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Abstract

The need for more efficient, cheaper, easily producible solar cells is growing as this combination of
attributes can decrease the levelized cost of energy (LCOE). A two-terminal (2T) Perovskite and gallium-
inidium-gallium-selenide (Pvk/CIGS) tandem cell is an excellent candidate, as it can have a power
conversion efficiency (PCE) of +30%, can be flexible (making it suitable for roll-to-roll production), and
the deposition of a Pvk solar cell (PSC) on top of established techniques like CIGS will only add one
extra step to the production process, thereby improving the PCE significantly

This thesis is part of LAFLEX-2T project which aims to design and engineer a highly efficient flexible
2T thin-film solar device based on the Pvk/CIGS tandem configuration. The aim of this thesis is to
develop an opto-electrical model of the tandem configuration which replicates the inner physics of a
reference solar cell. This can be used to give insights on the current losses occurring in the cell and on
the limitations in the charge carrier transport towards the electrodes. Based on this analysis, a route
of improvements is proposed with could result in more efficient solar cells.

The simulation template uses optical and electrical simulations based on GENPRO4 and TCAD Sen-
taurus, respectively. An extensive model for Pvk/CIGS tandem cells is presented and validated using
experimentally obtained J-V curve measurements. It was found that charge transport in the tunnel
recombination junction (TRJ) depends on direct energy and in-direct energy transfer, in terms of two
tunneling mechanisms: band to band tunneling (B2BT) and trap assisted tunneling (TAT). For TAT, a
non-local model facilitated by trap states is successfully implemented.

Simulation results reveal that the transport in the TRJ of the reference solar cell is based on TAT. The
loss analysis points out that reflectance losses are responsible for a loss of 10.92 mA/cm?. Similarly,
losses due to parasitic absorption are equal to 5.32 mA/cm?. The CIGS bottom was identified as the
current limiting layer. The dominant recombination mechanisms in the Pvk and CIGS absorber layer are
Shockley-Read-Hall (SRH) and surface recombination calculated as 4.71 mA/cm? and 1.59 mA/cm?
for top Pvk and bottom CIGS, respectively. An increase in losses in the absorber layers in maximum
power point (MPP) compared to short circuit (SC) conditions exposed charge transport issues in the
collecting path of charge carriers.

After assessing the loss mechanisms, a road-map for efficiency improvements is proposed. After
implementation, an increase in the PCE of the reference tandem cell was observed from 10.63% to
26.69%.
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1

Introduction

Long has the world looked for a way to create energy out of nothing [7]. With the discovery of the
photovoltaic effect, this dream has come awfully close to becoming a reality. With techniques that can
utilize the sun as an energy provider, the looming threat of a rapid increase in energy consumption per
capita and the rise in the number of people walking on this earth, ensuing in growth in total energy
needed, can be covered by a more long-term sustainable energy solution [8]. To further increase the
impact of solar energy, it is of great importance that challenges regarding the conversion from sunlight
to electricity in an efficient and cost-effective way will be tackled.

In this thesis the optical and electrical properties of a promising solar cell, containing a combination
of metal halide perovskites and copper indium gallium selenide (CIGS), will be modelled and studied,
thereby creating a guide for the eventual experimental fabrication of the cell.

In section 1.1, the potential and history of solar cells will be highlighted. General information on
tandem cells and an introduction to the absorber layer materials is done in section 1.2. Section 1.3
gives an overview of previous work done on perovskite/CIGS solar cells and explains the configuration
of the baseline tandem cell used in this thesis. The reason for simulating solar cells and an overview of
the modelling approach is mentioned in section 1.4. To conclude, the outline, objective, and structure
of the project are summarised (section 1.5).

1.1. The potential and a brief history of solar cells

As mentioned in the section above, solar power can play a significant role in the transition from fossil
fuels towards a society run primarily on renewable energies, including wind, biomass, geothermal, etc.
According to the International Renewable Energy Agency, 50% of the total energy consumption by
2050 will be provided by electricity. 90% of this will be sourced from renewable energy sources which
equal about 160 EJ [9]. As of 2020, around 600 GW of solar power capacity is installed worldwide,
but will continuously grow for the coming years. In 2050, solar PV and wind will lead the way; the
installed PV capacity will reach over 14,000 GW, compared to wind with over 8,100 GW [9]. The rapid
increase in installed PV power can be contributed to the rapid developments in this sector, leading to
competitive levelized costs of electricity (LCOE) compared to that of fossil fuels [10].

When considering these numbers, it is even more remarkable that the first practical solar cell was
only publicly demonstrated a few decades ago, with an efficiency measured of 6% [11]. The working
principle of a solar cell was first observed by Becquerel in 1839 at the age of 19, by fabricating an
electrolytic cell, made out of two platinum electrodes, placed in an electrolyte (an electrically conducting
solution) [12]. After an earlier breakthrough with a junction based on platinum and selenium, the first
properly working solar cell with an efficiency of 1% was developed in 1883 by Charles Fritz based on
a gold-selenium junction.

The real development of solar cells as we know it, started with the silicon-based solar cell made
at the Bell Laboratory in the United States by Daryl Chapin, Calvin Fuller, and Gerald Pearson in 1954
[11]. From then on, multiple academic institutes and industries started to develop silicon-based solar
cell with the main focus in space application, propelling the progress leading to the dominance of
silicon-based solar cells we see today [12]. The foundation for the subject of this thesis was seen
in 1980 when the first thin-film solar cells based on a copper-sulfide/cadmium-sulfide junction were
demonstrated with a conversion efficiency above 10% at the University of Delaware. Later in time, a
dye-sensitized solar cell (DSSC) with high efficiency was published by the Ecole polytechnique fédérale
de Lausanne in Switzerland by Michael Gratzel in 1991 [12] opening up the new research field which
would eventually lead to the development of the perovskite solar cell in 2009 [13].

Although the PV market is primarily dominated by silicon-based wafers (about 95%) [12], some

1



2 1. Introduction

materials have the potential to become the next big thing. Two of those, which are the focus of this
thesis, are solar cells based on the previously mentioned perovskites and CIGS, which if combined in a
tandem architecture, potentially could outperform standard single-junction silicon cells [2].

1.2. The perovskite/CIGS tandem

Tandem cells are interesting for thin-film technologies, as they can overcome the practical efficiency
limitations of a single-junction solar cell which is 33.16% [14]. This could potentially increase to 45%
in tandem. In the total cost of a solar panel, on average, the module only accounts for 18% [15]. Most
cost is related to the balance of system (BOS) which includes wiring, inverters and the mounting. A
module with a high efficiency will therefore directly affect the LCOE as the BOS for installed power will
significantly reduce.

Next to potential high efficiency for the perovskite/CIGS solar cell, there are more reasons to dive
into this subject. Research has shown that perovskite can relatively easily and cost-effectively be
deposited on top of already existing and well-performing technologies like CIGS and silicon single-
junction solar cells via low-temperature solution methods [16] adding just some extra steps in the
production process. Also, monolithic perovskite/CIGS tandem cells will be compatible with lightweight
flexible plastic or metal foil for roll-to-roll manufacturing, which will reduce production cost even further.

This section will give some more insights on tandem cells in general, as well as the two used
absorber layers.

Tandem cell configurations

To enhance the power conversion efficiency (PCE) and make better use of the solar spectrum, two
absorber materials with different bandgap energies can be combined in one stack, also known as a
tandem cell [17]. By covering the light spectrum in two parts, and optimizing the layers for their as-
signed wavelengths, the PCE can be increased. The top layer is the absorber with the highest bandgap,
absorbing the high-energy photons (which is equal to light with a short wavelength). The bottom cell
will therefore absorb the lower energy photons (larger wavelength) and consequently has the smaller
bandgap [12]. Furthermore, the material in the top needs to be transparent for the photons of low
energy to allow them to pass to the lower absorber [18]. This can reduce the so-called thermalization
loss of the charge carrier which is the excess photon energy lost as heat.

An important aspect of a tandem cell is the current matching. The lowest generated current density
in the top or bottom layer will determine the total current density of the complete stack. This will limit
the possible higher current density that could be reached and this will therefore directly affect the
efficiency of the cell. If the current densities can be matched, a better distribution of the generated
current could be reached. It could increase the eventual current density of the cell together with the
conversion efficiency [12]. A tandem can be seen as two solar cells connected in series. According to
Kirchhoff’s law, the tandem voltage is the sum of the voltages generated by the two subcells.

TCE
TCE I
- I ‘ High Eg
A + [ T | J
High Eg ‘ o o O A O I
_ v v v v ]
Low Eg Low Eg
+ 1 |
(a) Two-terminal monolithic stack where the absorber (b) Four terminal architecture with two separate subcells.
layers are deposited on top of each other, resulting in the Although less sensitive to spectral variation, extra layers
need for current matching [1]. and cabling are needed [19].

Figure 1.1



1.2. The perovskite/CIGS tandem 3

Based on the number of terminal connections, tandem cells are divided into three types: two-
terminal (2T), three-terminal (3T), and four-terminal (4T) tandem solar cells [1]. 2T and 4T are the
most common in literature for perovskite/CIGS solar cells. When two cells are independently wired, it is
called a 4T architecture. As the cells do not have to be current-matched, they will be less sensitive with
respect to spectral variations, but it requires extra transparent conducting layers (TCO) and additional
cabling and powerpoint tracker [2]. Figures 1.1a and 1.1b show the difference in the most common
configurations and visualize the need for extra layers in 4T cells.

By design, the 4T architecture will need to separate cells with an assembly somewhere along the
production line. Meaning, it could be considered as two separate devices which, without being con-
nected and just placed side by side, could perform better and deliver more power than stacked. The
2T architecture however is one monolithic unit, produced as one inter-connected cell in series, where
every layer is deposited on top of the other [2]. Also, theoretically, the 2T configuration has the same
performance as the 4T when the cell is at the optimum bandgap [1].

The Tandem Region

The engineering and production of a 2T tandem cell bring a lot of challenges to the table. Not only
do the cells need to be current-matched, but the bottom cell must be engineered to be a substrate for
the top-cell deposition. The eventual power output is dependant on bandgaps, quantum effiencies,
the V,. loss that can occur at both cells and the spectral transmission of the top cell. An estimate of
the maximum efficiency for perovskite/CIGS solar cells as a function of two bandgaps is seen in figure
1.2. After an analysis done by Jacobsson et al. [2] it was concluded that PCE of 30+% is attainable,
considering the state-of-the-art technologies for individual perovskite and CIGS cells, and all the layers
in the device stack are optimized.

Estimated 7 for tandem cell [%]

23

Top cell [eV]

w 14

1
0809 1 1112131415161.71819 2
Eg Bottom cell [eV]

Figure 1.2: Estimate of maximum device performance of a perovskite/CIGS tandem cell as a function of the two bandgaps,
taking in to account the state-of-the-art for both technologies [2]

The figure clearly shows that the feature of having a tunable bandgap for both cells is beneficial
for reaching top efficiencies. According to equations 1.1 and 1.2, there is a perovskite composition for
every possible CIGS bandgap. Making it thereby possible to adjust the materials to one another so a
current-matching tandem cell is achieved. More information on the two absorber layers can be found
in the subsection 1.2.

E

g.cics = 1.68x +1.03(1 — x) — 0.12x(1 — x)

x=Ga/(Ga+ In) (1.1

E

sperovskite(X,¥) = 1.58 + 0.436x — 0.0580y + 0.294x2 + 0.0199xy

_ _[B7] _ __[F4] (1.2)
T Br+[I’Y T [FA]+[MA]




4 1. Introduction

CIGS

CIGS can be classified as part of the chemical family called chalcopyrites. These materials are composed
of elements from groups I, I1I, VI found in the periodic table. Together, they form a tetragonal crystalline
structure, in which each group-I and III atom bonds with four group-VI atoms in a tetrahedral format,
and each group-VI atom bonds with two group-I and two group-III atoms [20]. By changing the
composition of CIGS, the bandgap of the material can be tuned. The equation for the composition is
given by equation 1.1, in which x takes values between 0 and 1. CIS and CGS can have bandgaps
between 1 and 1.71 eV, respectively [21]. CIGS is considered to be a direct bandgap material.

As the project is performed in close collaboration with TNO and the eventual cell will be fabricated
by them, their standard configuration of CIGS solar cells will be used. It consists of a glass substrate,
molybdenum (Mo) back contact, CIGS absorber and CdS buffer layer which will be briefly talked about.

The most common substrate used is soda-lime glass (SLG). It is favorable for its high thermal
stability, similar thermal expansion coefficient as CIGS, and the sodium (Na) content that can diffuse
into the CIGS [22].

The most popular back contact for CIGS cells is Mo because of its stability during high-temperature
growth of the CIGS layer when fabricating the cell. It also forms an ohmic contact with CIGS [21].
Because of its low resistance, the charge flows easily both ways. However, due to the high absorption
coefficient and the low reflectivity, the material is unfavourable for the optical performance. These
aspects result in absorption of light without reflecting it back into the solar cell which has a negative
influence on the efficiency. On top of the Mo layer, the CIGS is deposited, which is followed by the
so-called buffer layer. In a normal CIGS cell, the buffer layer would be positioned between the absorber
and the TCO layer. But in the tandem cell, the buffer is situated between CIGS and the recombination
layer which will be described in section 1.3. The buffer layer (n-type) is used to form the p-n junction
and has multiple roles. It gives a better lattice match between the absorber and the transparent mid-
layer (mid TCO). It also protects the CIGS surface during the sputtering of the mid transparent layer
and creates a buried junction to prevent losses via recombination of minority carriers [12].

The layer consists of a few nanometers of CdS. As Cd is a toxic material and CdS has high parasitic
absorption, the research world has sparked interest in other relevant materials that could be used such
as Zn(0,S), Ln,S;, (Zn,Mg)0 and (Zn,Sn)0 [22].

Perovskite

Perovskites are organic-inorganic hybrid materials with the general chemical equation of ABX;. ‘A’is the
monovalent organic cation like methylammonium (MA, CH;NHZ) and formamidinium (FA,CH(NH,)%),
which is also often mixed [2]. The B is the metal cation, such as lead-ion Pb(II) and tin-ion Sn(II),
where B is smaller than A. The Xis the halide (i.e. Cl~, Br~, I™). The 3 components form the general
cubic crystal structure of perovskite [23]. The best performing perovskites today have a composition
comparable to Csj ¢sFAg79MA16PbBrj 49155, [24]. The bandgap of this material is around 1.7 eV
which makes it suitable as a top cell layer in the tandem configuration. The bandgap can be increased
by increasing the ratio of Br. Although, in access of 40-50% a phase instability where phase separation
is observed into I and Br richer regions, which decrease the cell performance [25]. Not only the tunable
bandgap is reason for the interest in the material. There are other desirable properties of perovskite
like high carrier mobilities, high absorption coefficient and long charge carrier diffusion length. The
perovskite solar cell (PSC) exists in two types of solar cells, thin-film solar cells and multi-junction solar
cells.

An important phenomenon to mention is the so-called hysteresis. Depending on the voltage scan
direction (forward or reverse) and scan rate, the J-V curve can have significant differences. This
can cause over- or underestimations of the device performance. Hysteresis is a well-documented
phenomenon but the underlying processes are not well understood and multiple suggestions about
the origin are made. Some examples are trapping or de-trapping of charge carriers, ion-mitigation
or ferroelectric behaviour of the perovskite [26, 27]. Some research has shown that defects near the
electron transport layer and perovskite (ETL/perovskite) interface potentially cause the anoumalous
hysteresis [28]. The hysteresis effect will not be researched in this thesis as it is out of the scope of
this thesis.

