziic 2 2-Terminal
e mV] [mV] [ cm?] [mA/cm?]

210805_1 R1 1.02 527 489 39.44 24.48
210805_1 P1 1.01 518 490 39.32 24.27
210802_1 C2 1.01 501 507 39.74 23.89
210802_1 G2 1.02 506 510 39.99 23.88
210401_1 R2 1.02 565 460 39.64 23.81
210401_1 R3 1.03 564 469 40.13 23.84
210624_2 F9 1.02 532 484 39.70 24.24
210624_2 G9 1.02 533 483 39.65 24.23

After the different variations of the buffer layer deposition and rinsing techniques
were studied, multiple conclusions can be drawn. First, the cleaning of PDT samples us-
ing NH3+H,O+N results in a large decrease in the performance of the samples mainly
by reducing the FF it is hypothesized that thanks to the presence of OVC in the surface
of the CIGS, after rinsing the samples with water, oxygen occupy those vacancies and ox-
idize the surface of the absorber reducing drastically the performance. Secondly, using
a nonoptima rinsing procedure prior to the CdS deposition promotes the creation of a
photoactive barrier in the interface between the CIGS and CdS. This barrier can be iden-
tified if the samples show a crossover between the LIV and DIV curves and is responsible
for creating an extra series resistance which reduces the V¢ of the sample by almost 100
mV in some cases. The concentration of Cu in the sample is ruled out for being responsi-
ble for the barrier formation since sample 210803_1 quadrant three with CGI>0.90 shows
the crossover between the LIV and DIV curves as well as a large FF drop and V¢ loss on
the VIM measurements.

Finally, the combination of 6.5 minutes RbF deposition and NH3+N, rinsing sup-
presses the formation of the barrier and maximum V¢ can be achieved, but the dura-
tion of 3:30 minutes for the CBD only enhances the blue region response in EQE while
the NIR is reduced. To overcome this limitation, depositing CdS starting from RT a large
increase in the NIR can be observed and the ideal bottom sub-cell for a 2-terminal tan-
dem can be created, achieving increased Vo, Jsc and FE
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4.3.4. CONCLUSIONS

During the optimization of a PDT different variables play an important role in the final
performance of the solar cell. Not only variables related to the PDT process but also some
of them related to the steps prior or after finishing the PDT. After the different electrical
characterization techniques were implemented on the produced solar cells notable dif-
ferences were observed, which generally can be correlated with the CGI of the absorber,
duration of the InSe capping layer deposition and RbF deposited layer, rinsing technique
prior buffer layer deposition, and duration of the CBD.

Prior starting the PDT the most important variable is the CGI concentration of the
absorber, in which it was identified that if the CGI is above 0.90 with the deposited InSe
capping layer of 1 minute, not enough Cu vacancies are created thus Rb diffusion is hin-
dered and it starts accumulating in the surface. To prevent this, either a longer deposi-
tion of the InSe capping layer needs to be performed (creating more Cu vacancies) or a
lower CGI absorber needs to be deposited.

During the PDT two main variables can be modified, the Rb flux and substrate tem-
perature. First, it has been noted that lower substrate temperatures reduce the Rb dif-
fusion and result in lower electrical performance, among the different substrate tem-
peratures used 360°C results in the most optimal one. Second, the duration of the RbF
deposition also affects the diffusion. Hence, accumulation of Rb in the surface can be
expected if there are not sufficient Cu vacancies for it to attach and later diffuse (related
with the InSe capping layer and CGI of the sample).

Finally, after finishing the PDT the deposition of the buffer layer can affect the V¢
of the sample substantially, if the sample is not rinsed with the optimum NHj3 proce-
dure, the formation of a photoactive barrier between the CIGS and CdS interface can be
expected which can be responsible for reducing the V¢ of the solar cell by creating an
extra series resistance in the layer stack, this barrier can be identified easily if there is a
crossover between the DIV and LIV curves, when this crossover is at lower bias voltages
the height of the barrier is larger and thus a major drop in V¢ can be expected.

Overall, the best sample results in a combination of CGI of 0.85, 1 minute InSe cap-
ping layer deposition, 6.5 minutes RbF deposition at a substrate temperature of 360°C,
and 20 minutes annealing. Regarding the CdS buffer layer and rinsing, the use of NH3+N
rinsing procedure with 3:30 CBD gives the best absorption in the blue region of the solar
spectra. However, according to the results obtained, a minor modification can be per-
formed in the buffer layer deposition, where starting the CBD from room temperature in
combination with an optimum NH3 rinsing procedure enhanced absorption at the NIR
and suppression of the barrier can be achieved.

4.4. SCHEMATICS OF THE PDT

On Figure 4.41 and 4.42 the evolution of the surface and absorber during the different
stages of the PDT can be observed, depending on the CGI of the sample. There are 4
important mechanisms happening during the PDT:

1. After finishing the third stage of the CIGS deposition the surface is free of Cu va-
cancies, the absorber grain boundaries are filled with Na coming from the SLG
substrate and in the Mo large accumulation of Na takes place.
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2. During the deposition of the InSe capping layer, Cu starts moving towards the sur-
face of the absorber as the InSe is deposited on the absorber and the creation of
OVC starts taking place. Meanwhile, accumulation of the deposited InSe layer and
moving Cu atoms agglomerate in the surface of the absorber. Nevertheless, if the
sample contains a high CGI (CGI>0.91) combined with a thin InSe capping layer
(1 minute deposition), the creation of OVC is reduced. Consequently, lower Rb is
diffused throughout the absorber and a thicker Rb layer is formed on the surface
(Figure 4.42).

3. When the RbF deposition starts, it adheres to the created Cu vacancies and starts
diffusing throughout them towards the grain boundaries.

4. Next, the Rb pushes smaller alkali elements such as Na to diffuse inside the grains
and Rb replaces them at grain boundaries. In a similar manner, when Rb reaches
the Mo it starts accumulating and displacing the Na present at the CIGS/Mo inter-
face. After the Rb deposition is finished a layer with the non diffused Rb atoms is
formed on the surface of the CIGS.

