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Abstract

Perovskite solar cells (PSCs) have a high potential in PV systems, with total power conversion effi-
ciencies (PCEs) of single junction PSC reaching up to 25.52%. Because of the fast growth of PCE,
PSCs has become the emerging star of the PV industry which piqued the attention of the research
community. The fact that they can be used as a top cell in a tandem perovskite-Si design further
adds to their potential. However, for perovskites to be effective in the solar industry, scalability
and stability must also be considered. For a long time, the stability of PSCs has been a major
source of concern. Thus, it is important to observe the performance of perovskite carefully in
laboratory to understand the behavior under real-world, and thus operational, conditions.

Therefore, this work is focused on characterizing several properties and behavior of perovskite de-
vices important for these operational conditions: series resistance losses, behavior under different
temperature and illumination levels and a protocol for maximum power point tracking (MMPT).

e Suns-Voc method is done primarily to understand the power loss mechanism, especially
series resistance can be easily computed using this method. The analysis of Suns-Voc (Jsc-
Voc) requires the validity of superposition principle to hold. The experiments were done to
prove the validity of principle and the results indicate that the superposition principle does
not hold for perovskite devices.

e The perovskite module was subjected to various temperature (15°C to 55°C) and illumina-
tion levels (100% to 11% of 1 Sun). From these measurements, absolute and normalized
temperature coefficients were calculated and compared to published values in the literature.

e The true maximum power point (MPP) is the most critical aspect to consider in order to
ensure that the PV module harvests maximum power at all operating points. Thus, to obtain
the maximum power output under outdoor conditions where MPP fluctuates with tempera-
ture and irradiation, MPPT is used. A new measurement protocol has been proposed and
implemented to track the true MPP of perovskite module. The result obtained from this
method were as accurate as the standard J-V measurements.

The studies and tests conducted in this paper may be useful in providing a better understanding
of PSCs in real-world operational circumstances.
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Introduction

The document reports the thesis work done at TNO, location Petten, Netherlands with support
from TNO, Eindhoven. This chapter aims to set the perspective and will relate the work to the
current main problem. Climate change is unquestionably one of the most pressing issues con-
fronting our generation. The chapter starts with the associated problems due to climate change
and the importance of energy transition and briefly discusses the solution to the problem. Solar
photovoltaic (PV) will play an important role in energy transition along with other renewable en-
ergy technologies. The research contributes to enhance the deployment of PV technologies by
investigating some factors related to tandem PV devices. Subsequently, the perovskite solar cells
and the problems associated are also briefly explained. Thereafter, the chapter ends with the
outline of this report.

1.1. Background

Energy demand is expected to rise by 28 percent from 169 PWh in 2015 to 216 PWh in 2040,
owing to the rising global population and economy[9]. Despite the fact that renewable energy is
growing at the fastest rate in the world, the major amount of energy (around 80%) is expected
to be produced by fossil fuel burning in 2040[9].

Although burning fossil fuels is a simple way to produce power, it has negative consequences on
our planet. The combustion of fossil fuels, particularly unpurified coals, emits pollutants and dust
into the atmosphere. Emissions of greenhouse gases have the ability to trigger climate change
and global warming, which could severely harm the atmosphere and endanger human activity’s
protection. On the other hand, pollution from coal dust poses a serious threat to public health.
According to the Intergovernmental Panel on Climate Change(IPCC), the fossil fuel emissions are
the primary contributor to global warming[52]. Emissions from fossil fuel and industry accounted
for 89% global emission of CO, in 2018[52]. In 2019, the global mean of atmospheric CO, con-
centration was 409 ppm as shown in Figure 1.1[49].

Renewable energy is a way to resolve the issue of energy scarcity while also reducing the envi-
ronmental effect of the existing energy system. Hydropower, geothermal energy, wind energy,
and solar energy are all examples of renewable energy. Solar energy is the most abundant of
all renewable energy sources. Every year, the Sun provides the Earth’s surface with 108 TWh of
energy, of which we actually extract 442 TWh[34]. As a result, solar energy’s potential, including
PV (photovoltaic), appears to be nearly infinite, and the abundant solar energy can be converted
into energy that can be utilized as electricity.