Previous work on perovskite/CIGS tandems
The combination of a perovskite/CIGS solar cell was first proposed in Yang et al. in 2015 [29] and
has been topic of research from then on [30—-32]. When cells consist of two different absorber mate-
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rials, there can be multiple ways of engineering the eventual architecture of the cell [30]. Table 1.1
summarizes the work that has been done on the perovskite/CIGS solar cells for both the 2T and 4T
configuration. For the 4T, the cell characteristics can be measured for each absorber layer, so only
the total cell efficiency is mentioned. For this thesis, only a monolithic 2T perovskite/CIGS solar cell is
considered.

Source Type Jsc Ve FF PCE
(mafem?) (V) % ()%
2-terminal

[18]  Modelling 20.49 1.81 81.8 30.5
[33] Modelling 15.79 1.69 729 27.6

[32] Experimental 18.0 1.58 76.0 21.6
[34] Experimental 16.10 145 68.2 15.9
[2] Experimental 13.5 1.57 70.0 15.0
[31] Experimental 17.3 1.77 73.1 224

4-terminal
[35] Experimental - - - 28.0
[36]  Experimental - - - 25.9
[15]  Experimental - - - 22.1
[37] Experimental - - - 23.4
[38] Experimental - - - 20.7
[39] Experimental - - - 17.8

Table 1.1: Characteristics overview of published work on perovskite/CIGS solar cells, both modelled and experimental. As
hysteresis causes different forward and reverse values, the average is taken.

1.3. The baseline tandem stack

This thesis project is based on a very specific configuration of a perovskite/CIGS solar cell, which
was developed in collaboration with TU Eindhoven, TU Delft, TNO, UHasselt, within LAFLEX-2T project
consortium. The LAFLEX-2T project has the goal to deliver a higly efficient monolithic 2T flexible per-
ovskite/CIGS tandem cell with a PCE of above 19%. This section will give more insight into the work
done on perovskite/CIGS solar cells and give a layer-by-layer configuration of the baseline tandem.
Next to the standard configuration of the subcells discussed in earlier sections, more layers in the tan-
dem cell are needed to create a fully energy-aligned stack. For the needed extra layers, the function
and possible materials are briefly mentioned including the one used for the baseline tandem configu-
ration in this thesis.

Figure 1.3 shows the configuration of the perovskite/CIGS solar cell. The cell can be divided in three
main parts, the perovskite top layer, the CIGS bottom layer, and the connecting tunneling recombination
junction (TRJ). The perovskite top layer consists of the absorber material, perovskite, a hole transport
layer (HTL), and an electron transport layer (ETL), which make sure generated charge carriers are
separated and move in opposite direction towards either an electrode (the electrons) or the towards
the TRJ (the holes), which consist of the PEDOT:PSS and sALD SnO, layer. This junction makes sure
that non-collectible generated carriers in both absorber layers can recombine. Non-collectible charge
carriers are the charge carriers that are not collected at one of the electrodes. The CIGS bottom
layer consists of the earlier mentioned CIGS absorber layer, CdS HTL and the needed mid TCO. In the
following subsections, the remaining layers are discussed in more depth.

The mid TCO

On the top of the buffer layer of CIGS a transparent conductive oxide (TCO) is deposited. This layer
needs to be conducting, transparent, and must fit the energy alignment. The TCO layer is only required
to conduct in a vertical manner as it only transports charge carriers towards the top or bottom, no lateral
conduction is needed. Decreasing the parasitic absorption in the NIR/IR-region (Near infrared/infrared)
of light is important as these are the wavelengths that reach the bottom cell. Two materials that have
properties that meet the requirements are aluminium doped zinc oxide (AZO), intrinsic ZnO (i-Zn0O),



6 1. Introduction

TCO (ITO)
SALD SnO,
PCBM

PEDOT:PSS

Figure 1.3: The monolithic Perovskite/CIGS tandem cell stack configuration used in this thesis, including an inverse Psc on top
of a standard CdS/CIGS stack connected via the TRJ.

and intrinsic SnO, (ITO) [2]. The used mid TCO in the thesis baseline tandem is i-ZnO in combination
with SnO,.

The HTL

Due to the polarity of the CIGS, the configuration of perovskite needs to be in the "“inverted” config-
uration (p-i-n) [32]. This means an HTL layer must be deposited first on top of the mid-TCO layer.
This recombination layer between the cells needs to be transparent, energetically aligned with nearby
layers and act as hole-selective contact with respect to the perovskite, and act as a good substrate for
deposition of the perovskite material.

Typical HTL for this configuration are poly(triaryl)amine (PTAA) , PEDOT:PSS or a metal oxide such
as Nickel Oxide (NiO,) and Tin Oxide (SnO;) [32]. Jost et al. (2019) suggest a double HTL composed
of NiO, and PTAA would be beneficial for perovskite tandem cells which increased the V,. due to
reduction of recombination at the HTL/perovskite interface which is referred to as a bilayer. In literature,
more combinations of the HTL materials used for bilayers are suggested like PEDOT:PSS/PTAA [40].
This combination does not need the use of any metal oxides, which is beneficial as their chemistry is
complicated with a lot of variety in their stoichiometry [41], have different phases [42] and a number
of different possible surface oxides [43]. The baseline tandem cell has a PTAA/PEDOT:PSS as the HTL,
in which PEDQOT:PSS also plays a role in the tunnel recombination junction.

The ETL

For the functioning of a perovskite tandem cell, there is a need for an ETL layer which needs to have
the right energy alignment, electron selective for charge carriers, and be transparent for IR to UV. For
the p-i-n configuration fullerene Phenyl-C61-butyric acid methyl ester (PCBM) is most used. Another
material that is often seen is C60 which is chemically very similar to PCBM. Also, SnO, can be used but
brings similar problems as was seen for other metal oxides for HTL [2].

The optimization of the ETL layer is an ongoing topic. The possibility of adding a high bandgap
insulator like LiF or MgF2 in the ETL is mentioned in literature [44]. LiF and MgF2 are often used as an
anti-reflective coating but could possibly passivate shunts and reduce surface recombination [2]. For
the baseline tandem material combination of PCBM and SnO, is used.

Tunneling Recombination Junction
To achieve a monolithic solar cell, a tunneling recombination junction (TRJ) is sandwiched between the
top and bottom cell and connects the cells in series. This interface between the two absorber layers,
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should next to electronically couple these layers, also ensure efficient charge recombination of minority
carriers, sans inducing majority carrier recombination in the top or bottom layer. Recombination of
majority carriers would reduce the collected current and equal current losses. Recombination in the
TRJ is facilitated by the possibilities of charge carriers tunneling through empty states according to
quantum mechanics [45]. According to the current matching principle, explained in section 1.2, an
even amount of electrons and holes should be collected at each subcell’s contact interface thereby
creating the current matching conditions. The properties of its TRJ are an additional factor that strongly
determines the overall tandem performance. It can simultaneously affect its Js., FF and V.

In tandems, the two layers that make up the TRJ for perovskite/CIGS are mostly the ETL and HTL
of the respective subcells. Thereby it could be said that the carrier transport layers fulfill two roles; 1.
collecting charge carriers and 2. enabling efficient minority-carrier recombination [46]. As mentioned
above, the mid SnO, layer together with the PEDOT:PSS layer will function as the TRJ.

1.4. Modelling of tandem cells

The previous section showed the layer configuration and the role of the different layers in the per-
ovskite/CIGS tandem cell. As synthesizing and testing different materials with different properties can
be very time-consuming, modelling of the cell containing realistic semiconductor physics and mate-
rial properties could be a solution. As more layers are added to the configuration of a solar cell, the
complexity of understanding the eventual effect of certain materials cannot be described analytically
or be explained by simple reasoning. Luckily, numerical simulation can be used to simulate underlying
physics within semiconductors to compare and analyze proposed devices. By modelling, the effect of
certain changes to a configuration can be predicted, resulting in guidelines for the eventual fabrication
of the cell in the lab. This could speed up research significantly.

Opto-electronic modelling of tandem cells has previously been reported [47-49]. The models mostly
reduce the cell to a one-dimensional (1D) model, neglecting the electron and hole fluxes into y- and
z-direction and mostly consider single trap level and density distribution for perovskite layers [18].
Secondly, the TR] is often modelled as a direct energy aligned junction, mainly based on band to band
tunneling without considering all the possible tunneling mechanisms that can occur [50].

This thesis presents a unique two-dimensional (2D) model, using a combination of accurate and
fast optical generation profile modelling by using the GenPro4 software [51] and the fundamental
semi-conductor physics modelling with the TCAD Sentaurus software. By not only solving the standard
partial differential equations, but also including detailed recombination models induced by defect states
in material bulk and interfaces, and accurate tunneling mechanisms in the top and bottom connecting
TRJ based on direct (B2BT) and indirect (TAT) tunneling mechanisms, the inner physics of a tandem
solar cell can accurately be reproduced. This can lead to a deep understanding of the of the losses in
the cell. This information can then be used for targeted optimization approaches. Not only will this be
useful for perovskite/CIGS tandem cells, but for all different tandem material combinations, or even
multi-junction devices.

1.5. Project description and outline

The aim of this thesis is to study the physical mechanisms ruling the performance of thin film per-
ovskite/CIGS tandem solar cells by using optical and electrical modelling approaches. An example
tandem cell configuration developed within the LAFLEX-2T project, figure 1.3, was used as baseline for
the model. From this study, the optical and electrical bottlenecks regarding the current losses in the cell
can be identified and optimizations are suggested regarding light management techniques, material
choices, and parameters. This can then be used as a guideline for the experimental optimization of the
same stack, which can result in speeding up the progress of reaching a high-efficiency perovskite/CIGS
flexible thin-film tandem cell.

The objectives of this thesis can be divided in three main points:
1. Develop a realistic modelling template for the perovskite/CIGS baseline tandem cell
2. Perform an optical and electrical loss analysis of the baseline tandem cell

3. Propose recommendations and guidelines for the optimization of the baseline tandem cell
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Chapter 2 will give an introduction to the theoretical background. In chapter 3, the simulation
approach and additions to the tandem model are explained, including tunneling mechanisms in the
tunnel recombination junction. After validation of the proposed tandem model, the electrical and optical
bottlenecks are extracted and presented in chapter 4, including an analysis of the carrier transport in
the TRJ. Finally, in chapter 5, the optical and electrical optimization guidelines are presented which
could result in a high efficiency perovskite/CIGS tandem solar cell.



2

Theoretical Background

The following chapter will provide background information regarding the fundamental workings of a
solar cell and give more insights in understanding the modelling principles, explained in chapter 3. In
section 2.1 the basic semiconductor physics concepts will be explained. Section 2.2 will give an overview
of the most important recombination mechanisms. Lastly, section 2.3 will give more information on
the transport in heterojunctions and the different tunneling mechanisms.

2.1. Fundamental physics for a solar cell

Simulation models of semiconductor devices like solar cells do not have the computational capacity
to calculate the movement of every particle in a device. However, it can use semi-classical models to
describe the physics of solar cells. The movement of charge carriers can be described using Newton's
laws, and the properties of particles are determined by the quantum theory of solids. Some concepts
are briefly described. For a detailed explanation of semiconductor physics, we refer to Neamen [3].

2.1.1. p-n junction

To understand the behaviour of charge carriers in semiconductor devices, the theory behind doping
should be explained. At the absolute zero point (0 K), no electrons from the valence band will be
situated in the conduction band. At temperatures above this point, thermal excitation will take place
when sufficient thermal energy is provided by the interaction of electrons with the vibration of the lattice
of atoms and molecules in the semiconductor material. The electrochemical potential of electrons in
materials is described by the Fermi level (Er), which indicates the average electron energy. It can be
used as a measure to determine the occupancy of energy states. For intrinsic materials, the Fermi level
is positioned around the middle of the bandgap. If the effective mass of electrons and holes are not
exactly equal, the effective density of states (DOS) will not be symmetrical and a shift for the Fermi
level away from the middle will occur [3].

The concentration of either holes or electrons in semiconductor materials can be altered via doping.
When doping a material, the intrinsic atoms are replaced by so-called dopants which exhibit a different
concentration of electrons in the valence band than the intrinsic material thereby altering the Fermi
level position. The process of swapping intrinsic atoms with the dopant impurities is called doping. If
the added impurities have more valence band electrons, the material becomes n-type, and the Fermi
level moves closer to the conduction band. When intrinsic material is substituted with materials with
less electrons in the valence band, the material becomes p-type and the Fermi level energy moves
closer to the valence band.

These n-type and p-type material can form a p-n junction which facilitates the charge carrier trans-
port and separation needed to have a functioning solar cell. When considering one type of material
(with similar AE;) the junctions is called homojunction. For different materials (which is most common
in a tandem solar cell consisting of 13 layers) a heterojunction is formed, subsection 2.3 will give more
information on this topic. The difference in free charge carrier concentration near the junction results
in diffusion. Electrons will diffuse from the n-type region to the p-type region and vice versa for holes.
The depletion of the majority charge carriers results in the formation of an electric field, acting as
a second driving force in the opposite direction of diffusion. The junction becomes almost depleted
from free charge carriers, a so-called depletion region is formed. Figure 2.1 gives an overview of the
different mechanisms and regions in a p-n junction in equilibrium.

9
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Figure 2.1: The space charge region, the electric field, and the forces acting on the charge carriers for an example p-n junction

(3]

2.1.2. Poisson equations

The Poisson equation relates volume density of electric charges p to the build-in potential V(r). The
charge density is dependant on mobile and immobile charges. The mobile charge carriers are electrons
(n) and holes (p). The stationary charges originate from the doping concentration of the materials.
Materials and regions can be doped with donor (n-type) or acceptor (p-type) atoms. N, and N, are
the concentration of these ionised donor and acceptor atoms. The contribution of possible trap states
within the solar cell to the density of charges is indicated with p,,,,,, see equation 2.1. The elemental
electrical charge (q = 1.602 = 10719C) is the charge contribution of every dopant and carrier.

p=q*(—n+N5=Ni)=perap (2.1)

The charge density is related via the permittivity ¢, of the materials to the electric field E and can

be used, according to the Poisson equation 2.2 to calculate the electrostatic potential 1. For simplicity,

the one-dimensional formula is given. The vacuum permittivity ¢, is value of the absolute dielectric
permittivity in vacuum and equals 8.8565 * 10~12F /m.

d*(x) __dE(@) _ —p()

dx? dx €€

Solving the Poisson equation results in the eventual profile and shape of electrostatic potential,

which is the band diagram of the proposed solar stack, including the width of the depletion region and
the build-in voltage Vj,;.