5. The last step is the rinsing of the samples, where depending on the method imple-
mented larger amounts of alkali can be present at the surface. Consequently, im-
plementation of an optimum NHj3 rinsing procedure prior to the CBD capable of
reducing the amount of alkali is essential. It has been observed that when NH3+N»
is performed properly (sample 210401_1 Q3) excellent results can be obtained, but
when is not (sample 210802_1 Q3) detrimental effects are expected.

~In © Na
Cu Ve
®rb —Mo
1 Before PDT 2. InSe deposition 3 RbF deposition
oooo OOOOOOOOOOOO OOOOOOOCP
4 Rb diffusion 5 Rinsing NH,+N, 5b RT CdS - rinsing NH; (wet)

Figure 4.41: Evolution of the CIGS surface during the different stages of the PDT.
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2. Thinner InSe 3. RbF deposition 4. RbF diffusion

Figure 4.42: Evolution of the CIGS surface during the different stages of the PDT, high CGI sample.
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CONCLUSIONS

The different experiments and characterization techniques used to analyze the PDT so-
lar cells helped to understand the role of the different variables of the PDT, material
properties observed and obtained electrical performance.

Starting with the material properties of the solar cells, it was identified that prior the
PDT the amount of Cu, In, Ga and Na present in the absorber layer of the solar cell have a
big impact on the determination of the role of the selected variables to perform the three
steps of the RbF PDT. First, the content of Ga must be kept low so that the GGI<0.09, in
order to obtain the band-gap between 1.00 and 1.02 eV creating the optimum bottom
sub-cell for a tandem device. Alongside Ga, the Cu content of the absorber layer must
be such that the CGI is within 0.85 and 0.92, preventing excess of Cu in the surface of
the absorber and thus poor addition of Rb (due to the low density of OVC). Finally, the
amount of In deposited during the capping layer directly correlates with the formation
of the Cu vacancies which are necessary for proper Rb absorption and later diffusion. As
observed, at longer capping layer deposition during the first step of the PDT more Cu
vacancies are created. However if the Cu content on the surface of the absorber is rather
high (CGI>0.90) their creation is limited and results in poor Rb absorption and diffusion.
On the other hand, a higher density of Cu vacancies in the surface of the absorber after
finishing the Rb deposition affects detrimentally the electrical performance.

Next to the material properties, the different variables of the PDT also impact signif-
icantly the final performance of the solar cell. The first important variable of the PDT is
the duration of the InSe capping layer deposition. As already stated above it determines
the quantity of Cu vacancies at the surface of the CIGS. For this reason, it should be
chosen (prior starting the PDT) based on the CGI composition of the absorber, namely,
longer for high CGI (CGI>0.92) and shorter for lower CGI (CGI<0.90). The important vari-
ables of the second stage of the PDT are the substrate temperature and the duration of
the RbF deposition. Regarding the substrate temperature, lower performance was ob-
served for substrate temperatures below 360°C at which the diffusion of Rb is hindered.
As a result of the reduced Rb diffusion, significant amounts of OVC is still present in the
surface. Yet another important parameter is the RbF flux. It has been calibrated to de-
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posit approximately the same amount of material using 6.5 or 10 minutes. The GD-OES
intensities reported similar values but different profiles of the Rb distribution, where us-
ing 10 minutes showed a more pronounced "U" shaped profile at the surface of the ab-
sorber and therefore lower amount of Rb was present at the interface between the CdS
and CIGS layer. The final step of the PDT is the annealing, however this parameter was
kept constant for all the experiments.

Besides this, it is important to mention that the implementation of the PDT does not
modify the Ga content or distribution of it throughout the absorber depth. Hence, no
variations in the band-gap are observed which is important for the design of tandem
devices.

After the PDT, the optimization of the buffer layer deposition was performed. This
step proves to be one of the most important ones, if not optimal a detrimental effect on
the CdS/CIGS interface reducing electrical performance of the final cells can be expected
particularly for the V. The multiple variations in the rinsing prior CdS deposition, cou-
pled with variable irradiance measurements and the observation of crossover effects in
the LIV-DIV curves, helped to identify the formation of a photoactive barrier at the inter-
face between the CIGS and the buffer layer. This photoactive barrier is creating an extra
series resistance on the mentioned interface, and is responsible of reducing the Vo¢ of
the solar cells, in some cases by more than 80 mV. It is suggested that the creation of this
barrier is thanks to the improper rinsing of the absorber surface prior CdS deposition.
Alternatively, the barrier exist due to a large accumulation of RbF in the surface layer af-
ter the PDT due to insufficient diffusion into the bulk of the absorber which can create
large accumulation of alkali in the surface of the absorber.

Based on the results obtained, the best solar cells with the electrical parameters pre-
sented are described in Table 5.1 and the electrical parameters on Table 5.2. For sample
210401_1 the V¢ and Js¢c improved compared to the reference sample, nevertheless the
improvement in Jsc is obtained as a result of an increased absorption in the blue re-
gion, while for sample 210805_1 the FF is increased and the Js¢ in the NIR is enhanced
compared to baseline cell performance, making it more suitable for tandem devices. Al-
though it was not tested experimentally, the combination of variables for the PDT used
with sample 210401_1 and RT CBD might result in the ideal bottom sub-cell for 2T tan-
dem devices, by having the excellent combination of electrical parameters; high V¢, FF
and enhanced Js¢ in the NIR region.

Table 5.1: Optimum combination of variables.

CGI GGI thickness Capping la).fer PDT substrate PDT st.age Annea.lmg Rinsing CBD .
Sample stage duration Temperature  duration  duration . deposition time
[-] [-] [pm] . o . . technique )
[min] [°C] [min] [min] [min]
210401_1 0.87 0.08 1.93 1 360 6.5 20 NH3+N2 3:30
210805_1 0.91 0.05 2.19 1 360 10 20 No rinsing 14:40 RT

Deposition
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Table 5.2: Electrical parameters best samples.

n Voc Jsc FF

Sample
P (%] [mV] [mA] [%]
210401_1 16.35 565 40.38 71.6
2108051 15.15 502 39.37 722

To conclude, with the obtained characteristics of the best low band-gap CIGS solar
cells, to be coupled with a perovskite top sub-cell, moves us one step closer to the max-
imum conversion efficiency of photovoltaic devices. Moreover, by understanding the
role the different materials and variables play during RbF post deposition treatments,
enables the scaling up of this technologies in order to be implemented massively to con-

front the growing energy demand.