The photovoltaic effect is the direct conversion of sunlight into electrical power using a semicon-
ductor based device called a solar cell. The proportion of sunlight that illuminates the solar cell and

1
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[49]

getting converted into electricity is given by a term known as Power conversion efficiency(PCE).
There are several factors affecting the PCE such as operation location and ambient conditions,
technology of fabrication, composition of absorber layer.

Besides sustainability, the economic feasibility of the energy technologies is determined by the
cost of the power generation, which is given by LCOE (levelized cost of electricity).The LCOE is
calculated by dividing the total lifecycle cost of a technology by the total lifetime energy production.
Thus, there is a need to reduce the LCOE of PV technology which can be ensured by increasing
the PCE of the solar cells. Figure 1.2 shows the comparison of generation cost of electricity using
solar and other power sources. The PCE of solar cells must be also be improved in order to expand
the use of renewable energy. The higher PCE will also result in decreasing the pay back period,
thus making this parameter crucial for the increasing the share of PV power as a source of global
electricity. The area required for the installation and the materials for mounting system will be
less with technologies of high PCE. This results in reducing the airborne pollutants, emissions and
will improve the environmental profile of the PV system.
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Figure 1.2: LCOE values of different power sources from 2009 to 2020 [23]



1.1. Background 3

The PCE is limited by the theoretical Shockley-Quisser (SQ) limit for a p—n single junction solar
cell. Under one sun irradiance, the closest PCE to SQ Limit by any solar cell is around 29% which
is made of GaAs (III-V), [92],[30]. But, large-scale production of these solar cells is prohibitively
expensive. Solar cells made of crystalline silicon (c-Si) which is the second most abundant element
available, dominate the terrestrial PV sector. Under 1 Sun illumination, the maximum PCE achieved
for single-junction c-Si is 26.7% which is very close to the practical limit of such solar cells[94],[30].

As it can be seen from Figure 1.3, thermalization losses are experienced by photons with energy
above the absorber’s bandgap (32.6% of overall solar radiation is accounted and is depicted in
the grey region) and the energy of the photons which are below the bandgap are unable to be
absorbed (as shown in the pink region of the figure)[96]. Multi-junction solar cells also known
as tandem devices, which are made up of several light-absorbing layers with different bandgaps,
have been shown to reduce these losses.
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Figure 1.3: Solar spectrum of single junction Si solar cell [96]
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1.2. Tandem PV

Tandem solar cells are made up of two or more than two subcell that are stacked on top of each
other. Each subcell in the tandem can be adjusted to a particular part of the solar spectrum since
the different subcells capture complementary parts of the solar spectrum. The top layer of PV cell
with a wide bandgap absorbs photons having high energy while allowing photons with low energy
to pass which are absorbed by the bottom layer of PV cell as they are of smaller bandgap material.
By capturing photons of high energy in the top layer and photons of lower energy in the bottom
layer, the tandem cell’'s cumulative PCE exceeds that of a single junction solar cell. Figure 1.4
represents the device structure of a typical tandem cell where top cell absorbs the higher energy
photons (purple region of solar spectrum) and Si as a bottom cell, absorbs the remaining energy
available after passing through the top cell(depicted as red region in the figure)[96].
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Figure 1.4: Solar spectrum of tandem solar cell with Si as a bottom cell [96]

Solar cells can achieve efficiencies upto 43% for two-junction and 50% for three-junction[7] as
compared to an efficiency limit of 31% for single-junction solar cells, according to the fundamental
Shockley-Queisser (SQ) limit[73]. Thus, using tandems on silicon solar cells is a promising way
to improve their performance. Using tandem device of III-V/Si solar cell by stacking mechani-
cally, an efficiency of 32.8% was obtained and an efficiency of 35.9% was achieved for three
junction[22]. The high price of III-V solar cell growth technology makes large-scale terrestrial
applications difficult. Given the dominance of c-Si solar cells in the terrestrial PV industry, intro-
ducing a low-cost absorber on top of the ¢-Si to produce high-efficiency tandem solar cells would
be a more promising method to reduce the LCOE. The introduction of emerging solar cells and
their rapid advancement has proven advantageous and they are now being used in tandem as a
combination with existing PV technologies.