(2.2)

2.1.3. Drift and Diffusion

Two main transport mechanisms are considered, drift and diffusion, which are part of the so-called drift-
diffusion model. Drift is the movement of carriers caused by an electric field and diffusion is caused by
a gradient in carrier density. Charge carrier transport in semiconductors follow the continuity equation,
as charge conservation needs to be maintained. Equation 2.3 is used for electrons, and equation 2.4
for holes.

on
Vi, = anet,n + qa (23)

dp
- V]p = anet,p + QE (2-4)

The R, is the net recombination rate. The charge carrier transport (driven by drift and diffusion)
determines the current density observed in the semiconductor.
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A concentration gradient can cause a driving force for charge carriers to move through a semicon-
ductor device. This current is driven by the size of the gradient and the diffusion coefficient (D). This
gives two equations, both related to the electrons and holes, respectively:

Jaifrn = qDpVn (2.5)

Jaifrp = —qDpVp (2.6)

If an electric field is present, it can cause the movement of charge carriers, accelerating them in
the direction dependant on the charge of the carrier and the direction of the field. Holes move with
the electric field, and electrons do the opposite. The mobility (i) relates the movement of the carriers
to the electric field via equations 2.7 and 2.8, and is material dependant.

]drift,n =—q-n-Uy-E (27)
Jariftp =q P Up E (2.8)

2.2. Generation and Recombination

As mentioned in the previous chapter, various recombination mechanisms are present in a solar cell.
This can be both beneficial and unfavourable for the working of the solar cell. In the following section
the most important mechanisms will be explained, including general generation of charge carriers
and radiative, Auger and Shockley-Read-Hall recombination. If a solar cell is in equilibrium, and no
illumination is taking place, the generation rate is equal to the recombination rates. During illumination,
an excess of charge carriers is generated, resulting in two options. The first is the collection of a charge
carrier at an electrode and secondly, the recombination of the carrier, as no accumulation of carriers in
the device is possible (continuity equation). There are multiple ways of recombination, which will be
briefly explained below.

Direct recombination

This direct recombination mechanism or band-to-band recombination is the process of charge carriers
directly recombining and releasing energy in the form of radiation (photon emission). This mechanisms
is most relevant for the direct bandgap materials like the main absorber materials used in this thesis
(perovskite and CIGS). The recombination rate is directly proportional to the number of available empty
states where g in equation 2.9 is the constant of proportionality which are often in the order of 10° for
direct bandgap materials, and n; . ¢ is the intrinsic carrier density [3].

Rnet = B (np - niz,eff) (2.9)

Auger recombination

Auger recombination is a three-particle process and is most predominant in indirect bandgap materials.
The process is based on the conservation of energy and momentum of the holes and electrons when
recombining. During recombination, part of the momentum and energy is transferred to a third carrier
(either an electron or holes), exciting the charge carrier deeper into the valence band (for a hole)
or deeper into the conduction band (for a electron). The third excited charge carrier will eventually
relax to the edge of the band edge and transfer its energy as a phonon into the lattice of the atom
or molecule [12]. As this mechanism is mostly dominant in indirect bandgap materials, it is of less
relevance for the perovskite/CIGS model.

Shockley Read Hall recombination

Due to the misalignment of atoms in the material structure, defects can occur. These defects exist
within the bulk or around the interface of a junction, mostly in the form of impurity atoms and lattice
defects. These defects can allow energy states within the forbidden bandgap, which can potentially
act as steppingstones for transfer mechanisms or as recombination centers, and are often referred
to as traps. The energy level at which the recombination centers are situated is referred to as E.
A probability exists that the traps capture both electrons and holes, which is mostly related to the
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capture cross-section. One can assume that the probability of capturing the different charge carriers is
approximately equal [3]. This process of recombination via trap states within the bandgap is referred
to as Shockley Read Hall (SRH) or indirect recombination.

Two types of traps can be considered; donor- and acceptor-type. The donor type is neutral and
the acceptor is negatively charged when filled with an electron. Charge carriers can be captured and
emitted, resulting in four processes that can contribute to SRH recombination. This is trap occupation
dynamics and can be seen in figure 2.2. Four processes can be considered:

1. Capture of an electron from the conduction band
2. Emission of an electron to the conduction band
3. Capture of an electron from the valence band

4. Emission of an electron to the valence band

Band

n n p p
e Co cc “ e
electron o electron hole ‘o hole
emission capture capture emission
n n p P
ey Sy ey ey

Valence

I, Band

Figure 2.2: Trap occupation dynamics, on the left electron and on the right hole capture and emission dynamics [4].

The occupation of traps by an electron can be expressed by equation 2.10, where (7 is the electron
capture-rate from the conduction band of an empty defect, and e} is the electron emission rate to the
conduction band of an occupied defect. The V denotation refers to the valence band. The electron
occupation of defect (f;) can be represented by a value between 0 or 1 (empty or full, respectively).

of;

5f=ﬂ—ﬁﬁ%—ﬂ%+ﬂ—ﬁﬁﬁ—ﬁ4 (2.10)
The capture rate can be expressed as a product of the thermal velocity (v;;), the capture cross

section (o) and the charge carrier density at the defect, resulting in the following equations for electron

capture:

& = opvin (2.11)

When all processes are combined, an equation for the recombination rate can be found. Recombi-
nation occurs when both an electron and hole are attracted in the same trap. Equation 2.12 gives the
recombination rate, where the o,, and g, are the capture cross-sections for electrons and holes, N the
defect density, g is the degeneracy factor, and V;, the thermal velocity. The Er and E; are the Fermi
energy and trap energy, respectively.

n ,,pP 2
NoVipVenon0p (np - ni,eff)

(2.12)
V0 (N +1y/gn) + V0, (P +01/9p)

Rper =

with:

Et
N1 = Njeff EXP kb_T

— ET
D1 = Njeff EXP kb_T

When no traps are modelled in the material, SRH is estimated by using the carrier lifetime t.

(2.13)
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Surface recombination
Surface recombination occurs due to dangling bonds at the different material interfaces and can be
viewed as defects. These dangling bonds cause trap states and recombination centers to be formed.
Via the earlier explained SRH recombination, this mechanism contributes to the current losses in solar
cells.

Although very similar, the recombination rate is mainly dependant on the surface recombination
velocity. This parameter is dependant on the doping concentration at the surface [4]. This results in
an additional formula:

2
np — N e
SR _ Te 2.14

surf, net = (n + ny) /sp+ (@ +D1) /5, ( )

where s, and s,, are the surface recombination velocity.

2.3. Transport in heterojunctions

Within layer stack configurations with different materials, heterojunctions exist. The heterojunction
refers to a situation where the two materials that make up the junction have different bandgaps and/or
electron affinities (). This results in an offset between the conduction and valence bands often de-
noted as AE. and AE,. These discontinuities at the edges can result in the formation of barriers that
could negatively affect the transport of charge carriers in the solar cell. The transport in heterojunctions
is based on diffusion, thermionic emission (TE) [3] and different tunneling mechanisms [3, 52] which
will be discussed more thoroughly as it is of great importance in the workings of the TRJ.

The current related to the thermionic emission is a function of the concentrations of electrons
which have sufficient x-directed velocity. For electrons, the distribution with respect to energy in the
conduction band results in a fraction of the electrons having the needed energy to overcome the barrier
(Eg) in heterojunctions. The thermionic emission current can be expressed in a model by equation 2.15
where the ¢, is the barrier height. Often the left part of the equations is referred to as the reverse

saturation current (J,;).
_ | a2 —qPsn qVa _
J= [A T exp (—ka )] [exp <ka 1 (2.15)

The effective Richardson constant for thermionic emission (A*) is given by the following equation
where m;, is the effective electron mass:

_ 4mqmyk}
T m
For a more thorough and comprehensive derivation of the constant one can look at Neamen [3].

*

(2.16)

Tunneling

Tunneling is the phenomenon were a charge carrier’s total kinetic energy is lower than the necessary
energy to overcome a barrier, but can still penetrate and appear on the other side of the barrier.
Quantum mechanics explains that there is a finite probability of tunneling happening. Within semicon-
ductors, three different mechanisms are found: direct tunneling (DT), band to band tunneling (B2BT)
and trap assisted tunneling (TAT).

Direct tunneling refers to the principle of charge carriers tunneling through a barrier but remaining
in the same energy band (e.g. conduction band to conduction band). The transport of holes from the
valence band in a p-typed region to a conduction band in an n-type region or vice versa for electrons
and holes is based on the B2BT or the TAT. The B2BT mechanism is only possible when the mentioned
bands are properly energetic aligned. The condition, activation energy (E,) of the p-type region needs
to be smaller than the energy gap between the Fermi energy and conduction band of the n-type region,
which needs to be satisfied. TAT occurs both with a energetic aligned and misaligned bands as traps
facilitate energy states within the bandgap, increasing the tunneling probability. Vijayan et al. [53]
suggest DT and B2BT mechanisms being dominant for energetic band-aligned junctions, but argue that
the TAT mechanism dominates the transport when the band alignment gets worse.
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Finding the probability of tunneling through a barrier requires solving the Schrodinger’s equation
for the electron wave function [54]. To simplify the equation, this is mostly done in the perpendicular
direction of the interface and with the approximation of the effective charge carrier mass. If the
potential of the barrier changes slowly with position (meaning the change in potential on each electron
wavelength should be small compared to the energy of the particle), an approximate solution to the
Schrédinger’s position can be found. This is called the Wentzel-Kramers-Brillouin approximation (WKB)
and is the basis of calculation of the tunneling current in the model. The full derivation can be found
in Merzbacher et al. [55].

To model the tunneling in a TRJ through a barrier, the tunneling current is converted into a local
generation or recombination process, G, (r), which is mostly dependant on the Fermi level, work-
function and potential profile along the tunneling path [56]. The local j;,,, is related to the G, via
equation 2.17, where ¢, € and E are the electrostatic potential, the energy level and the electric field.

1 d]Tun — d]Tun ' E

1
Grun () = av “Jrun = a ay -y de (2.17)
The local tunneling generation rate is described as:
_AT 1+exp(=q @ = ¢n) /ksT)
Crun(r) =5 7E+ T 1“[1 ¥ exp (g @ — fm) /kaT) (2-18)

where T is the tunneling probability, and k; the Boltzmann constant. The other parameters are
already mentioned earlier in this chapter. The equations indicates that the tunneling generation is
directly proportional to the probability.

The WKB approximation for the tunneling probability:

2 T
r(r) = exp [—g IR EaC e w(x))dx] (2.19)

where # is the Planck constant, m is the tunneling mass. It can be seen from the equation that
the tunneling probability will decrease with increased energy barriers. Different ways to overcome this
barrier are the B2BT and the TAT mechanism.

Trap assisted tunneling

As mentioned before, next to B2BT, TAT exists. In this process, subgap energy states (like defects
or dangling bonds) can act as two things. First as a charge trapper and secondly for charge transfer,
within the recombination mechanism referred to as the capture and emission processes. This dynamics
of processes is mostly determined by the defect energy distribution closely situated to the Fermi level
as the probability of capture and emission of charge carriers is on par. Thus the energy of the subgap
states determines if a state contributes to the charge or discharge. When closely situated to the Fermi
level, the probability of capturing or emission of a charge carrier is around 50% making the trap suitable
to contribute to the TAT mechanism [57].

The most important parameters for the TAT process are the following [52]:

¢ Trap density
e Trap distribution
e Trap occupancy dynamics

e Tunneling Energy barrier

When thinking about subgap states, it should be considered that these energy states play a role in
two mechanisms, SRH recombination (see subsection 2.2) and the TAT.

The TAT can be divided in to two different mechanisms: inelastic and elastic TAT. When the needed
energy to reach a subgap state is paired with the emission of a phonon (the oscillation of the lattice
of an atom or molecule [3]) the mechanism is referred to as inelastic. The phonon is emitted after
relaxation of the charge carrier in to the trap state and eventually will be converted in to thermal energy
[58]. The elastic TAT however does not see any change of energy level for the charge carriers and is
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mostly considered to be the dominant mechanism for direct bandgap materials [59]. For this model,
the inelastic TAT and thus phonon emission is not considered.

TCAD Sentaurus is able to calculate the net recombination rate of the non-local tunneling model
and the full derivation can be found in the manual [4].






3

Simulation approach and
Calibration

Before an optical and electrical loss analysis of the baseline Perovskite/CIGS tandem cell can be done, a
comprehensive model of the solar device first needs to be developed that will replicate the inner physics
of the cell. The methodology for doing so is presented in this chapter. First the general modelling
approach is explained (section 3.1) containing an optical part (section 3.2) and electrical part seen
in section 3.3. After detailing the included physics models in the electrical model, the approach of
modelling the TRJ is explained in section 3.4. The last section details the calibration approach of the
model 3.5.

3.1. General simulation approach

To research the monolithic tandem Perovskite/CIGS semiconductor device, a general modelling ap-
proach was used. The GENPRO4 [60] software is utilised to obtain the optical generation profile for
a proposed layer stack. This was used as input for the Sentaurus TCAD to perform the electrical
simulations.

Optical X
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Generation
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Figure 3.1: The general modeling approach makes use of the optical profile generated by the GENPRO4 software [51]. This
optical generation profile is used in combination with the electrical model built in TCAD Sentaurus to obtain the electrical
performance.

As the complexity of the Sentaurus model increases with every different layer, the amount of possible
variable combinations and their effect on the electrical properties and performance becomes harder to
study. When dealing with a structure of eleven layers of different materials and electrical properties,
the fitting of the cell parameters with experimental values is too complex. Therefore, it was decided
to split the tandem cell into two single-junctions models (Perovskite and CIGS). After validation with
experimental J-V curve data obtained from in-house measurements [61], the two models could be
combined, keeping the electrical parameters constant. After combining the two models, the tandem
model was validated by calibrating the electrical parameters in the layers that form the connection

17
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between the top and bottom cells: the tunnel recombination junction (TRJ). In flowchart 3.2 the
overall process is summarized.

Experimental JV curve

Perovskite single junction
*  Optical material data

* Electrical parameter Perovksite single |
* Inhouse measurent junction simulation

Exp JV curve corresponds
to Sim JV curve?

e Literature values

A

No — Tweak parameter input

Experimental JV curve

CIGS single junction

e Optical material data

e Electrical parameter E—
* Inhouse measurent
* Literature values

CIGS single junction
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simulation
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No — Tweak parameter input

Perovskite + CIGS model

e Optical material data

e  Electrical parameter
*  CIGS model

Experimental JV curve

*  Perovskite model
Tandem
simulation
TR Junction Exp JtV cslfrvi\tl:orresp:nds
. TAT model 0 Sim JV curve?
e Optical and electrical data § Yes
No — Tweak TRJ parameter input X

Baseline tandem cell

Figure 3.2: A flowchart that describes the overall thesis approach to reach the eventual baseline tandem cell used for
opto-electrical analysis.

As the methodology described in this thesis contains three different models (Perovskite, CIGS, and
tandem model), the concepts of optical and electrical modeling are explained in a more general sense
as well as the cell geometry and doping. The model-dependant additions like spatial trap distribution
(Perovskite) and bandgap grading (CIGS) are explained for specific materials. General additions like
heterojunction transport including thermionic emission and tunneling, which is observed in both models
are described from the general modelling perspective.

To properly explain the general approach of the project, one should first understand the tools being
used as well as the modelling approach for the most important aspects of the tandem device.

3.2. Optical modelling

As mentioned, for the optical generation profile within the solar cell devices the software GENPRO4 was
used which was developed at the TU Delft. The software combines wave and ray-optics by taking into
account the light scattering and potential light trapping at the interfaces of materials. By knowing the
wavelength dependant refractive index of each medium denoted by n,, the light trapping and scattering
can be calculated. The software does also takes the Beer-lambert law into account [62] which indicates
that with penetration depth in a material, the incident light intensity I, attenuates exponentially when
travelling through absorbing medium. The equation 3.1, also known as Beer-Lambert’s equation, is
depth dependant (z). The absorption coefficient « is material and wavelength dependant and can be
calculated using the extinction coefficient k.