RECOMMENDATIONS

Although the performance of the PDT solar cells was increased compared to the refer-
ence sample, different recommendations can be proposed for further improvements. As
it was discussed on Conclusion chapter, the CGI of the absorber defines the variables
to perform the PDT. Along with this variable, the rinsing technique implemented prior
the CBD also proves to impact significantly on the final performance of the solar cells,
by suppressing the formation of a photoactive barrier. Table 6.1 describes the optimum
combination of variables to perform the PDT based on the absorber CGI composition.
Based on the intensity OVC peak (obtained by Raman spectroscopy), the duration of the
capping layer deposition is chosen in order to create the right amount of OVC on the
surface of the absorber, allowing for proper Rb absorption and diffusion.

Table 6.1: Ideal PDT variables based on absorber composition.

Cappinglayer PDT substrate PDTstage Annealing

cal stage duration  temperature  duration  duration RlnS}ng CBD met[}od
[-] . . . technique and duration
[min] [°C] [min] [min]
0.87-0.91 1 360 6.5 20 Opt. NH3 RT-14:40
>0.91 1.5-2 360 6.5 20 Opt. NH3 RT-14:40

In addition, other parameters of the PDT can be modified to evaluate their influence
on the final performance of the solar cells. Some of these parameters are:

* The substrate temperature during the InSe capping layer deposition: by modifying
this parameter, the Cu, In and Se can have a different distribution on the absorber
surface, possibly easing Rb absorption.

* The substrate temperature during RbF deposition; with a maximum temperature
of 400°C. Going towards higher temperatures can enhance the Rb diffusion, how-
ever other elements such as Ga, In and Cu might become extremely movable inside
the CIGS absorber affecting their distribution.
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6. RECOMMENDATIONS

 Duration of the annealing stage: despite of keeping this variable constant for the
multiple experiments, it is important to implement variations reducing or extend-
ing the duration of this stage, in order to identify the impact it has on the electrical
performance and material properties.

* Rinsing of the samples with different chemicals prior CBD. Implementation of
stronger chemicals such as KCN or Ammonium possibly help to rinse effectively
the excess of alkali present in the surface of the samples, allowing for proper CdS
deposition and consequently preventing the formation of barriers at the CIGS/CdS
interface.

With respect to the characterization techniques used to analyze the samples, other
techniques that give a deeper understanding of the material properties can be imple-
mented. Some of these techniques are:

* Atom probe tomography. Using this technique detailed information of the chemi-
cal composition can be obtained. Compared to GD-OES, higher resolution can be
obtained (at the scale of grain boundaries). Can be used to detect if Rb is present
at GB and is effectively passivating defects.

* Scanning electron microscopy (SEM). By using SEM on the surface of the samples,
different morphologies can be identified and correlated with the presence of sec-
ondary phases. Moreover, identification of excess of alkali in the surface of the
samples can also be detected.

* X-ray photoelectron spectroscopy (XPS). Using XPS, identification of the elemen-
tal composition, chemical and electronic state of the elements present in the sur-
face of the absorber is possible. By implementing this technique shortly after per-
forming the rinsing of the samples, modifications to the rinsing procedures can be
implemented.
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PREVIOUS INTERNSHIP RESULTS

The aim of this chapter is to observe the performance and material properties obtained
after performing RbF PDT on standard band-gap (Eg>1.1 eV) CIGS. Below, the results
of the multiple characterization techniques used for the previous internship can be ob-
served.

Figure A.1shows the different LIV and DIV parameters obtained, where similarly to
the low band-gap PDT series with substrate temperatures above 330°C improvements
in the Jp and diode ideality factor are obtained, but in some cases, the Vo¢ is severely
affected.
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Figure A.1: Electrical performance regular band-gap CIGS.

Now, the material distribution across the depth of the solar cell for four variations
of the substrate temperature can be seen in Figure A.2 and A.3 for non alkali and alkali
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elements respectively. For this set of samples, peaks of In and Se can be noted at the front
of the absorbers depending on the substrate temperature used. On one hand, for low
substrate temperatures (320°C and 330°C) the In peak show a high atomic concentration
at the front of the absorber and afterward is followed by a secondary plateau, while for
substrate temperatures above 340°C, only one plateau is observed. On the other hand,
the atomic concentration of Se at the front for higher substrate temperatures (350°C and
380°C) is substantially larger compared to 320°C and 340°C.
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Figure A.2: GD-OES non alkali element distribution across solar cell depth.

In Figure A.3, the distribution of the alkali elements in the first 0.5um is presented.
Similar to what it is observed on the low band-gap PDT series, 330°C and 340°C show a
"U" shaped Rb profile inside the CdS buffer layer, together with a depletion of Na and K.
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Figure A.3: GD-OES alkali element distribution across solar cell depth.

The last Figure corresponds to the Raman spectra of selected cells for the various
substrate temperatures. The principal difference is observed for 320°C and 330°C, where
the OVC peak becomes visible and disappears when higher substrate temperatures are
used. This can be correlated with the low electrical performance reported on these sam-

ples, as well as with the In peak and Cu depletion observed on the GD-OES results at the
front of the absorbers.
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Figure A.4: Raman spectra for different cells at different substrate temperatures.







PDT OF AIR EXPOSED ABSORBERS

B.1. PRECONDITIONING FOR AIR EXPOSED ABSORBERS
osT of the times, the deposition of the PDT is done directly after finishing absorber
deposition without breaking the vacuum. Therefore, the samples are never ex-
posed to air. However, with the aim of performing multiple variations on absorbers with
different CGI and GGI compositions, the development of a PDT routine that enables to
perform effective PDT on CIGS absorbers produced in different runs, and exposed to air
is essential.

It is widely known that when bare (without buffer layer and TCO) CIGS absorbers are
exposed to air and light they tend to degrade relatively easily and their performance can
drop heavily [1]. In addition, the desorption of Se from the substrate also plays a key
role when performing the PDT, since the substrate temperature needs to be higher than
300°C, and considering the relatively low enthalpy of vaporization of the Se. At this tem-
perature, without having a Se rich atmosphere in the chamber, Se will start to evaporate
and diffuse out from the substrate. As a result, first, a proper cleaning or rinsing proce-
dure must be implemented to remove the oxidized material from the absorber surface
(created by the air and light exposure), and along with this, the optimum Se atmosphere
or pressure must be present inside the chamber when the substrate temperature is above
280°C.