I(2) = Iyexp(—az) (3.1)
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N =n+ik (3.2)

For every material, the complex refractive index (N) and thickness are needed as input. For this
solar cell, the interfaces were assumed to be flat, meaning the conventional net-radiation method
[62] was used to calculate reflectance, transmittance, and absorptance (R, T, A respectively). Figure
3.3 is an example of a used complex refractive index for the front ITO layer in the baseline tandem
configuration.
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Figure 3.3: An example of the wavelength-dependent n and k values for the front ITO in the model that are used as input for
the GENPRO4 software with the real part (Re) being n and imaginary part (Im) being k.

The total incident photocurrent density J,, is the summation of all calculated current densities in
every layer, including the R an T over the wavelengths 300 nm to 1200 nm. GENPRO4 uses a stepsize
of about 10 nm and an incident photon flux from AM1.5 light spectrum. The integration of the tandem
cell adds up to a density of 46.45 mA/cm?. The generation profile throughout the depth of the cell
structure for all different layers is the input for the electrical model.

3.3. Electrical modelling

For this study, the Synopsys Sentaurus (version 2015.6) was used for the electrical simulation model.
This program contains multiple tools that can be used to simulate the inner physics of semiconductor
devices. A two-dimensional simulation approach was used for this thesis. The model is built in different
steps which will be explained in the following subsections. First, the device structure needs to be
generated which is done using Sentaurus Structure Editor (SDE) as will be explained in section 3.3.1.

The actual device simulation is performed in Sentaurus Device (SDEVICE). Within SDEVICE, opti-
cal, thermal, and electrical simulations can be executed. This thesis focuses on the electrical model
capabilities as the temperature is kept constant and the optical data is provided by GENPRO4. To solve
the semiconductor equations described in chapter 2, including recombination and generation models,
thermionic emission, and tunneling at interfaces and junctions, an initial guess is made. This is called
Newton’s method. Because of the high complexity of the model, often, it does not converge and does
not result in a solution. Therefore the mesh refinement, step size of the solve steps, or device parame-
ters need to be adjusted manually. Sentaurus Visual (SVISUAL) is used to analyse the results ensuing
from simulations. A detailed analysis can be made of the proposed device structure, including energy
band diagram, different recombination currents, trap induced recombination, tunneling currents, and
carrier densities.

3.3.1. Solar cell geometry and doping

The geometrical model, built in SDE, is based on the features obtained from the reference solar cells,
including width and contact area. The modelling was done in a 2-D simulation to save computational
time as research has shown no significant difference can be observed when comparing results to a
3-D model [63]. The width of the simulation is based on the symmetry plane found in the tandem
reference cell and is set to an eighth of the actual width (about 500 um). The reference tandem cell
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contains contact fingers in a u-shape. As only the symmetry plane is used, the resulting contact is only
found in the top left corner. As the width of the fingers is equal to 280 nm on a total cell width of 4.0
mm, the ratio contact/width is 0.07 resulting in a contact width of 35 um for the 500 um wide cell.

Front Contact

Depth

Width

Figure 3.4: On the left the geometrical features of the 2-D solar tandem cell is seen, including the width and depth. The front
contact is placed in the left top corner. On the right, a close up of the mesh is shown, including the refinements when moving
towards interfaces.

To simplify the model, all interfaces are considered flat. All doping profiles in the materials were
considered uniform and can be found in section 3.5. The mathematical models inside the device are
solved using numerical discretization schemes, meaning the model needs a subdivision with geometrical
shapes on top of the generated structure to solve the equations. These geometric shapes are referred
to as a mesh. In the simulation, the mesh becomes more refined and smaller near the interfaces
to accurately calculate charge transport (as the gradients of carrier density become larger) and the
possible interface recombination. The meshing is of great importance for the convergence of the solar
cell model. Materials that were considered to be of more importance (like the absorber layers) and
needed more detailed modelling, had finer defined meshes in the bulk. As all interfaces could be
viewed as heterojunctions, where possible recombination or tunneling mechanisms could occur, a very
fine mesh was defined. For tunneling mechanisms in the TRJ, non-local meshes were needed. This
will be explained in more depth in subsection 3.3.5.

3.3.2. Included physics models

As the purpose of the model will be to analyse the optical and electrical bottlenecks of the per-
ovskite/CIGS tandem cell, it is needed to include the most important physics models described in
chapter 2 to make the model replicate the inner physics of the experimentally obtained solar cell. Table
3.1 summarizes the used models.

Table 3.1: Summary of most relevant physical models and parameter used in the electrical model

Model parameters Implemented model
Semiconductor

Free carrier statistics Fermi-Dirac

Mobility Canali [64]

Intrinsic recombination: radiative Parameters perovksite in [28]
Parameters CIGS in [22]
Thermionic emission

Intrinsic carrier denisty No bandgap narrowing

SRH recombination Scharfetter [65]

Cross section model Poole-Frenkel

Interfaces

Surface SRH Scharfetter [65]

Band to band Tunneling Non-local tunneling model [4]

TAT tunneling Ieong [56]




3.3. Electrical modelling 21

3.3.3. Bandgap grading CIGS

In the CIGS material the bandgap can be engineered by varying the GGI according to the energy shift
model [22]. The GGI was modelled with the following approach: a linear decrease from the CdS/CIGS
interface with a GGI value of 0.32 towards the so-called tipping point (TP) at 500 nm with a GGI of
0.22, from this TP the GGI increases linearly to 0.4 at the bottom interface [66]. The liner profile is a
simplified approach to the bandgap grading effect on the performance of the CIGS single-junction.

GGI = [GA]/([GA] + [Ln]) (3.3)

A deeper insight in the overall CIGS model can be found in Rezaei [22].

3.3.4. Modelling of defects

In chapter 2 the role of trap states in the working of a solar cell were explained. The goal in this thesis
was not to model the exact complicated nature of defects in the both absorber layers, but rather mimic
the performance of the single-junction solar cells regarding potential recombination processes and to
potentially research the enhancing effect of passivating the interface situated defects [66]. Also, the
implemented trap distribution was used to calibrate the single-junctions with the experimental obtained
J-V curve by altering the defect concentration [67]. In the simulation for the CIGS single-junction, the
defects in the CIGS bottom layer is modelled as donor-type mid-gap energy states that function as
recombination centres . A second acceptor-like defect distribution was added in the CIGS layer at 0.2
eV from the VB [66].

Table 3.2: A presentation of the different implemented trap densities in the single and tandem models. The spatial
concentration in perovskite refers to the modelling of trap density increase when moving from the bulk to both interfaces. For
the interface traps of CIGS/CdS interface, a level energy distribution is used.

Traps

Layer parameters ~ Symbol [unit] CIGS CIGS CdS CIGS/CdS  i-ZnO Perovskite
Concentration Ny [em™3] 51013  1x1012 51015  1x1072 1x10™®  spatial
Type - D A A A A D
Energy IeVeI ET Ei 02 eV(VB) Ei Ei Ei Ei
Standard deviation Eg [eV] 0.5 0.5 0.5 0.5 0.5 -
Cap. cross-sec o, [cm?] 5¢10713  5x10713 5+¥10713  1x10715 110715 1+10717

o, [em?] 1x10715  1%10715 1x10715  5%10713 5+10713  1s+107V

For the modelling of the mid-gap states in perovskite, also described as deep-level states, the profile
found in Ni et. al [5] was used for the spatial distribution. This paper describes a clear increase in trap
state density when moving towards the interfaces. Two types of defects are considered in the model:
acceptor- and donor-like defects which are described in section 2.2. For the modelling of deep-level
defects in perovskite an exponential equation is used, resembling the documented density profile in
Psc thin films [5]:

XETL — X X — xHTL) (3.4)

) + NpyrL €Xp ( .

Nt = Np,puk + NreTL exp( -

Table 3.3: Trap state concentrations for the bulk and interfaces

Region Symbol Concentration
Perovskite/PTAA Ny, 1x1017 ¢cm™3
Perovskite/PCBM ~ Nppr;,  1x1015 ¢cm™3 [68]
Perovskite Bulk ~ Npp,; 110 ¢cm™3

The values for the trap state concentration parameters are given in table 3.3. The § gives a value
to the depth of defect density at the interfaces which is equal to 0.1 um. The Xgr; and Xy, are the
depth of the interfaces in um. The modelled result is seen in figure 3.5.
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Figure 3.5: The spatial distribution of trap states in the perovskite layer adapted from [28] and based on the work of Ni et al.
[5]. Blue area represents the PTAA layer while the red area represents PCBM. The trap density increases when approaching
both interfaces compared to the bulk value.

For the energetic distribution of traps in the model, a Gaussian distribution is used. In equation 3.5
the N; represents the maximum trap state density given in table 3.2. The E; is the maximum energy
level op traps, and E; is the standard deviation.

w> (3.5)

Ny g = Nrexp <— 2E§
3.3.5. Heterojunction transport modelling

As the model contains multiple combinations of materials with different bandgaps and electron affinities
(see section 3.5), various heterojunctions are formed. Conventional transport equations can not be
applied thus the need for different transport mechanisms arises [4]. The following transport mecha-
nisms in heterojunctions are implemented: thermionic emission and tunneling [4]. As the selection for
tunneling models is quite extensive for Sentaurus, the non-local tunneling model is chosen as it takes
into account the complicated band edge profile, which directly relates to the tunneling current and its
less needed computationally power [4]. The method is described in section 2.3.
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Figure 3.6: An example of a non-local mesh modelled at a heterojunction interface including the length and permeation.
The tunneling current depends on the band edge profile that is situated between two coupled points

that are connected via tunneling. As the shape is often complex, by solving the transport and Poisson
equations, SDEVICE is able to compute the current. As this does not happen locally, but for the entire
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band edge profile, the tunneling process is considered to be non-local.

The connected two points on either side of the interface are defined by a non-local mesh which
are non-local lines that indicate the possible tunneling path for holes and electrons. In the model, it is
necessary to specify this non-local mesh for every interface or junction (which will be explained in more
detail in the next section) where potential tunneling could take place. In the tandem model this was
done at all interfaces to increase the accuracy of the obtained results. The non-local mesh is defined
at an interface and consists of two parts, a length, which is the tunneling path in to the bulk of one of
materials at the interface. The second part is the permeation, which is the distance the tunneling path
penetrates in to the other material. An example is given for the PEDOT:PSS/Sn0O, junction in figure
3.6.

3.4. The tunnel recombination junction

In chapter 2 the need for TAT and the concept behind it was explained. This chapter explained the
choice for the non-local tunneling model that can be used for direct tunneling and B2BT. Although a
bit more complex to model, the TAT can be modelled as a non-local process too. This results in an
mechanism where the possible tunneling current is not only dependant on the energy level change of
the charge carrier but also on the barriers that need to be overcome when carriers hop in to intraband
situated trap states [4], see figure 3.7a and figure 3.7b for a comparison of the mechanisms.

As the junction can be seen as an abrupt heterojunction, most models that require TAT, make use
of local variables. This makes them not suitable for the modelling of the TRJ [69, 70]. The non-local
TAT model uses the WKB method (see section 2.3) to exactly calculate the energy barrier along the
profile, thus resulting in an accurate computation of the TAT in the TRJ. In the Dynamic non-local path
TAT, charge carriers are captured by or emitted from defect states.
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(a) A visualization of the eB2BT and hB2BT mechanisms. This process (b) A visualization of the eTAT and hTAT mechanism where subgap
is possible with proper band alignment of the VB of PEDOT:PSS (blue energy states (traps) act as carrier reservoirs for charge transfer or
area) and the CB of SnO, (red area) across the equivalent energy charge trapping.

states.

Figure 3.7

Traps can be coupled to nearby situated interfaces via the non-local meshes, providing a tunneling
path to and from the trap states. To model TAT through a barrier, two separate non-local meshes need
to be created, providing a tunneling path for each side of the traps. In the tandem model the subgap
energy states will be situated in the PEDOT:PSS layer, resulting in non-local meshes at the PTAA/PEDOT
and PEDQOT/SnO, interfaces, see figure 3.8. The penetration depth of non-local mesh positioned at the
PEDQOT/SnO, interface was set to the thickness of the PEDOT:PSS material, thereby making sure that
the tunneling mechanism could happen for different band alignments. As different voltage biases are
applied during the J-V curve sweep in the model, different alignments and band bending of the VB and
CB in the TRJ occur. By choosing an overestimation of the proposed tunneling path in to PEDOT:PSS,
the model will still be able to converge.

As mentioned, the non-local TAT is facilitated by trap containing material. The goal of the trap state
distribution in PEDOT:PSS was not to mimic the actual subgap energy states in the material, as not
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Figure 3.8: An example of the two needed non-local meshes that contribute to the non-local TAT mechanism [4, 71]. Each is
implemented on the layer’s interfaces where the TAT occurs (PEDOT:PSS). Length and permeation not to scale.

much is known for this material specifically, but rather to facilitate the TAT mechanism with a possible
realistic energy distribution.

In the model a uniform distribution was added, acceptor-like and donor-like to bring computing
time and complexity down. After a successful TAT implementation was observed, a more naturally
occurring distribution was used: gaussian. A trap state energy close to the quasi Fermi level in PEDOT
was chosen to enhance the effect of the trap states on the capture and emission mechanism described
in chapter 2. SDEVICE models the non-local tunneling to traps as the sum of an elastic [52] and
inelastic, photon-assisted process [72] where only the first one is considered as explained in section
2.3.

3.5. Model calibration

In the following section, the parameter calibrations of three different models are described. To fit the
modelled J-V curves with experimental values, changes in the input parameters can be made, however,
the changes should be inline with literature or experimentally obtained values.

3.5.1. Perovskite calibration

For the calibration of the perovskite single-junction multiple variables needed to be explored as liter-
ature and experimental in-house measurements could result in conflicting values for parameters. An
important note for the perovskite single-junction is that the illumination during experimental measure-
ments and for the opto-electrical model is done from the SLG side, making the cell in question a p-i-n
architecture, see chapter 1.

The starting point of the calibration were the experimental obtained values for the used materials
like approximate thicknesses of each layer and in-house measured electrical parameters in the single-
junction. The optical measurements of the complex refractive index were extracted in-house. Literature
research was needed for electrical parameters that could not obtained with the in-house measurements.
For all materials in the tandem configuration, a database for the electrical parameters was created. The
most important parameters were X, E,4, €, N¢, N, and u. As many material properties are dependant
on their production method, exact composition and measurement technique, fluctuating values were
found.

To reduce the complexity of modelling, the first simulation were based on an ideal operating single-
junction, not including trap state densities. Step one was convergence of the model. Using the simu-
lated band diagram in equilibrium, convergence issues could often be contributed to band offset forming
a barrier prohibiting charge carrier collection resulting in a non-functioning solar cell. This issue was
often resolved by altering the parameter values for bandgap or electron affinity by other found values
in the created database. The materials related to the main issues were found to be PTAA and PCBM.
Adjustments eventually resulted in a proper band alignment with good charge carrier separation and
collection.
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Table 3.4: Material and device parameters of the top layer of the opto-electrical tandem model which includes the perovskite
absorber layer. The abbreviation f SnO, refers to the front Sn0, layer. CB DOS and VB DOS represent the density of states of
conduction band minimum and valance band maximum, respectively.

Top Layer
Layer parameters Symbol [unit] ITO f SnO, PCBM Perovskite  PTAA
Thickness d [nm] 180 45 40 450 10
Bandgap E,4 [eV] 3.7 3.6 1.6 1.6 3.3
Electron affinity x [eV] 4.9 4.25 4.3 3.9 1.8
Rel. permittivity  eg 3.5 10 3.0 6.5 3
Doping N4,Np [em™3] 2.0x102° 3.0«10®  7.0x10Y7  1.0+10%° 1.0x1018
CB DOS N¢ [em™3] 4.1x10'%  4.0«10'®  2.2x10'°  1.0x102° 2.2%1018
VB DOS Ny [em™3] 1.7«10%° 1.0«10'®  1.8«10'®  1.0«10"° 1.8«10%°
Mobility Ue, Uy [em?/Vs] 45,40 1E-3,0.25 4E-4,4E-4 35,35 4E-5,4E-5
Source - [61, 73] [6, 61] [74] [6, 75, 76] [49, 77]

The integration of the described spatial distribution of trap states density (subsection 3.3.4) was
done in the last step. This increased the complexity of the single-junction model and resulted in effect
on the external parameters of the solar cell and was used to calibrate the cell. As the results of Ni et al.
[5] was based on thin-film Psc single-junction with different materials, compositions and productions
methods, some freedom could be taken in interpreting the trap densities in the bulk and interfaces
while remaining in the order of magnitude found in the paper. A summary of the eventually used
parameters can be seen in table 3.4 and subsection 3.3.4.

3.5.2. CIGS calibration

The CIGS bottom layer used is a commercially fabricated solar cell. As the exact production method is
unidentified, parameters like the thicknesses of the materials are unknown. Thus, a slightly different
approach was used for the calibration of the cell. First, an ideal cell was modelled, using the same
path as described for the perovskite single-junction. After electrical parameters were chosen that were
comparable to literature values and resulted in a functioning CIGS single-junction, the spatial bandgap
gradient model was introduced into the CIGS absorber layer.

Table 3.5: A summary of the most important material and device parameters of the bottom layer of the opto-electrical baseline
tandem model including the CIGS absorber layer. The graded bandgap and electron affinity are explained in subsection 3.3.3.

Bottom Layer

Layer parameters Symbol [unit] i-ZnO Cds CIGS
Thickness d [nm] 45 40 2.5x103
Bandgap Eg4 [eV] 3.3 2.4 Graded
Electron affinity x [eV] 4.3 4.2 Graded
Rel. permittivity  eg 9 10 13.6
Doping N4,Np [em™3] 1.0«10%7 8.0x10%° 2.0x101°
CB DOS N¢ [em™3] 3.0x1018 1.3+10'8 6.8x1017
VB DOS Ny [em™3] 1.7«101° 1.0%10%° 1.5x101°
Mobility Ue, Uy [em?/Vs] 100,30 72,20 100,12.5
Source - [66] [66, 78, 79] [66, 80]

The calibration of the CIGS single-junction was mostly achieved by adjusting the thicknesses of
layers resulting in adaption of the found external parameter values. Due to possible different deposition
parameters and fluctuating absorber thicknesses, the bandgap grading was unknown. Thus, by altering
the values and parameters described in subsection 3.3.3 a fitting with the experimental data could be
made. The eventual parameters can be found in table 3.5 and subsection 3.3.3.
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Table 3.6: Material and device parameters of the tunnel recombination layer of the opto-electrical baseline tandem model. The
m SnO, refers to the middle Sno, layer.

Tunneling Recombination Layer
Layer parameters Symbol [unit] PEDOT:PSS m SnO,

Thickness d [nm] 40 15
Bandgap E, [eV] 1.6 3.6
Electron affinity x [eV] 3.6 4.0

Rel. permittivity  ¢g 3 10
Doping Ny,Np [em™3] 1.1x1018 5.0x10%°
CB DOS N¢ [em™3] 2.2+1018 4.0x1018
VB DOS Ny [em™3] 1.8x10%° 1.0x1018
Mobility Ue, Uy [cm?/Vs] 100,100 15,15
Source - [81, 82] [6, 61]

3.5.3. Tandem calibration

As was shown in section 3.4, the band alignment which is mostly dependant on the doping concentration
of the materials that are part of the TRJ can have a significant influence on the result of the tandem
model after the implementation of TAT. Figure 3.2 shows the flowchart used for modelling the tandem
cell, and states that material parameters used in the validation of the single-junctions are direct input
for the tandem cell.

This leaves only the added PEDOT:PSS material as unknown input in the last part of calibration. The
approach used is as following: First a tandem model template was made in TCAD Sentaurus including
the single-junctions models containing the added trap distributions in both layer and bandgap grading in
the CIGS absorber layer and the addition of the PEDOT:PSS material. Secondly, PEDOT:PSS was added
to the material database and research was done on the possible different values for the electrical
parameters. After that, the TAT model was implemented in the PEDOT:PSS layer. Lastly, the electrical
parameters, mainly the doping concentration (N,), was tweaked resulting in table 3.6. The results of
the calibration will be shown in the next chapter 4.
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Optical and Electrical bottlenecks

In Chapter 3 the methodology to obtain the baseline tandem cell was explained which will be used for
the loss analysis in the the perovksite/CIGS tandem cell. In order of the proposed thesis approach, first
the single-junctions solar cells will be validated in section 4.1. Secondly, the results for the trap assisted
tunneling implementation in the TRJ can be viewed in section 4.2. This was used for the validation of
the baseline tandem cell (section 4.3). All values regarding recombination mechanisms were extracted
from the Sentaurus TCAD model. This resulted in a breakdown of the different losses in the cell in
section 4.4. Lastly, a thorough analysis is done on the transport issues in the TRJ (section 4.5).

4.1. Validation single-junctions

This section presents the validation of the simulation template to confirm that the models reproduce
the inner physics occurring in the fabricated baseline solar cells. For both cells the J-V curves were
produced and compared to experimental measured data.

4.1.1. Perovskite single-junction validation

The Perovskite single-junction layer stack used for the optical and electrical model is seen in figure
4.1a. The illumination of the solar cell came from the SLG side of the stack, thus the cell technically
has a p-i-n orientated configuration. Once introduced as top layer in the tandem stack, the cell resides
as a n-i-p configuration with illumination from the ETL (PCBM) side. Figure 4.1b shows the comparison
between the measured and simulated J-V curve for the reference sample under AM1.5 illumination.
Table 4.1 gives an overview of the found external parameters (Js¢, Vo, PCE and FF). Overall a good
corresponding fit between the experimental and simulation was achieved. However, the simulation
shows a slightly underestimated current density (0.3 mA/cm?) and overestimated FF of about 1.75%.
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(a) The Perovskite single-junction layer stack used for calibration of the (b) The J-V curve obtained from the opto-electrical single-junction
opto-electrical Perovskite model. The layer thicknesses and materials Perovskite model vs. the experimental J-V curve.
compositions are similar to the ones used in the tandem cell top layer.

The illumination is coming from SLG side.

Figure 4.1
The band diagram in figure 4.2 shows similar characteristics and band alignments as reported in
the literature for the PTAA/perovskite/PCBM system [74]. The SnO, layer in figure 4.2 (green layer)
exhibits band offsets at both interfaces of 0.51 eV at PCBM/SnO, and 0.65 eV at SnO,/ITO. Further

27
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discussions about the effect of these band offsets on the functioning of solar cell are presented in
chapter 5.

The model reproduces measured J-V curves with only minor differences for the external parameters
and therefore gives a representation of the inner physics in the perovskite solar cell.

Energy [eV]

— __.EF

0 0.1 0.2 03 04 05 06 0.7 0.8
Depth [pm]

Figure 4.2: The obtained band diagram of the pervoskite single-junction model in the dark with no applied voltages. Note the
illumination is coming from the ITO/PTAA side on the left.

4.1.2. CIGS single-junction validation
For the single-junction, the layer stack, seen in figure 4.3a was modelled. This CIGS stack was ultimately
used as the bottom cell for the tandem model.

Figure 4.3b shows the comparison of the obtained J-V curves for experimental and simulated results.
A reasonable match between the simulated and measured curves can be identified, which is also
seen in the simulated and external parameters found in table 4.1. The V,. of 0.692 has a negligible
overestimation of 0.004 V. A similar deviation of 0.002 mA/cm? is obtained for the jg.. We concluded
that the simulation template accurately reproduces experimentally obtained J-V curves and thus the
physical mechanics in the CIGS bottom cell. This indicates a valid model that can be used as the bottom
part of the tandem model.
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(a) The CIGS single-junction layer stack used for calibration of the (b) The J-V curve obtained from the opto-electrical single-junction
CIGS opto-electrical model. The layer thicknesses and materials CIGS model vs. the experimental J-V curve.
compositions are similar to the ones used in the tandem cell bottom
layer.
Figure 4.3

4.2, Results of TAT implementation

After validation of the physical mechanisms inside the perovskite and CIGS single-junction model tem-
plates, the next step is the validation of the perovskite/CIGS tandem model. To further develop the
simulation model, one should first analyze the transport mechanisms in the TRJ. The previous chapter
hinted at the possibility of the TAT mechanism occuring in the TRJ, and how to implement this in the
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Table 4.1: A comparison of the most important external parameters (Jsc,Voc, FF and PCE) of the single-junction model results
to the experimental data. The experimental values were obtained from in-house measurements [61].

External parameters V. [V] J,. [mA] FF PCE [%]
Perovskite exp 1.051 21.11 64.33 14.34
Perovskite sim 1.052 20.83 66.08 14.45
CIGS exp 0.688 31.80 72.05 15.76
CIGS sim 0.692 31.82  72.09 15.89

model. In this section the results are shown.

A TRI consists of two regions, a p-type region and a n-type region. The TAT mechanism is dependant
on the band alignment within this two regions. This band alignment can be described as the energy
difference in the band diagram between the VB in the p-type region and the CB in the n-type region,
which is referred to as AE. In the baseline tandem cell this is defined as the energy level of the SnO,
layer’s CB (E¢p,sno,) Minus the energy level of PEDOT:PSS (Ey g pepor:pss)-

A higher value of AE indicates a higher energy barrier for the transport of charge carriers [71]. In
figures 4.4a, 4.4b and 4.4c different band diagrams are shown, each with a different value of AE. For
this section, the AE is altered by changing the doping concentration in the SnO, layer while keeping
the PEDOT:PSS doping constant. Figures 4.4a and 4.4b show a positive value (0.15eV and 0.1eV,
respectively) indicating a misalignment of the CB and VB.

Figure 4.5a shows the J-V curve for the cases: a) AE = 0.15, b) AE = 0.10, and c) AE = -0.10. The
result of this is shown in figure 4.5a. The simulation results and the experimentally obtained J-V curve
are shown. The J-V curve for the values 0.15 and 0.1 eV present similar results, with J,. being 10.36
mA/cm? versus the experimental 11.36 mA/cm? and a clearly lower V,. compared to the reference
cell (0.55 V vs. 1.56 V). For the negative value of AE = -0.1eV, the results show a value of 12.16
mA/cm? and 1.662 V. The J-V curve observed for 0.15 and 0.1 eV (figure 4.5a, yellow line) show a
minor functioning cell when compared to AE = -0.1 (4.5a, blue line).
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Figure 4.4: The TRJ for different values of AE

Figure 4.5a shows that direct tunneling, which is the direct energy transition of charge carrier via
B2BT, is not able to accurately reproduce the experimentally obtained results. Consequently, TAT is
implemented, which facilitates indirect energy transitions via trap states (the mechanisms are visualised
in figures 3.7a and 3.7b).

Figure 4.5b shows the results for the model with the same three band alignments (0.15, 0.1, and
-0.1 eV) of the CBsyo, and VBpgpor:pss after the implementation of the mid-gap Gaussian trap distri-
bution in PEDOT:PSS and the TAT. To illustrate the effect of the TAT mechanism, the outcome of the
simulation for AE = 0.15 eV in both figure 4.5a and 4.5b are compared. The possibility of the TAT
mechanism happening in the model in figure 4.5b is evident as the J-V curve is significantly improved,
even when B2BT is not possible anymore due to misalignment of the CBs,, and VBpgpor. When
comparing the cell characteristics for AE = 0.15 eV, the J,. improved from 10.36 mA/cm? to 11.96
mA/cm?, V,. from 0.533 V to 1.542 V and the FF from 33.64 to 53.02. The J-V curves for different
AE values, show a less performing cell with increasing AE which will be further discussed in section 4.5.
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Figure 4.5

This section showed the successful implementation of TAT mechanisms via defects distributed as a
Gaussian curve in the forbidden energy domain in the PEDOT:PSS layer, resulting in the possibility to
alter the results for the cell characteristics of the tandem cell model by only changing TR] parameters. It
was demonstrated that transport of charge carriers through the TRJ is based on two different tunneling
mechanisms, B2BT and TAT. In the next section this will be used to validate the tandem model.

4.3. Tandem cell validation

After validation of the two single-junction and the successful TAT implementation, we move to the
validation of the perovskite/CIGS tandem cell. The modelled layer stack is seen in figure 4.6a which
shows the similarity with the two single-junction layer stacks used in previous sections.
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(a) The material layer stack of the baseline perovskite/CIGS tandem (b) Four terminal architecture with two separate subcells. Although less
cell. sensitive to spectral variation, extra layers and cabling are needed [19].

Figure 4.6

Again, the J-V curves under 1.5AM illumination for the experimental and modelled results were
compared in figure 4.6b. For the experimental results the forward and reverse scan can be observed
(figure 4.6b, blue and red line, respectively), showing a difference in obtained curves due to the
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Table 4.2: A comparison of the most important external parameters (Jsc,Voc, FF and PCE) of the tandem model results to the
experimental data. The experimental values were obtained from in-house measurements [61].

External parameters V. [V] J,. [mA] FF PCE [%]
Tandem exp reverse 1.509 11.38  59.33 10.19
Tandem exp forward 1.529 11.46  48.94 8.58
Tandem sim 1.567 1194 56.90 10.63

hysteresis effect in the perovskite top layer. The model was calibrated to the reverse scan. The reverse
scan and simulation show a similar shape profile from 0 to 1.1 V. Thereafter, an s-shape behaviour is
observed when moving closer to the V.

Table 4.2 gives an overview of the obtained external parameters. The values for the forward scan
are stated, but only the comparison between the experimental and reverse scan will be used for the
validation. An overestimation of the V. by 0.058 V was seen for the model, which could mainly be
contributed to the s-shape of the J-V curve nearing the V,.. A difference in Js-, 11.38 versus 11.94
mA/cm?, was seen. As the Jq. is mostly dependant on the optical generation and to less extent on the
electrical parameters and carrier transport, the difference in values was considered to be acceptable
as the top and bottom layer thicknesses can not be altered. Changing the thickness of an absorber
layer would have effect on the validated single-junction models. The FF was found to be 3 percentage
points lower than the experimental reverse scan, and can mainly be contributed to the s-shape near
the V.
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Figure 4.7: The electric field (E) and hole concentration (k) in the PEDOT:PSS layer of the baseline tandem cell. The
magnitude of both parameters are normalised values and not to scale.

The tandem model is validated as it can reasonably reproduces the J-V curve. Therefore, it replicates
the physical mechanisms of the perovskite/CIGS tandem cell. The model can thus be used to calcu-
late the losses and analyze the charge carrier transport in the TRJ of the reference baseline tandem cell.