In Sections B.1.1 and B.1.2 the identification of the optimum Se atmosphere and
cleaning procedure for air exposed absorbers is going to be analyzed respectively. With
the aim of reducing the number of variables, and being able to compare and reproduce
the results, all the samples produced for the experiment are performed using a standard
PDT recipe described in Figure B.1. First, an InSe capping layer is applied for a duration
of 1 minute (step 1), next the RbF is deposited together with a reduced Se flux for 6.5
minutes (step 2) and finally the sample is annealed for a period of 20 minutes under the
same Se reduced flux (step 3).
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Figure B.1: Standard RbF post deposition recipe for air exposed absorbers.

B.1.1. SE ATMOSPHERE BEFORE STARTING PDT
SUBSTRATE SHUTTER CLOSED
N order to find the optimum Se atmosphere, such that during the substrate heating the
desorption of Se from the sample is prevented, three different heating profiles for the
substrate were implemented. Figure B.2 and Table B.1 show the different variations used.
The goal is to start the heating of the substrate at different times after the Se crucible is
turned on, and therefore obtain different Se pressure inside the chamber.

Table B.1: Substrate heating times for optimum Se atmosphere closed shutter.

s 1 Se crucible Substrate heating ~ PDT substrate PDT source Capping layer PDT duration Annealing duration
ample start time [min] start time [min] temperature [°C] temperature [°C] deposition time [min] [min] [min]
1 - - - - - -
2 0 25 350 565 1 6.5 20
3 0 35 350 565 1 6.5 20
4 0 45 350 565 1 6.5 20

With the aim of having a reference sample to compare the results, all the absorbers
used are deposited on the same run in four substrates of 5x5 cm. One of the absorbers
is finished completely (deposition of CdS and TCO) after finishing the deposition, while
the other three are used for the Se experiment, bear in mind that air exposed absorbers
(2, 3, and 4) have been previously rinsed with ammonia 1M before starting the experi-
ment. Finally, after the PDT is finished on the remaining three absorbers CdS and TCO
are deposited on them.
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Figure B.2: Selenium and substrate heating profile. Different variations for starting the substrate heating; 25,
35, and 45 minutes after starting Se crucible heating.

Figure B.3 shows the LIV and DIV results from the reference and different heating
profiles samples. It can be observed, that the reference sample shows a much higher FF
and Voc when compared to the PDT treated samples. On average, the FF for the refer-
ence sample is 64.6%, while the 25, 35, and 45 minutes report 61.2%, 63.6%, and 63.5%
respectively. Comparing the Vg, the reference sample shows almost 50 mV higher aver-
age Voc. This directly correlates with the recombination current Jy, which is also lower
for the reference sample. However, when comparing the diode ideality factor (n1), series,
and shunt resistance of the different samples, it can be noted that the PDT treated sam-
ples with heating profiles of 35 and 45 minutes show improved parameters with respect
to the reference sample.
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Figure B.3: LIV and DIV parameters Se experiment closed shutters.
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In addition to the electrical characterization, the compositional characterization of
the samples before and after the PDT can be found in Figure B.4. The maps show big
non-uniformity in the CGI composition, where quadrant 2 (top left, 25 minutes) exhibits
a higher intensity of the CGI. In contrast, the remaining 3 quadrants top right (reference),
bottom left (35 minutes) and bottom right (45 minutes) show a similar CGI concentra-
tion before the PDT. Likewise, after finishing the PDT all the quadrants exhibit a decrease
in the CGI concentration, but the nonuniformity is still present.

Sample 210415_1 Before PDT Sample 210415_1 After PDT
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Figure B.4: XRF results Left. Before, and Right. After PDT.

Furthermore, with the use of Raman spectroscopy, it is possible to observe the dif-
ferent phases and extract important characteristics such as peaks location, intensity, and
width to correlate them with the different CGI concentrations observed in the XRF maps.
In Table B.2 and Figure B.5 the characteristics and spectra of eight cells with different CGI
concentrations from each sample can be observed.

Table B.2: Raman selected cells with different CGI concentrations. Fitted CIGS A1l peak location and width. Se
experiment closed shutter.

CIGS Al CIGS Al

Sample Cell CGI peaklocation peakwidth ovc GOF
[Yes/No]
[cm-1] [cm-1]
Referemce H7 0.87 174 4 N 0.991
Referemce H9 0.89 174 4 N 0.994
25 Min E2 0.90 174 5 N 0.989
25 Min E4 0.91 174 4 N 0.990
35 Min K4 0.86 174 5 Y 0.969
35 Min 04 0.88 174 4 Y 0.989
45 Min K6  0.89 174 4 Y 0.992
45 Min R8  0.87 174 5 Y 0.982
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The results show that for 35 and 45 minute samples, with lower CGI concentration
(CGI<0.9), a clear OVC peak in the region of 150-160 cm™! appears. Conversely, and
despite showing lower CGI concentration, the reference sample does not show the pres-
ence of this peak. This suggests that a Cu depletion is created mainly in the surface of
the absorber with the implementation of the Rb PDT, reported previously [2] [3]. On the
other hand, the 25 minute sample that contains the higher CGI concentration does not
show the presence of the OVC peak, probably due to the extremely high Cu concentra-
tion present in the sample before the PDT.
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Figure B.5: Raman spectra Se experiment closed shutters, 8 cells with different CGI.

SUBSTRATE SHUTTER OPEN

S discussed in the first part of Section B.1.1, the Se atmosphere proves to be highly
Arelevant for the optimization of the RbF PDT. In an attempt to improve the per-
formance and prevent desportion of Se from the samples, a new experiment was per-
formed. In this variation, the main key is to open the substrate shutter when this one
reaches 280°C and thus, allow direct interaction between Se flux and the substrate.

Taking into account the results from the Section B.1.1, the Se atmosphere was only
be performed for 35 and 45 minutes. In addition, for the bottom quadrants with sim-
ilar CGI composition, a variation in the cleaning procedure before the experiment was
implemented. Table B.3 shows a detailed description of the preparation of the four dif-
ferent samples, the PDT is performed with the same parameters as described in Table
B.1.
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Table B.3: Substrate heating times for optimum Se atmosphere, open shutter.

Sample Se crucible Substrate heating  Rinsing prior
start time [min] start time [min] PDT
1 - - Reference
2 0 45 NHj3 [2%]
3 0 35 No
4 0 35 NH; [2%]

Figure B.6 presents the LIV and DIV curves for the four different samples. The main
difference lies in the DIV curves, where a clear rollover is present at 0.6V for the sam-
ple without rinsing with ammonia prior to the PDT. This can indicate the presence of a
defect at the interface of one of the multiple layers. Considering that none of the other
samples show this behavior, the non rinsed and thus oxidized layer of the CIGS absorber
might be creating this barrier and not allowing for the proper deposition of the RbF PDT.
As a consequence, rinsing of samples that have been exposed to air prior to the PDT is a
key aspect to consider (discussed in Section B.1.2).

LIV plots Se experiment open shutter DIV plots Se experiment open shutter
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Figure B.6: LIV and DIV curves of the different samples, of the Se experiment with open shutter.

Now, inspecting the LIV and DIV parameters of PDT rinsed samples, shown in Fig-
ure B.7 a slight improvement can be observed on the Vg¢, nl and Jo when compared to
the results with closed shutters (Section B.1.1). Remarkably, FF for the sample with rins-
ing and 35 minutes show an evidently increased performance, and thus probably the
combination of this procedure together with an improved rinsing might result in better
electrical parameters (discussed in Section B.1.2).

Similar to the previous experiment with closed shutters, an evident Cu depletion is
observed in the XRF maps (Figure B.8), but this time a stronger depletion is observed
especially in quadrant 4, which is the bottom right quadrant. This can be detected in the
Raman spectra of selected cells from the different samples, where the intensity of the
OVC peak is higher when compared to the sample with closed shutters.
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Figure B.7: LIV and DIV parameters Se experiment open shutters.
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Figure B.8: XRF results Left. before, Right. after PDT. Open shutter.

Table B.4 and Figure B.9 show the results of 8 selected cells with different CGI con-
centrations. In parallel to the sample with closed shutters, the location of the CIGS Al
peak did not change since the Ga concentration was kept the same in both samples.
However, the width of the Al peak which can be correlated with the Cu concentration,
increased by 1 cm™!, indicating that a stronger Cu depletion is created in the surface of
the absorber and thus, a higher intensity for the OVC peak can be observed on cells M6,
and Q1. Whereas, cells N4 and Q8 do not show the increase in the width of the A1 mode
but still show a clear OVC but with lower intensity. Lastly, cells B6 and H7 do not show
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the presence of the OVC thanks to the higher initial CGI concentration before starting
the PDT.

Table B.4: Raman selected cells with different CGI concentrations. Fitted CIGS Al peak location and width. Se

experiment open shutter.

Sample Cell CGI peaklocation peakwidth ovc GOF

[Yes/No]

[cm-1] [cm-1]

45 Min + NHs [2%] D3 0.91 174 4 N 0.986
45 Min + NHs [2%] H2 0.91 174 4 N 0.985
Reference B6 0.92 174 4 N 0.985
Reference H7 0.86 174 4 N 0.994
35 Min + no NH3 N4 0.88 174 4 Y 0.985
35 Min + no NH3 Q1 0.87 174 5 Y 0.973
35 Min + NHs [2%] Q8 0.87 174 4 Y 0.988
35Min + NH3 [2%] M6 0.89 174 5 Y 0.982
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Figure B.9: Raman spectra Se experiment open shutters, 8 cells with different CGI.

With the series of experiments performed to identify the optimum Se atmosphere,
two important conclusions can be established. On one hand, the electrical parameters
such as Voc, Jo, n1, and FF are heavily affected by exposing the samples to air prior to the
PDT. Thus, the Se atmosphere inside the chamber and rinsing procedure prior starting
the PDT play an important role to prevent the degradation of these parameters. In order
to prevent this, the Se source must be turned on 35 minutes in advance to create the
optimum Se atmosphere inside the chamber. Moreover, opening the substrate shutter
and enabling the direct interaction between the flux of Se and the substrate is crucial
when the substrate temperature is above 280°C.
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On the other hand, the identification of an optimum rinsing procedure prior to the
PDT is important, since the performance of the PDT samples without rinsing shows a
clear barrier seen as a rollover in the dark IV curves. This barrier can be created after the
PDT is deposited on the samples or directly after exposing the samples to air.

B.1.2. CLEANING PROCEDURE BEFORE STARING PDT

R INSING of the samples that have been exposed to air, prior to the PDT proves to be
critical to obtain good performance. In particular, parameters like FE Vo are greatly

reduced and, Jy increased. This can be attributed to a degraded or oxidized top surface

from the bare CIGS absorbers.

In literature, different rinsing procedures have been carried out with different chemi-
cals to remove the undesired compounds that form on the surface of the CIGS [4]. Among
the different chemicals, for simplicity and reproducibility, 4 different chemicals were
used: potassium cyanide (KCN), ammonium sulfide (AS), and ammonia (NH3) solution
of 5% instead of the 2% solution used previously. When using KCN, AS and NH3 5% the
samples were dipped completely in the solution while for the NH3 2% the samples were
rinsed on the surface only. After finishing the samples rinsing with KCN and AS, they
are cleaned using distilled water and blown dry with Nitrogen while NH3 ones are only
blown dry with Nitrogen.

The different variations for the cleaning procedure of air exposed absorbers prior to
the PDT is depicted in Table B.5, sample number 2, and sample number 3 will show the
direct effect of KCN etching on high CGI and low CGI samples respectively. Moreover,
since AS shows lower etching rates compared to KCN, the etching time for AS is increased
by 2 times [4] with respect to KCN.

Table B.5: Cleaning procedure air exposed absorbers prior PDT.

Sample Se Curcible Substrate heating  Substrate shutter Rinsing prior Solutionwt Rinsing time

start time [min]  start time [Min] Open [Yes/No] PDT [%] [min]

1 - - - Ref - Ref

2 0 35 Yes KCN 5 5

3 0 35 Yes KCN 5 5

4 0 35 Yes AS 20 10

5 0 35 Yes NH; 5 5

6 0 35 Yes NH;3; 5 2

7 0 35 Yes NH; 5 1

It is important to remark that samples five to seven have a different PDT variation.
This variation was performed based on the best results obtained from samples that have
not been exposed to air. Table B.6 show the variation of the PDT implemented for the
samples etched with KCN and AS and the ones etched with NHs.