However, an s-shape was observed in the J-V curve produced by the model template. The s-shape
could result from two reasons: 1. The increased energy barrier for charge carriers to tunnel through
the TRJ via TAT, as energy level change needs to occur when hopping from trap to trap. 2. Strong
band bending in the PEDOT:PSS layer towards the PEDOT/SnO, interface leading to a opposing drift
current for holes away from the TRJ, see figure 4.7. The figure shows the electric field on a normalised
exponential scale. The electric field increase exponentially towards the PEDOT/SnO, interface working
against the hole transport towards the TRJ. As the exact difference in physical mechanism between
the reference baseline tandem cell and the model is unclear in this region, further research would
be needed to improve the reproduction of the experimental J-V curve by the model and remove this
s-shape.
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4.4. Baseline cell loss analysis

The obtained baseline tandem cell was used as reference for the loss analysis. The analysis were made
at short circuit (SC) and maximium power point (MPP) conditions to better understand the arising effect
of certain recombination mechanisms when operating the cell. This will give more insight in the existing
losses (both optical and electrical).

4.4.1. Photocurrent distribution

The charge conservation principle states that the total amount of electric charge in a system does not
change with time, thus all charge particles that are created must be collected at the electrodes or
recombined in the cell. When every incoming photon from the incident light would create one charge
charge carrier separation, the possible photo-current (J,,,) would add up to 46.45 mA/cm?. Following
the charge conservation principle, the total absorption and losses extracted from the tandem model
should eventually add up to J,,. Figure 4.8 shows the distribution of the J,, in the reference tandem
and shows the total photo-current accumulates to 46.45 mA/cm?.

To give proper insights in the breakdown of the photo-current, a division was made in top cell,
bottom cell, parasitic absorption and reflectance. It is important to mention that the values for top cell,
bottom cell and parasitic absorption are not directly extracted from GENPRO4 but take in to account
shading losses from the front contact (see the next subsection for more explanation).

Tandem cell (J , = 46.45 mA/cm’)

Top cell
16.67

Bot cell
13.54

Parasitic abs
5.32

Reflectance
10.92

Figure 4.8: Breakdown of the total extracted photo-current density and the related reflection and parasitic absorption at short
circuit conditions for the baseline Perovskite/CIGS tandem described in chapter 3. The top cell and bottom cell part include the
Jse and other loss mechanisms. All values are given in mA/cm?.

Figure 4.8 presents a generated current density of 16.67 mA/cm? in the top cell and 13.54 mA/cm?
in the bottom cell, which make up 65.0% of the ,,. Reflectance contributes to the loss of 23.5% of
the J,,. This is about two times a high as the parasitic absorption, which totals to 5.32 mA/cm?,
this will be broken down further in section 4.4.2. The top and bottom cell current mismatch indicates
an sub-optimal current density for the tandem cell as the lowest current density in top or bottom cell
dictates the measured current density at the electrodes. Two factors have to be taken into account
when discussing this phenomenon. First is the mismatch due to absorber thicknesses and secondly,
the mismatch due to bandgap widths. Both will be discussed in more depth in section 4.4.5. The
reflectance losses are very high, exceeding the average found reflectances for perovskite-based cells,
which is around 10% on average [83] and will further be discussed in section 4.4.3.

4.4.2. Parasitic absorption
Parasitic absorption refers to the absorption of photons in non-absorber materials which do not even-
tually contribute to current density of the solar cell and can be considered as losses. In figure 4.9a the
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contributors to the parasitic losses are visualised. The parasitic absorption has four main contributors
that are responsible for 95% of the total parasitic absorption. The parasitic absorption due to the back
contact of Molybdenum (Mo) is the largest contributor with 2.097 mA/cm?, followed by front TCO (ITO)
with 1.209 mA/cm?, PCBM (0.942 mA/cm?) and PEDOT:PSS (0.807 mA/cm?). A possible increase of
+11.4% of the /5. could be obtained by reducing these current density losses.

The Molybdenum has a high absorption coefficient, combined with the low reflectivity of the ma-
terial, resulting in significant absorption of the incoming photo-current. This absorbed light cannot
contribute to charge carrier generation in the absorber layers [22]. This is a known issue and search
for different materials is ongoing [84], however, so far Mo exhibits the best properties.

As the front TCO layer acts as transport medium, window layer and anti-reflection coating, con-
cessions have to be made regarding material choice as a material is not able to perform optimal on
all three aspects. Bandgap absorption is observed for wavelengths below 450 nm [85] and can be
optimized by altering the potential doping, pushing the absorption to lower wavelengths due to filling
of states in the bottom of the conduction band due to the Burstein-Moss effect [86]. This would result
in reduction of parasitic absorption as less photons will be absorbed due to an increased bandgap. This
could potentially lead to an increase in current density created in the perovskite top layer as it absorbs
light in the spectrum between 300-800 nm.

Parasitic light absorption in the sun-facing front molecular layer is known to cause lower PCE. The
PCBM layer absorption spectrum is situated between 0 and 550 nm. As an important role of PCBM is
the electrical transport of created charge carriers in the perovskite bulk layer, changing the material
for a material with less parasitic absorption could have a negative effect on the functioning of the solar
cell. A material with a larger bandgap could reduce the parasitic absorption, however, the change in
electrical parameters could affect the charge carrier transport. Transport issues could occur due to
changes in the energy alignment in the band diagram, potentially creating band offsets. According
to Jacobsson et al. [2], PCBM remains the most prominent candidate as it is the most frequently
used material in perovskite stacks. However, a similar material, C60, that could potentially lead to an
electrical enhancement of the cell, seems to result in higher parasitic absorption [87].

Parasitic absorption (J_ . . =5.32 mA/cm?) Reflectance (J, = 10.92 mA/cm?)
PCBM
M 0.942
2 897 Other Shading loss
0.048 3.25
PEDOT:PSS
0.807 Optical R
’ 7.67
fSnO,
0.253 fTCO

1.209

(a) An overview of the layers contributing to the parasitic absorption in  (b) An overview of the reflectance losses including optical reflectance
the baseline tandem cell. Mo refers to the Molybdenum back contact. ~ (Optical R) and shading losses due to the metal contact on the front of
The f indicates the layer is situated on the front side of the cell. All the cell. All values are given in mA/cm?2.
values are given in mA/cm?.

Figure 4.9

4.4.3. Reflectance

The losses due to reflectance are divided into two parts: optical reflectance and shading losses (also
known as metalisation). Not all incoming light can reach the cell as a metal front contact blocks an
area from the irradiance. The illumination window (IW) is the area of the cell that can be reached by
the incoming light.
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To calculate the optical reflectance, equation 4.2 was used. The optical reflectance equals the
reflectance obtained from GENPRO4 multiplied by the illumination window (IW) ratio to the total width
of the cell (Wi, /W;o:) as the cell is modelled in 2-D, and equals 0.93 (see section 3.4. This results in
a Ropticar Of 7.67 mA/cm?.

Weot = Wiw + Weontace (4.1)
Wiw
Roptical = JrGenPro * W (4.2)
tot
Weontact
Rshading Z]ph * c‘;/n 2 (43)
tot

The shading loss is dependant on the width of the contact in ratio to the total width. The shading
loss equals the irradiance that cannot reach the cell and is thus dependant on the width of the contact
and the incoming J,h. Equation 4.3 is used to calculate the shading loss. The shading loss is found by
multiplying the coverage factor (W,ontace/Weot), times the J,,. This is results to 3.25 mA/cm?. The
shading losses can be reduced by making the front contact area as small as possible.

In Santbergen et al. [60] it was shown for a Perovskite/c-Si tandem that the interfaces in the front
layers of the cell cause a significant reflectance in the whole wavelength spectrum. This reflectance
originating from the interfaces can be reduced by applying a standard anti-reflective coating on top
of the ITO [60]. A significant improvement in absorption of photons was seen for perovskite/CIGS
tandem cells with the addition of dielectric nano-cone structures on the top layer [88]. This research
suggests that an addition to the front side of the tandem cell could result in significant changes in the
reflectance.

4.4.4. Top cell losses

For an assessment of the losses in the top (perovskite) and bottom cell (CIGS), an analysis was done
in SC condition and at the MPP. The difference in values for recombination current in SC conditions
and MPP shows the effect of recombination mechanisms on the FF of the device. The increase of
recombination when comparing SC with MPP, can be related to charge transport issues in the collecting
path of charge carriers.

Top cell (J,,, = 16.67 mA/cm?’) Top cell (J,,, = 16.67 mA/cm?’)
Rad Rad
0.002 0.007 §§T1

SRH
3.889

Jsc

Surf Surf
11.94
0.823 Juee 0.914
9.835
(a) Overview of the main recombination mechanisms contributing to (b) Breakdown of the current density distribution on the top cell at
the recombination current density in the top cell in SC conditions. All MPP. All values are given in mA/cm?.

values are given in mA/cm?.

Figure 4.10

Figures 4.10a and Figure 4.10b present the results for the top cell recombination losses in SC and
MPP conditions, respectively. Both figures show the contribution to the losses in the top cell can mainly
be contributed to SRH recombination, which increases when operating in MPP (3.889 mA/cm? to 5.911
mA/cm?). This is 23% of the total absorbed current density in the top cell. Radiative recombination
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(Rad), although perovskite can be described as a direct bandgap material, seems to be an insignificant
contribution to the recombination losses (around 0%). The last main contributor to recombination in
the top layer is surface recombination (Surf) at the interfaces of the perovskite layer with the HTL and
ETL which is equal to 0.823 mA/cm? for . and 0.914 mA/cm? in the MPP (light blue, figures 4.10a
and 4.10b).

It is reported that trap-assisted recombination (SRH recombination) is the main contributing loss
mechanism in perovskite solar cells (PSCs), which is in line with the obtained results [89, S0]. As
the SRH recombination occurs through states within the bandgap, the Fermi level of the absorber
layer has a significant influence on the recombination rate, as highly doped materials result in higher
recombination rates. Trapping in materials with an excess of charge carriers will result in immediate
recombination as the trap states may already be filled with opposing carriers due to trapping.

A second non-radiative recombination (surface recombination) takes place at the interfaces of the
perovskite layer where, according to our model (see section 3.3.4), an increase in trap state density
is observed, both at the HTL and ETL interface. Interface recombination is well known to impact the
external properties of perovskite solar devices [91, 92]. Non-radiative recombination losses can lead
to non-radiative V,. losses which can directly effect the FF.

The path for a charge carrier to an electrode can be seen as a series resistance, less resistance
results in faster transport towards the electrodes, minimizing the change of recombination. As the
applied voltage increases, less charge carriers are able to meet the required voltage to be collected at
the electrodes (V.qrier > Veiectroae)- The applied bias (potential) shrinks the collection of free carriers,
accordingly the free carriers’ density inside the cell increases with the consequent reduction of the band
bending leading to recombination of the charge carriers in the absorber material. Thus an improved
charge transport towards the electrodes reduces the resistance, resulting in less recombination and a
better functioning cell.

The figures 4.10a and 4.10b show the importance of minimizing the surface and bulk non-radiative
recombination losses. Several techniques can be used to reduce the surface and bulk recombination: 1)
Reducing and passivating the trap sates at the interface and bulk and 2) improving the carrier transport
towards the electrodes. A reduction in recombination will positively affect the external parameters of
the reference solar cell [93, 94].

4.4.5. Bottom cell losses

Bot cell (J,, = 13.54 mAlcm?) Bot cell (J,, = 13.54 mA/cm?)

SRH
Jsc 3.074
11.94
SRH
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Surf 9M§P3 Surf
0.54 ' 0.64

(a) Breakdown of the current densities the CIGS bottom cell in SC (b) Summary of the found current densities in the CIGS bottom cell at
conditions. All values are given in mA/cm? MPP. All values are given in mA/cm?

Figure 4.11

Figure 4.11a and 4.11b show the obtained loss analysis in the bottom cell of the tandem stack. As
expected, the Js- and Jypp are similar to the values in the top cell as the currents are matched in both
layers, 11.94 and 9.83 mA/cm? respectively. The polycrystalline nature of the CIGS lead within the
model to the introduction of a significant concentration of trap states: 5+10'2 /cm3. This facilitates SRH
recombination in the bulk which can be seen in the results as the dominant recombination mechanism
(1.053 mA/cm?) and is in line with literature [95]. Surface recombination is observed (0.54 mA/cm?),
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which is also a defect-induced recombination mechanism by dangling bonds at the interfaces of the
absorber layer, caused by the defects at the CdS/CIGS interface [95].

The contribution of the recombination losses in CIGS is 10.9 %, compared to the 28.3 % in the top
cell. This difference in non-radiative recombination losses is contributed to the difference in trap state
densities in both layers which is 10 times higher in the bulk of perovskite and even more towards the
interfaces (2 to 3 orders of magnitude).

The figures 4.10a and 4.11a show the current limiting characteristics of the bottom cell, as the total
generated current in the top layer is 2.23 mA/cm? higher. The overall tandem current will thus be
limited by the CIGS bottom cell. This could be solved by altering the thicknesses of the absorber layers
which will be discussed in chapter 5 or a potential bandgap modification in the CIGS layer by lowering
the GGI value.

4.5. Transport evaluation of the TRJ

Results in section 4.2 show the effect of the band alignments in the TRJ on the functioning of the cell.
In this section, the effect of the transport through the TRJ on the external parameters of the solar cell
will be presented. By adjusting parameters that contribute to the alignment in the TRJ, insights on the
charge carrier transport and induced recombination in the TRJ are extracted.

To evaluate the TRJ charge carrier transport, the parameters that are related to the alignment of
the VB in the p-type material and the CB in the n-type layer are studied. As explained before in section
4.2, the band alignment can be described with parameter AE. AE can be explained in terms of two
parameters related to the Fermi level in the TRJ.

Figure 4.12 visualises these parameters in the PEDOT:PSS and SnO, junction. In the PEDOT:PSS
and SnO, layers, the energy difference between the Fermi level and the closest energy band is ascribed
to the total energy misalignment via equation 4.4. Following equations 4.5 for the n-type region (SnO,)
and 4.6 for the p-type region (PEDOT:PSS), a relationship between this band alignment parameters
and the doping can be found. High doping concentrations result in low values for the parameters. To
study the effect of AE, the doping in both layers are changed resulting in different band alignments.

AE = (EF - Ev) + (EC - EF) (4.4)
N,
AE, = E; —Ep = kT In (—C> (4.5)
Np
N
AE, = Ep — Ey = kgTIn (—V) (4.6)
Ny
1 T
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>
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Figure 4.12: Visualisation of two band alignment parameters that were adjusted, Er — Ey (AE)) for PEDOT:PSS and E¢ — Ep
(AEy) or for SnO,.
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Figure 4.13: The contourplots relating the value for AE,, (E¢ — Er) in the SnO, region to the AE, (Er — Ey) in the PEDOT:PSS
region to external cell parameters of the tandem cell.

To understand the effect of different energy alignments on the external parameters of the modelled
tandem, the doping levels were changed between concentrations that resulted in acceptable values
for AE, and AE,. For the n-type region, the boundaries were set to -75 meV and 100 meV (SnO,)
and for the p-type, 0 meV to 135 meV (PEDOT:PSS), see figures 4.13. For the different energy values,
simulations were run and the external parameters were extracted resulting in contour plots indicating
the impact of the TRJ alignment on the V., Js¢, FF, and PCE.