Table B.6: PDT variations for rinsed air exposed absorbers.

Sample PDT substrate PDT source Capping layer PDT duration
P temperature [C] temperature [C] deposition time [min] [min]
2-4 350 565 1 6.5

5-7 360 565 2 6.5
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Figure B.10 shows the electrical performance of air exposed absorbers under differ-
ent rinsing procedures. Similar to the previous air exposed absorbers the Voc, FE and
Jo showed decreased performance when compared to the reference sample, this can be
due to poor compatibility between CIGS and the RbF added layer on top of it. How-
ever, the compatibility between the added PDT layer and the buffer layer might be also
responsible for the lower performance.
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Figure B.10: Different rinsing procedures for air exposed absorbers.

Among the different rinsing techniques used to clean the samples, AS showed the
worst results in FF and Jy. FF is decreased by almost 50% on average compared to the
other samples and Jj is increased by 2 orders of magnitude. This can be explained by the
extremely low CGI observed on the XRF maps Figure B.13 and the presence of a barrier
observed in the DIV curves Figure B.11. On the other side, samples rinsed with NHj3
show better Jy and FF but the loss in Vo compared to the reference sample is more than
100 mV. This loss in V¢ can be explained by the different PDT variations or incomplete
coverage of the CdS buffer layer. It is important to remark that in contrast to the AS
rinsed samples the NH3 ones do not show the s-shape anomaly in the DIV curves (Figure
B.12). Lastly, the performance of KCN etched samples despite the CGI of the sample
show similar trends in all the electrical parameters along with the LIV and DIV curves
being the closest to reference performance.
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Figure B.11: LIV and DIV plots for the KCN and AS rinsed samples.
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Figure B.12: LIV and DIV plots for the NH3 rinsed samples.
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Figures B.13 and B.14 show the CGI concentration before and after the PDT for the
different rinsing procedures. It can be observed that the AS etched sample shows a large
decrease in the CGI compared to the KCN and NHj3 ones. This might be related to the
long exposure time to the chemical, nevertheless, sample number 4 show initially had a
lower CGI concentration even before the PDT.
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Figure B.13: XRF results Left. After, Right. Before PDT and KCN-AS etch.

On the contrary, samples etched with NH3 (Figure B.14) show a much lower decrease
in the CGI concentration. It is worth motioning that the substrate temperature and the
capping layer thickness during the PDT for samples five to seven is different.

=)

Sample 210510_1 Before PDT

Sample 210517_1 After PDT

DO TVOZEErXcec —_IOTMMOTO®>

12 s 4 5 6 7 8 9 COY O 1 2 3 4 5 6 7 8 9 ColM
1%l 10.93
A
Q2 I8 | a1 092 B 0.92
= - c
D
090 E 0.90
F
G
089 H B 089
|
J
087 K 087
L
M
Q3 Q4 086 086
o
P
084 o 084
N N N I I R [

0.83

Figure B.14: XRF results Left. After, Right. Before PDT and NH3 [5%] etch.
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Figure B.15 and Table B.7 show the different Raman spectra for 8 cells with differ-
ent CGI compositions. Similar to previous samples, the width of the CIGS Al mode de-
creased for the lower CGI cells, and a clear OVC peak appear.
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Table B.7: Raman selected cells with different CGI concentrations. Fitted CIGS Al peak location and width. AS
and KCN rinsed samples.

CIGS Al CIGS Al oVC
Sample Cell CGI peaklocation peakwidth GOF
[Yes/No]
[cm-1] [cm-1]

Reference E6 0.89 174 4 N 0.992
Reference C9 0.85 174 4 N 0.993
KCN (HighCGI) D3 0.87 174 4 N 0.996
KCN (HighCGI) Al 0.89 174 4 N 0.995
KCN (Low CGI) K2  0.87 174 4 Y 0.995
KCN (Low CGI) K4 0.86 174 5 Y 0.994
AS N7 0.85 174 5 Y 0.971
AS Q8 0.88 174 5 Y 0.977
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Figure B.15: Raman spectra KCN and AS rinsed samples.
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In contrast to previous air exposed absorbers analyzed by Raman spectroscopy, the
samples etched with NH3 and with a different variation of the PDT (longer capping layer
and higher substrate temperature for RbF deposition) showed intensities in the OVC
three to four times to what it is observed in previous results. Figure B.16 and Table B.8
show that despite having a larger CGI concentration than KCN and AS etched samples
the intensity of the OVC peak is sometimes on the same magnitude as the CIGS A1 mode.
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Table B.8: Raman selected cells with different CGI concentrations. Fitted CIGS Al peak location and width.
NH3 [5%] rinsed sample.

CIGS Al CIGS Al ovC
Sample Cell CGI peaklocation peakwidth GOF
[Yes/No]
[cm-1] [cm-1]
Referemce D8 0.91 174 4 N 0.993
Referemce B6  0.92 174 4 N 0.996
5 Min NH3 D3 0.92 174 5 Y 0.995
5 Min NHj3 Al 0.93 174 5 Y 0.994
2MinNHs N3 0.88 174 5 Y 0.993
2 Min NH3 Q4 0.89 174 4 Y 0.992
1 Min NH3 N7 0.85 174 5 Y 0.993
1MinNH; K6 0.83 174 5 Y 0.992
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Figure B.16: Raman spectra, NH3 rinsed sample.