Figure 4.13 reports the simulated external parameters as a function of the band alignment. For
the external parameters a minimum and maximum can be found. The lowest value for Jg. is 11.18
mA/cm? and the optimum is 12.16 mA/cm?. For V. and the FF, the lowest values are 0.832 V and
42.20%, respectively. The highest found value for V. is 1.66 V, nearing the theoretical obtainable V, .
based on the single-junction cells (which is 1.743 V). For the FF, the optimum is 63.60.

The plots in figure 4.14 show the band diagrams for the PEDOT/SnO, junction for two different
points in the contour plot: a) A point in the optimum region of the contour plot (red area, figure 4.13)
and b) a point in contour plot resulting in minimum values for the external parameters (blue area,
figure 4.13).

Figure 4.14a shows the band diagram for AE,, = -50 meV and AE,, = 25 meV, which is situated in
the optimum region. The alignment of the VBpgpor.pss and the CBsno, is observed. This means direct
energy transfer of charge carriers is possible due to the B2BT. This efficient charge transport mechanism
results in optimal values for the external parameters. Figure 4.14b shows the band diagram for AE,, =
0 meV and AE,, = 125 meV. On the contrary to figure 4.14a, a misalignment of of the VBpgpor.pss and
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the CBsyo, is observed. The charge transfer through or into the forbidden gap becomes dependant
on the indirect energy transfer via trap-states with TAT. As this mechanism is less efficient for charge
transport, it results in lower values for the external parameters compared to the optimum.

In the contour plot, the effect of transition from the TAT-dominated transport to B2BT mechanism
can be observed for low values of AE, (12.5 meV < AE, < 65 meV). This indicates highly p-type
materials with the Fermi level close to the VB. For the n-type material in the TRJ, a highly doped
material resulting in a negative value for AE,, is needed. This means that the Fermi level is inside the
CB, which translates to highly conductive materials also known as a degenerate semiconductor. The
Sn0, already seems to exhibit these properties (see section 3.6).

Lastly, when combing the observed trends for the three previous external parameters, logically an
overall improvement of the tandem device in the efficiency can be obtained. The results in figure 4.13d
show significant differences in operational properties of the different TRJ configurations. The PCE for
(Ec —EF) > 37.50 meV and (Er — Ey)-values between 0 and 75 meV is around 5%, while a potential of
12.84% is attainable. In figure 4.13d this is emphasised by the addition of the baseline tandem point.
The baseline point shows the degenerate nature of SnO, which is, as previously discussed in section
4.5, a positive attribute. However, the VB positioning to the Fermi-level of PEDOT:PSS shows room for
improvement and should be reduced by increasing doping or using a different material.

It should be noted that the analysis was done for a TRJ with a PEDOT:PSS and SnO, layer. The
contour plots give a relation between AE value and the functioning the tandem cell for these specific
materials. Introducing other materials could result in different optima as barrier potentials, band off-
sets and transport towards the TRJ induced by different electrical parameters can have effect on the
transport in the TRJ. Meaning, a different optimum can be found for different material choices. This
will be further discussed in chapter 5

4.6. Conclusions

In this Chapter, both single-junction models were successfully validated. It was found that transport in
the TRJ of the tandem model of the reference tandem cell was based on two mechanisms: B2BT and
TAT. After using a non-local TAT model facilitated by the implementation of a mid-gap Gaussian trap
distribution in the PEDOT:PSS layer in the TRJ, the perovskite/CIGS tandem model was validated using
the reference tandem cell. The losses in the reference cell were assessed and limiting aspect of the
band alignment inside the TRJ was researched. This information will be used for possible improvements
that will further improve the functioning of the tandem cell and is found in chapter 5.
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The road to improvement

In chapter 4, the baseline tandem cell was analysed and flaws in the functioning of the cell were
identified. This chapter will propose improvements that can potentially lead to higher efficiencies for
the perovskite/CIGS tandem cell. The following four points will be addressed:

1. Improving carrier transport in the TRJ

2. Improving the optical properties of the reference cell

3. Improving carrier transport in the top layer

4. Reducing trap-state induced SRH recombination in the perovskite layer

In the first section (5.1), an alternative for the PEDOT:PSS material in the TRJ is presented. In
section 5.2, an optical current match and overall optical improvement in the absorber layers are ex-
plored. In section 5.3, an optimization is proposed for the charge carrier transport in the top layer by
altering the front SnO, material. The dominant recombination mechanism in the perovksite is tried
to be reduced in section 5.4. In the last section of this chapter, all changes are implemented in the
baseline tandem cell to see the effect on the external parameters and improve the efficiency of the
cell.

5.1. The TRJ optimization

Chapter 4 showed the baseline tandem does not operate optimally due to limitation in the charge
transport inside the TRJ. The contour plots indicated possible improvements in the p-type region,
which is discussed in section 4.5. Accordingly, this section analyses the use of a different material for
the p-type region.

Table 5.1: A comparison of PEDOT:PSS and NiO parameters for the TRJ

Material comparison
Layer parameters Symbol [unit] PEDOT:PSS ALD NiO

Bandgap E, [eV] 1.6 3.84
Electron affinity x [eV] 3.6 1.4

Rel. permittivity  ep 3 11.9
Doping Ny,Np [em™3] 1.1x1018 4.63x101°
CB DOS N¢ [em™3] 2.2x1018 2.2x1018
VB DOS Ny [em™3] 1.8+101° 5.0«10%°
Mobility Ue, Uy [cm?/Vs] 100,100 1E-3,1E-3
Source - [81, 82] [61, 96-98]

Atomic layer depositioned Nickel Oxide (ALD NiO) has often been reported as a potential candidate
for the p-type material in the TRJ of perovskite/CIGS tandem cells [2, 32, 46]. ALD NiO is produced
within the LAFLEX-2T project. The in-house electrical measurements resulted in E, value of 3.82 eV,
of 1.36 eV and a doping of 4.63 *101° cm™3 for the NiO material, see table 5.1 . The material exhibits
interesting features: it is a p-type material, it has a high workfuction (¢ = 5.2 eV)?, and it has a high

1The in-house measured workfunction (¢) is 4.56 eV [61], although most literature on NiO stated values above 5.0 eV [96, 97].
This is more inline with the found doping concentration. The measuring of workfunction was done with ultraviolet photoelectron
spectroscopy (UPS). UPS is found not to be reliable for determining ¢, as the measurement creates charge inside the sample,
which can lead to Fermi level shifting [99]

39
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band offset for the conduction band in a junction with SnO,. The features will be addressed in relation
to the obtained band diagram (figure 5.1b).

The NiO electrical parameters were implemented and results can be seen in figures 5.1a and 5.1b.
The effect of the higher doping of NiO becomes apparent when comparing figure 5.1a and 5.1b. In
the baseline tandem stack with PEDOT:PSS, a misalignment is observed for VBpgpor.pss and CBsno,-
The introduction of NiO shows a VBy;,, situated close to the Fermi energy. This results in an alignment
of the VBy;, and CBsno,- Due to the alignment efficient direct energy transport of charge carriers via
B2BT becomes dominant (see figures 4.14a and 4.14b). Improving the transport in the TRJ leads to
a better functioning tandem cell. This can be observed in figure 5.2 as it shows an improvement of
external parameters in the J-V curve, similar to the previous observed trends in section 4.5. It even
exceeds the highest found value of 12.84% PCE.
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(a) The band diagram of the TRJ with PEDOT:PSS (blue area), SnO, (b) The band diagram of the TRJ with ALD NiO (blue area), SnO, (red
(red area), and PTAA (green area) area), and PTAA (green area)

Figure 5.1

Secondly, the implementation of NiO resulted in a higher band offset in the conduction band at the
SnO, interface. Electrons move from the CIGS absorber layer towards the TRJ in SnO, and encounter
the band offset at the interface. The larger barrier results in less thermionic emission. Thermionic
emitted electrons will not contribute to recombination of non-collectable charge carrier in the TRJ,
which is disadvantageous for the functioning of the cell. When thermionic emission is thus reduced,
an improvement of the cell parameters is expected.
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Figure 5.2: A comparison of the J-V curves for the tandem stack with PEDOT:PSS or ALD NiO
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Table 5.2: A comparison of the external tandem cell parameters with PEDOT:PSS or NiO in the TRJ

External parameters V,. [V] J,. [mA] FF PCE [%]
PEDOT:PSS 1.567 11.94 56.90 10.63
ALD NiO 1.662 1221 6395 1291

The introduction of NiO resulted in an improvement of 5.72% for the V,. (1.567 V to 1.662 V)
compared to the reference tandem cell. The FF improved from 56.90 to 63.95, which is +12.40%.
The improvement of the Jq. is +2.26%. The Js. is mostly dependant on light management and reduc-
tion of parasitic absorption and not so much on the transport mechanisms. NiO has higher bandgap
than PEDOT:PSS and results in lower parasitic absorption [61]. The overall improvement of the PCE
from 10.63% and 12.91% is observed. NiO was found to be an excellent candidate to substitute the
PEDOT:PSS layer in the TRJ to improve the functioning of the perovskite/CIGS tandem cell.

5.2. Optical enhancement

In sections 4.4.3 and 4.4.4, the difference in generated current in both absorber layers was shown
as well as the large reflectance losses that occur with the reference tandem stack. In this section we
evaluate the performance by reducing the optical losses.

For current matching, the thickness of the perovskite layer was used as adjustable parameter as the
CIGS bottom layer was obtained from a commercial party and cannot be altered. Figure 5.3 shows the
result of the optimization. An optimal thickness for perovskite was found to be 312 nm. This reduction
in perovskite thickness of 138 nm resulted in a decrease in top layer current (blue dotted arrow) but
an increase in the CIGS absorbed photons (orange dotted arrow). This is due to less absorption of
light in the 500 - 800 nm wavelength range in perovskite and an increase in absorption in CIGS. The
trend of decreased absorption in the perovskite layer with reduced thickness can be expected, as the
absorptance is depth dependant. Due to overlap in absorbance spectrum, as can be seen in figure 5.3,
the photons will then be absorbed by the CIGS layer.

The result is an increase of 10.9% (+1.58 mA/cm?) for the generated current in the limiting ab-
sorber layer and thus will result in an increase in the Jg. of the perovskite/CIGS tandem cell. The
surface roughness of the bottom cell however limits the possible perovskite thickness, as a minimum
of thickness is needed to fully cover the layer and not create any shunts. This thickness was found
to be 300 nm minimal, meaning the current matching thickness exceeds this minimum layer thickness
(312 nm > 300 nm).

Perov 450nm - 17.7 mA/cm2 — CIGS (Psc = 450nm) - 14.5 mA/cm2
Perov 312nm - 16.07 mA/cm? —— CIGS (Psc = 312nm) - 16.08 mA/cm? -

01} /

/
/

1 1 1 1

0 1
300 400 500 600 700 800 900 1000 1100 1200
Wavelength [nm]

Figure 5.3: Optimization of the perovskite layer thickness resulting in current matching conditions for the perovksite/CIGS
tandem cell. A value of 312 nm for the perovskite layer was found.
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Figure 5.4: The effect of an anti-reflective coating added on top of the current matched baseline tandem. A 100 nm of MgF,
was added.

Section 4.4.3 showed a 7.67 mA/cm? current loss due to reflection. To increase the absorbed
light in the tandem, an anti-reflective coating (ARC) can be added. A top layer of MgF, of 100 nm
was included on top of the baseline tandem layer stack. MgF, is a well documented, conventional
ARC often used for lab-scale CIGS [22], and is suggested for minimizing optical losses in monolithic
perovskite/c-Si tandem cells [60]. Also, the in-house produced perovskite cell used for the validation
of the single-junction model has a MgF, layer. Figure 5.4 shows the effect of such an addition. The
absorbed current in both absorber layers increases 11.57% which translates to 1.87 mA/cm?. The
increase in absorbed current can be seen from 400 nm to 1100 nm.

An overall optical improvement of 23% in the generated current density can be achieved (from 14.5
mA/cm? to 17.94 mA/cm?) by reducing the thickness of perovskite to 312 nm and adding a 100 nm
MgF, layer.

A second option to reach a current match in the tandem is by lowering the bandgap of CIGS to 1.0
eV. This can theoretically lead to a better current matching and higher yield in combination with the
1.6 eV bandgap value for perovskite [2]. Although an interesting insight, no more research was done
on this matter as it was outside the scope of this thesis.

5.3. Carrier collection improvement

The band diagram of the single-junction Perovskite top cell in section 4.1 showed two band offsets,
one at the PCBM/SnO, interface of 0.51 eV and one at the SnO,/ITO interface (0.65 eV). This can
be observed in the band diagram in figure 5.5. These band offset act as a barrier for the transport
of the majority charge carriers when moving from the perovskite absorber layer towards the front
contact. Also, a barrier potential inside the SnO, layer can be observed. This has effect on the external
parameters.

Table 5.3: Varied parameters differences for the SnO, layer based research conducted by TU Eindhoven [6]

ALD temperature TI[°C] 50 200
Electron affinity x [eV] 371 4.32
Bandgap E4 [eV] 425 3.25
Carrier concentration N, [*10°cm3®] 0.3 9.6
Mobility u [em?/Vs] 0.001 36

The used material is ALD SnO, at 50 °C. The electrical parameters were found in Kuang et al. [6]
and are summarised in table 5.3. The same research shows the possibility of tweaking the bandgap
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Figure 5.5: The top cell band diagram in the tandem cell. The carrier transport layer for electrons can be identified as the front

SnO, (yellow), PCBM (pink) and ITO (light blue).

values from 4.25 to 3.25 eV and an increase of y with 0.61 eV. To do this, the ALD temperature was
increased to 200 °C.
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Figure 5.6: A zoom of the band diagram in in the SnO, layer (yellow) and PCBM layer (pink). Comparing the band offsets of
ALD SnO, at 50 °c and 200 °C.

Figure 5.6 shows the band diagram for implementation of the different ShnO, materials. The band
diagram shows that the band alignment for the ALD SnO, at 200°C does not create a band offset at the
the SnO,/PCBM interface (yellow and pink area). Also a reduction in the band offset at the ITO/SnO,
interface is observed (from 0.65 to 0.17 eV). This can be contributed to the increased electron affinity
as the CB is pushed down. In the band diagram for SnO, (50°C) an potential barrier can be seen near
the ITO/SnO, in the SnO, layer. This electric field acts as a barrier for electrons moving towards the
front electrode. This barrier potential is significantly decreased for SnO, at 200 °C.

The SnO, material has a second role: blocking holes from moving to the front side of the cell. The
band diagram in figure 5.6 for the 200°C ALD SnO, still displays this attribute as the band offset of the
valence band at the SnO,/PCBM interface is still of significant height (2 eV) ensuring no hole transport
towards the cathode electrode.

Figure 5.7 points out the effect of the better band alignment and reduction of the barrier potential
on the external parameters. As expected, a better functioning cell was observed. The main change is
seen in the J-V curve shape, indicating an improved FF from 66.08 to 75.33. This can be explained by
the improved carrier transport of electrons, reducing the recombination in the absorber layer. This is
inline with the observed results in Kuang et al. [6].

Although the results clearly indicate the beneficial effect of the depositing SnO, at 200 °C, one has to
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Figure 5.7: The J-V curve improvement by changing the ALD SnO, layer at 50 °C and 200 °C in the perovskite single-junction.

keep the production process of the tandem cell in mind. The top layer is deposited on the CIGS bottom
layer, meaning the SnO, layer is deposited when the perovskite layer is already implemented. In real
devices the temperature of processing could be detrimental for the final tandem, because decreases
in device performance for perovskite solar cells have been observed for higher temperatures above
100 °C due to an increase in formation of defects and lowering of the bandgap [100]. The deposition
temperature should therefore be kept below 100 °C. Although Kuang et al. reports SnO, materials at
ALD temperatures between 50 and 200 °C, a significant increase in electron mobility is only reported
at temperatures of 150 °C and higher. This deposition temperature would result in the degradation of
the perovskite material.
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Figure 5.8

Figure 5.8a points out the effect of the thickness of the SnO, layer on the efficiency of the tandem
cell by varying the thickness from 0.007 to 0.085 um. For the 200 °C ALD, a small increasing trend is
observed for thinner layer thicknesses (11.8% to 12.1%). When comparing 50 °C with 200 °C ALD, the
effect of a better band alignment and decreased barrier potential is shown, as previously discussed.
However, when reducing the thickness for the 50 °C ALD SnO,, a decrease in PCE is seen for thicknesses
below 0.035 um, even resulting in a barely functioning cell for 0.015 um.

This phenomenon can be explained by looking at figure 5.8b. For the indicated points in figure
5.8a, the CB band diagram was plotted. The two band offsets resulting in two barriers are observed at
a thickness of 0.045 ym. The width of the barriers decreases with height. This increases the tunneling
probability. Although there are two, the charge carriers can still transport through these heterojunctions
by thermionic emission and direct tunneling resulting in a PCE of 10.7%.
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As the thickness of SnO, is reduced, the two electric fields in the potential barriers are pushed
towards each other. The two electric fields point in the opposite direction, and will cancel each other out.
This results in a reduction of the barrier potential in the SnO, layer. This results in one thicker barrier
(blue line) instead of two thinner ones (green line). This negatively affects the tunneling probability
and results in a lower functioning tandem cell (PCE is 5.3%). We conclude that reducing the thickness
of SnO, will not be beneficial for the solar cell.

Coincidentally, it was reported however, that a thin 0.015 um layer of 50 °C ALD SnO, had no neg-
ative effect on the electron transport at the interfaces [6]. According to our modelling results, negative
transport properties were found for 50 °C ALD SnO, . The conflicting results can be related to different
cell configuration. The conclusion of the paper was based on a cell configuration without the addition
of PCBM. The CB in figure 5.7 shows a drop of 0.45 eV in energy level when moving from perovskite to
PCBM. The band offset at the SnO,/PCBM interface was earlier discussed and equals 0.51 eV. When
the perovskite layer is directly deposited on the SnO, layer, the band offset between perovskite and
Sn0, is potentially much smaller (0.06 eV) when compared to the band offset at SnO,/PCBM interface.
The reduction of the band offset at the SnO, interface reduces the limitation for electron transport. This
can explain that no negative effect for the electron transport was found in Kuang et al.. The added
PCBM layer for SnO, was however needed to prevent the degrading of the cell over time [6]. This
addition of PCBM between SnO, and perovskite thus results in the two earlier discussed band offsets

and barrier potential, worsening the carrier transport (figure 5.7).

The combination of the SnO, and PCBM is disadvantageous for the tandem cell, but the PCBM
is needed to prevent the degration of the PCE when using SnO,. Secondly, the band alignment of
PCBM with ITO and perovskite shows very promising characteristics for electron transport towards the
cathode electrode without SnO,, see figure 5.5. This reasoning suggests that a possible adjustment

would be to leave the SnO, out of the tandem layer stack and use PCBM as the only ETL connection
to the ITO [101] and should be studied in future work.

5.4. Recombination reduction

The main recombination mechanism in the top cell was identified in section 4.4.4 as SRH, mostly
facilitated by the defects present in the perovskite absorber layer and accounted for 3.889 mA/cm?
in SC condition. A possible solution for this loss is the passivation of the trap states. Passivation of
traps has resulted in the successful enhancement of obtained efficiencies in perovskite single-junction
solar cells [94, 102, 103]. To research the effect of passivation, the single-junction perovskite model
was run with a reduction of the trap state density for the HTL (PTAA/perovskite interface), the ETL
(perovskite/PCBM interface), and the bulk. The simulation results are presented in figure 5.9. The
reduction in the ETL and bulk gave similar results as the tandem cell with baseline trap distribution

described in chapter 3 and show no significant difference in the J-V curve. For the passivation of the
traps at the HTL, an increase in the V. is observed of 0.081 V.
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Figure 5.9: Effect of trap passivation on J-V curve in the perovskite single-junction. The trap concentration was reduced to
1x10% ¢cm™3 for the bulk, HTL and ETL.
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The effect of HTL passivation on the V,. can be related to the higher defect concentration that
was modelled at the PTAA/perovskite interface. Higher trap state concentration directly translates to
a higher amount of recombination centers. As the recombination rate has a direct influence on the
V,c and the PCE, reducing the concentration is reflected in the J-V curve. Secondly, at the HTL, the
mid bandgap trap states are situated closer to the Fermi level (see figure 5.5, right side of perovskite)
than at the ETL (see figure 5.5, left side of perovskite) due to band bending, resulting in more active
recombination centers contributing to the recombination process. As the capture rate of charge carriers
is driven by the Fermi energy level relative to the trap state distribution, at the HTL more trap states are
able to contribute to the recombination process. When reducing the active trap states via passiviation
techniques, an improvement of the cell performance is observed.

5.5. Efficiency optimization

This section aims to investigate the possible improvements that can be done to the baseline per-
ovskite/CIGS tandem that was introduced in the first chapter of this thesis. The following improve-
ments were based on the loss analysis and transport analysis of the baseline tandem cell in chapter 4.
We have four propositions for the improvement the cell: 1) Improving carrier transport by implement-
ing NiO as the p-type layer in the TRJ, 2) Optical enhancement of the cell by reducing the perovskite
thickness and adding a MgF, ARC, 3) Improving the carrier transport in the top cell the by changing
the front SnO, at 50 °C to SnO, at 200 °C. 4) Reduce SRH recombination in the perovskite layer by
defect passivation.

Proposition 1: substitute PEDOT:PSS with ALD NiO as the p-type material in the TRJ. This propo-
sition is related to results found in the analysis of the tunnel recombination junction. The PEDOT:PSS
material was limiting the charge carrier transport thanks to its electrical parameters that resulted in a
sub-optimal band alignment of the CB in the middle Tin Oxide (m SnO,) and the VB of PSS:PEDOT. The
electrical parameters of Nickel Oxide (NiO) resulted in the band alignment of VBy,;, and CBsno, and a
higher band offset at the SnO,-interface. The NiO was implemented in the baseline tandem stack and
the PCE increased from 10.63 to 12.91% (figure 5.10).
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Figure 5.10: The effect of the optimization techniques on the baseline tandem J-V curve.

Proposition 2: reduce the thickness of the perovskite absorber layer and add an ARC on top of the
tandem layer stack. The loss analysis showed the limiting current of CIGS on the total tandem. By
reducing the perovskite layer thickness to 312 nm, a current match between top and bottom layer is
achieved, increasing the current density in CIGS from 14.5 to 16.08 mA/cm? while remaining above
the minimal of 300 nm thickness to prevent shunting. As the reflectance losses were found to be
significant, a Magnesium Fluoride (MgF,) ARC was added, increasing the current density created by
photon absorption from 16.07 to 17.70 mA/cm?. Figure 5.10 shows effect of the implementation of the
optical improvements on the tandem cell. The eventual Jg is increased from 12.21 mA/cm? to 17.21
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mA/cm?. The value is lower than the earlier mentioned 17.70 mA/cm? due to metalisation losses. An
increase in V, is observed from 1.662 to 1.802 V. This results in a significant increase in the function-
ing of the tandem cell (blue line vs. red ling, figure 5.10)

Proposition 3: alter the front SnO, by using 200 °C ALD SnO, instead of 50 °C ALD SnO,. Due to its
smaller bandgap and larger electron affinity, a better band alignment with ITO and PCBM and smaller
barrier potential is formed. This results in better transport of charge carriers to the front electrode.
Consequently, a higher efficiency for the tandem cell (10.7 to 11.9%) and better FF for the top cell
is observed. Figure 5.10 shows the effect of the improved charge carrier transport on the FF of the
tandem cell (red vs. purple line). The FF is improved from 66.30 to 83.87 in the tandem cell after the
substitution of 50 °C ALD SnO, with 200 °C ALD SnO,.

Proposition 4: reduce the defects in the perovskite absorber layer by defect passivation. The non-
radiative SRH recombination in the perovskite layer was found to the dominant loss mechanism in the
absorber layer. The defects at the PTAA/perovskite interface were found to be most limiting in the
functioning of the cell due to high concentration of trap states (1x10'” ¢m™3). The reduction of traps
in the absorber layer resulted in an increase in the V¢ in the single-junction. The results for the tandem
cell are observed in figure 5.10. AV, increase from 1.802 V to 1.849 V is seen (purple vs. green line).

The step-wise implementation of the four propositions resulted in an improvement of the external
parameters of the perovskite/CIGS tandem cell compared to the reference tandem, see table 5.4. The
overall increase of the efficiency is 16.1 percentage points: 10.7 to 26.8%. This exceeds the minimum
efficiency goal of the LAFLEX-2T project of 19.0%. All improvements were related to the perovskite
top cell layer stack, meaning the implementation could be achievable without the need of modification
of the CIGS layer stack. The 26.8 % is comparable to the highest found values for modelling results of
perovskite/CIGS tandem solar cells (table 1.1 ) and is nearing the maximum obtainable efficiency for
2T perovskite/CIGS tandem cells of 32.0 % [2].

Table 5.4: The final comparison of the baseline tandem with the optimized perovskite/CIGS cell.

External parameters V,. [V] J,. [mA] FF PCE [%]
Baseline Tandem 1.567 11.94  56.90 10.63
Optimized Tandem 1.849 1721  83.87  26.69
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Conclusion

An optical and electrical loss analysis of a perovskite/CIGS tandem cell was presented in this thesis.
Through GENPRO4 optical simulations, the charge carrier generation profile for each layer was ob-
tained. TCAD Sentaurus modelling software was used for the electrical simulation, which solves the
fundamental semiconductor physics equations. With the electrical parameters of each layer as input,
the current losses and transport limiting layers could be identified. These insights can be used to im-
prove the existing layer stack and thereby enhancing the functioning of the solar cell. In this chapter,
we conclude this research by looking back at the thesis objectives.

Objective 1: Develop a realistic modelling template for the perovskite/CIGS baseline tandem cell

In chapter 3, an opto-electrical model for the perovskite/CIGS baseline tandem cell was presented,
and successfully validated in chapter 4 using experimentally obtained data for the J-V curve. The over-
all approach made use of two separate models of a single-junction perovskite cell and a single-junction
CIGS cell, which first were validated using experimentally obtained data. For both models, trap state
distributions were added in the absorber layers, which could potentially facilitate the recombination of
charge carriers. The J-V curve results from the models were both in good agreement with experimental
J-V curve data of both single junctions. The electrical parameters from the materials in both models
were implemented in a tandem model with the perovskite as the top cell and CIGS as the bottom cell.
In the tandem model, the dependency on direct and indirect energy carrier transport in the tunnel re-
combination junction became apparent. For direct energy transport of the charge carriers, the band to
band tunneling (B2BT) mechanism was used. For the indirect energy transport, trap assisted tunneling
(TAT) was successfully implemented using the non-local local TAT model facilitated by trap states in
mid bandgap of PEDOT:PSS following a Gaussian energy distribution. The tandem model was vali-
dated using experimental J-V curve data. The model was able to reasonably reproduce experimental
J-V curves. It can thus accurately reproduce the physical mechanisms in the baseline tandem cell. This
model was used for the next objective.

Objective 2: Perform an optical and electrical loss analysis of the baseline tandem cell

Chapter 4 presented an extensive analysis of the losses in the baseline perovskite/CIGS tandem
cell and analysed the transport of charge carriers through the TRJ. First, a breakdown of the incoming
photo-current (J,, = 46.45 mA/cm?) was obtained from the electrical model. This showed that, due
to parasitic absorption, 5.32 mA/cm? is lost. The Molybdenum (Mo) back-contact was identified as the
main contributor to the parasitic losses and was responsible for a loss of 2.01 mA/cm?. Reflectance
losses are responsible for losing 23.5% of the incoming current in the tandem cell (10.92 mA/cm?).
The breakdown of the photo-current also revealed the current mismatch between the top and bottom
layer of the tandem cell (16.67 mA/cm? vs. 13.54 mA/cm? for the top and bottom cell, respectively).
The recombination losses in the top and bottom cells were extracted, showing the non-radiative re-
combination processes related to defects in the material as the dominant recombination mechanism in
both absorber layers. This includes Shockley-Read-Hall and the surface recombination. The losses in
the top cell when operating at short circuit (SC) conditions were 4.71 mA/cm?. For the bottom cell,
the losses were equal to 1.59 mA/cm?. The non-radiative losses in SC conditions were attributed to
the defect states in the absorber materials. The recombination losses in the top and bottom cell at
SC conditions were also compared to the recombination losses at maximum power point (MPP). The
increase in recombination losses of 2.12 mA/cm? was attributed to limited transport of charge carriers
towards the electrodes resulting in a low fill factor (FF).
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An extensive analysis of carrier transport through the TRJ revealed the dependency on in-direct
energy transport of charge carriers in the baseline tandem cell. This indicated that the charge car-
rier transport was dominated by the TAT mechanism. The modelling of the TRJ for different dopings
of the p-type and n-type material showed that optimal values for the external solar cell parameters
were found for band alignment of the VBpgpor.pss and CBsno,. Due alignment of the bands, direct
energy transport of carriers is possible. This resulted in the more efficient B2BT mechanism becoming
dominant. It was concluded that for the baseline tandem cell, an improvement in the p-type region
could be made by reducing the energy difference between the VB and the Fermi level, resulting in band
alignment in the TRJ.

Objective 3: Propose recommendations and guidelines for the optimization of the baseline tandem cell

Chapter 5 used the insights from chapter 4 to come up with four propositions to improve the
functioning of the baseline tandem cell: 1) Substitute PEDOT:PSS in the TRJ with ALD NiO. Due NiO’s
electrical parameters an improved band alignment of the VB,_;,,. with the CBs,,, was observed,
resulting in an increase in PCE from 10.63% to 12.91%. 2) Reduce the thickness of the perovskite
absorber layer to 312 nm and add a 100 nm MgF, ARC on top of the layer stack. This resulted in
an increase of the Jg. from 12.21 mA/cm? to 17.21 mA/cm? due to current matching of the top and
bottom cell and the improved trapping of the incoming light. 3) Change the material for the front SnO,
from 50 °C ALD SnO, to 200 °C ALD SnO,. This will improve charge transport to the front electrode as
limiting band offsets at the interfaces of the SnO, and barrier potential in the SnO, layer are reduced,
resulting in a higher FF (66.30 to 83.87). 4) Reduce the defects in the perovskite absorber layer by
defect passivation. This will reduce the SRH and surface recombination in the perovskite top cell,
improving the V. from 1.80 V to 1.849 V. We conclude that a PCE of 26.69% is obtainable for the
baseline perovskite/CIGS tandem cell when implementing the four propositions, see figure 6.1.
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