B.2. CONCLUSIONS

FTER the multiple experiments performed on exposed to air samples it was noticed

that the Se atmosphere before starting the PDT can affect the FF of the solar cells
when it is not present the FF is heavily reduced by almost 6-7%. Along with this, it can be
concluded that the most important parameter to prevent the formation of barriers, ob-
served as distortions in the IV curves is the rinsing of the samples prior starting the PDT.
On one side, if a prolonged rinsing is performed (especially with AS) S-shapes appear
in both dark and light IV measurements. On the other side, if no rinsing is performed
S-shapes appear only in dark IV measurements suggesting that a possible barrier is still
present at one of the front interfaces.
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Furthermore, with the use of Raman spectroscopy the appearance of the OVC peak in
the samples with PDT and CGI concentrations below 0.90 was identified. This indicates
that a Cu depletion is been created by the implementation of the RbF PDT and the InSe
capping layer. In some cases, this Cu depletion can also be observed as a widening in
the CIGS Al mode, probably suggesting a stronger Cu depletion in the surface and in the
bulk. With the preceding internship, it has been observed that the OVC peak intensity
can be reduced by tuning the substrate temperature during the deposition of the RbE
Nevertheless, this was performed on the sample etched with NH3 [5%] and the inten-
sity of the OVC peak increased considerably, however, this can be a consequence of the
prolonged InSe capping layer deposited.
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Figure B.17: Electrical performance of the different rinsing procedures implemented for air exposed absorbers.
All samples have 35 min Se atmosphere before the PDT is started, and the shutter is open.

Noticing the low electrical performance of the samples when compared to the base-
line (Figure B.17), regardless of the different preconditioning techniques performed on
them, it was decided to stop the processing and switch to the development of the PDT
on non-exposed to air samples.
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CORRELATION BETWEEN
ELECTRICAL PARAMETERS AND
MATERIAL COMPOSITION

0 be able to understand and correlate the material properties of the solar cell with

the electrical performance, various graphs were plotted from the different sets of
experiments performed. It is important to point out that in the following graphs all the
cells (good and bad performing) that were measured by Raman spectroscopy are shown,
which explains the big spread in CGI and electrical parameters.

C.0.1. TEMPERATURE SERIES

F IGURE C.1 shows the correlation of the light IV parameters with the CGI and OVC
peak intensity. Regarding Vpoc and OVC intensity, a correlation of 0.56 between these
parameters can be obtained, which can be observed in the graph where as the OVC in-
tensity increases so does Voc. On the other hand, FF and OVC show a negative corre-
lation of -0.32, which is not as strong as the preceding one but can be slightly noticed
on the graph. With respect to efficiency and OVC, the spread in the measured point is
large and no correlation can be detected. Similarly, the non-uniformity in the CGI of the
samples makes it difficult to correlate the electrical performance with the material prop-
erties, however, 1 tends to increase as the CGI of the samples increases, this explains the
decision of going towards higher CGI content discussed on Section 4.3.2.

In the same way, the correlation of the DIV parameters with the CGI and OVC inten-
sities is displayed in Figure C.2. Two relevant things can be observed, the first one is that
the number of measured points is reduced, this is a result of the DIV measurements in
which not all the cells are measured and some of the results are excluded. Alongside this,
the spread of the points is big and no clear relationship can be established.
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Figure C.1: Temperature series LIV electrical parameters correlation with material properties
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Figure C.2: Temperature series DIV electrical parameters correlation with material properties

C.0.2. CGI VARIATIONS

N Figure C.3 shows the different electrical parameters and material properties ob-

tained for the high CGI sample. Remarkably, only one of the cells measured reveals
the presence of OVC, this goes in accordance with what was expected after reducing the
capping layer thickness and increasing the CGI of the sample.
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Figure C.3: CGI variation series LIV electrical parameters correlation with material properties

Clearly, no correlation can be established from the OVC intensities. But concerning
the CGI, when it is greater than 0.90 the V¢ and FF of the samples is extremely reduced.
This observation can be correlated whit the DIV parameters shown in Figure C.4, where
the Jp and n1 of the samples increase with CGI with a correlation coefficient of 0.40.
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Figure C.4: CGI variation series DIV electrical parameters correlation with material properties

C.0.3. BUFFER LAYER VARIATIONS
T HE last set of samples analyzed is the buffer layer variation set, in which different
rinsing techniques and CBD were implemented with the optimized variables of the
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Figure C.5: Buffer layer variation series LIV electrical parameters correlation with material properties

PDT expecting to get the best performance. Figure C.5 shows the compilation of the
results obtained, looking into the specified range for the CGI (0.85<0.90) the best cells
are obtained (210401_1 Q3), displaying no OVC intensity and significantly better Vpc
and FE Close to these cells characteristics, sample 210805_1 Q3 with CGI above 0.90 and
no OVC intensity exhibits even better FF but marginally lower V¢, in the same manner,
but with a CGI of 0.89, OVC intensity of 0.03 and thus smaller FE yet similar Voc sample
210802_1 Q2 demonstrate similar performance.
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Figure C.6: Buffer layer variation series LIV electrical parameters correlation with material properties

Once again, thanks to the big spread in the data and the insufficient data points in the
DIV data, in Figure C.6 no correlation can be established between the DIV parameters
and material properties.



RAMAN BASELINE SUBTRACTION
AND FITTING PROCEDURE

D.1. RAMAN BASELINE REMOVAL

To remove the baseline from the spectrum obtained, MATLAB software is used. To do
so, an n-degree polynomial spline is calculated by interpolating selected points on the
spectrum. The advantage of this method is that n points can be selected on the spec-
trum to get the most accurate fitting result. First, as it can be seen in Figure D.1 left, the
software makes it possible to select the different points with the cursor, then based on
the selected points a spline is calculated (red). The final spectrum (blue) is the differ-
ence between the original spectrum signal and the spline line, as it can be seen in Figure
D.1 right. As an example, Figures D.2 left and right shows different results that can be
obtained by varying the number of selected points on the reference spectrum.
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Figure D.1: Left. Point selection for line interpolation. Right. Result with the calculated baseline
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Figure D.2: Left. Raman baseline result using 4 and Right. 6 points

D.2. RAMAN FITTING PROCEDURE

Once the baseline is subtracted from the reference spectrum, the results are fitted into
an eight term Gauss model. By making this, it is possible to identify and calculate eas-
ier the location, area, height, and width of the peaks at half maximum height. Figure
D.3, compare multiple Gaussian models with the different number of terms. Distinctly,
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Figure D.3: Different Gauss fitting for Raman results

seven and eight terms fitting show the most accurate results but if 7 terms are used the
OVC peak is not clearly detected by the 7-term fit, in contrast with the 8-term model all
the peaks are clearly identified. In Table D.1, different values of the R-square are shown
changing the number of Gaussian terms used to fit the Raman spectra. Assessing this
parameter, it can be inferred that the 8 terms Gauss fitting shows the best fitting among
the others.
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Table D.1: Goodness of fit for different Gauss fitting terms equation.

Number of terms Goodness of
Gauss fitting fit
0.929
0.971
0.973
0.974
0.974
0.988
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VARIABLE IRRADIANCE
MEASUREMENTS DATA PROCESSING

E.1. VIM Ve LOSS QUANTIFICATION

One approach to investigate the loss in Vp¢ created by the barrier is to calculate the
pseudo IV curve in which the effect of the series resistance is neglected. This can be done
by comparing the DIV curve of the solar cell and LIV curve recreated with the V¢ and
Jsc with the different irradiance levels. The deviation of the reconstructed curve from
the DIV curve at 1000W/m? can give an approximate quantification of the voltage loss.
In order to do this, the Jsc obtained at 1000 Wm™? is interpolated linearly using the data
of the DIV curve to extract the ideal V¢ of the solar cell. Once this value is obtained, the
difference between the calculated value and the V¢ at 1000 Wm™2 is performed. Figure
E.1 shows with an arrow the approximate loss observed in one reference cell.
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Figure E.1: Left. Different IV curves were obtained for different irradiance levels. Right. DIV-Pseudo LIV curve
comparison.
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E. VARIABLE IRRADIANCE MEASUREMENTS DATA PROCESSING

E.2. VIM FF SLOPE QUANTIFICATION

As discussed in Chapter 4.3.1 and 4.3.3, it was observed that the PDT solar cells show
a slight decrease in FF when exposed to higher irradiance levels. In order to assess this
FF decrease quantitatively, the values were fitted to a linear model. The slope and the
R-squared values of the fitted equation were calculated to evaluate the goodness of the

fit (GOF) and select the best fitting range.
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Figure E.2: FF dependence on the irradiance level example.

Table E.1: Results of the fitted cells.

200 400 600 800 1000
Irradiance [W/mz]

Fitted range/ 400-1000 200-1000 300-1000
8 [Wm2] [Wm 2] [Wm2]
Name Slope Slope Slope
P GOF P GOF P GOF
[a. u.] [a. u.] [a. u.]
210624 1 B8 -194x103 952 -99x10% 534 -163x103 89.1
2108051 C3 —6.03x1073 99.8 -531x10"3 985 —572x10"% 99.2
210706_1 K6 -7.24x107% 996 -6.84x10"3 995 —7.11x10"3 99.6

Figure E.2 shows the variation of the FE V¢ and n with the irradiance level. It can
be observed that the FF and V¢ show a linear trend between 200 and 1000 Wm™2. Con-
sequently, a first degree polynomial is fitted with the use of MATLAB. In case the GOF is
below 90% the cell is excluded and not fitted. Table E.1, shows the different slopes and
GOF values obtained for some cells changing the range of the fitting. After evaluation, it

was concluded that the best range to perform the fitting is between 400-1000 Wm ™2,



CAPPING LAYER THICKNESS

To be able to establish the optimum capping layer substrate temperature and thickness,
first, a characterization of it was performed. During this characterization, In and Se were
co-evaporated in a Mo substrate at a temperature 380°Cfor a period of 10 minutes. Af-
terward, with the use of a profilometer, the thickness of the evaporated layer was mea-
sured. Figure FE1 shows the evaporated layer on the sample, and figure E2 shows the
thickness profile of the six different measurement points. The first step, present before
50um corresponds to the edge of the capping layer (Figure F 1, right), therefore, the aver-
age thickness calculated corresponds to the points that are present right after the second
step.

Figure E1: InSe capping layer on Mo substrate. Left 4 quadrants evaporated InSe layer, with the 6 different
measurement points. Right close up with the profilometer to the edge of the layer, edge step.
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After analyzing the results, the deposition rate was calculated based on the average
thickness obtained for each of the quadrants. Table F1 shows that on average the depo-
sition rate is uniform for all the quadrants and on average 24nm of InSe are deposited
per minute.
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- Figure E2: Capping layer thickness on the 4 different quadrants.

Table E1: Average capping layer thickness.

Average Thickness Deposition rate

Quadrant [nm)] [nm/min]
1 238.9 23.8
2 230.27 23
3 255.43 25.5
4 245.62 24.6




RBF DEPOSITION RATE
CALIBRATION

ASED on the literature review and partners suggestions, the optimum amount of Rb

that needs to be deposited in the sample is 12.6nm. This is achieved using a deposi-
tion rate of 0.074 A/s at a temperature of 565°C. Intending to optimize the Rb incorpora-
tion to the surface of the sample and as suggested by the literature, 2 different deposition
rates were implemented, 0.074 A/s and 0.05 A/s for either 6.5 or 10 minutes deposition
respectively.

To be able to deposit the optimum amount of Rb, a characterization of the deposi-
tion rate of RbF at different temperatures was performed. Table G.1 shows the different
variations of temperatures used and the estimated deposition rate. The deposition rate
is calculated by using a quartz microbalance crystal (QCM) that is present on the inside
left of the tool.

Table G.1: RbF deposition rates at different temperatures. *The deposition rate was not stable at this
temperature, fluctuating constantly between the reported values, probably thanks to the PID controller.

RbF Temperature Deposition rate

[°C] [A/s]
565 0.074
560 0.06
555 0.051
554 0.05
553.7 0.044-0.046*
553 0.046
552 0.04
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XRF MAPS OF THE DIFFERENT
SAMPLES

The non-uniformity present in the composition of the absorbers can be observed in
the multiple XRF maps shown below. This nonuniformity is present in all Solliance co-
evaporation samples and it develops mainly on the top right quadrant (Q2), where the
composition of CGI is higher compared to the remaining quadrants. Figure H.1shows
the non-uniformity especially for the CGI of the sample, in which the Cu is the cause of
the big non-uniformity for the CGI of the samples (Figure H.2). Typically, the CGI of the
baseline samples is between 0.87 and 0.89.
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Figure H.1: XRF map reference sample.
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Figure H.3: XRF map 340°C sample.
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Figure H.4: XRF map 350°C sample. (Quadrant 4 XRF data was not measured, sample processing mistake)
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Figure H.5: XRF map 360°C sample.
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Figure H.6: XRF CGI maps capping layer variations
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Figure H.7: XRF map, buffer layer variations. Q1 and Q2 NH3 (Wet), Q3 and Q4 NH3+N»
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