There has been a rapid development in the research of metal halide perovskites solar cells in
the recent past. The PCE of single junction perovskite solar cell has risen from 3.8% to 25.5%
[36] in a decade[1],[45]. Some features of the perovskite solar cell such as bandgap tuning,
solution processing at low cost, long diffusion length and high carrier mobility makes perovskites
an excellent option to use in tandems. Recently, a record breaking efficiency of 29.52% was
achieved by Oxford PV on perovskite/Si tandem cell having an area of 1.12cm?2[60].
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1.2.1. Tandem architecture

Different tandem cell configurations are possible depending on the subcell design and bonding
technique, such as a tandem cell with 2T(two terminal), 3T(three terminal), or 4T(four terminal).
Tandem device with 3T is not discussed in this report.

2T tandem is also known as monolithic tandem having two external electrodes whereas 4T tandem
has 4 external electrodes. The architecture of 2T and 4T tandems are shown in Figure 1.5

o Si bottom cell Si bottom cell

Figure 1.5: Schematic representation of the two main tandem architectures; Four-terminal (4T) configuration (left) and
Two terminal (2T) configuration(right)[3]

Monolithical connection is made by the by the recombination or tunneling junction for each subcell
in a 2T tandem. The 2T tandem devices are series connected and thus the photocurrents of subcell
should be equal to each other. The parallel connection of the 2T tandem devices are also possible
which requires voltage matching. If not, the efficiency of 2T tandem devices will decrease because
of the subcell of lower photocurrent. Since the subcells in 4T tandems are electrically isolated,
there is no current matching limitation[90]. In 4T, there are four electrodes compared to the two
electrode in 2T tandem. Out of four electrode, three of which must be broadband transparent and
strongly conductive.

1.2.2. Tandem combinations

Different combinations of top and bottom cell in tandem are currently in research. The most cur-
rently used material for a bottom cell are c-Si and CIGS. Silicon exhibits a number of characteristics
that a bottom cell in a tandem, or two-cell multi-junction, requires. It has a near-ideal bandgap
(Eg = 1.12 eV) for optimal tandem performance and is also relatively cheap for modules. In the
case of c-Si, research is underway to enhance the infrared response and reduce Ohmic losses in
the cell, which could lead to new processes and cell architectures that could be scaled up and
incorporated into modules. CIGS provides an additional advantage as bandgap tuning is possible
by changing the chemical composition.

As a top cell, most commonly used materials are III/V, CIGS/CdTe and Perovskite. In the high
band gap level of tandem, CIGS does not seem to be a suitable absorber material. Due to the
prospect of changing the band gap by tuning the chemical structure, a semi-transparent form of
CdTe could be more promising [85]. Due to some advantageous features of perovskite, it may
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prove in the future as one of the best material to be used as a top cell in tandem devices.

The thesis is focused on 4T tandem devices having perovskite as the top layer and silicon as a
bottom layer.
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1.3. Perovskite solar cells

1.3.1. Structure and material property

Perovskite solar cells consists of organic-inorganic hybrid materials which have sparked a strong
interest among scientists all over the world. It is a semiconductor that follows a general chemical
formula ABX3 as shown in Figure 1.6. The structure shown in the figure below has A and B as
cations while X is an anion.

Figure 1.6: Crystal structure of Perovskite

Methylammonium (MA) CH3;NH3* or Formamidinium (FA) CH(NH,),* or Caesium Cs+ or combina-
tion of any of these is used as a cation, represented as A in the crystal structure. Pb(II) or Sn(II)
or combination of both is used as a metal cation expressed as B and X represents halide such as
Cl, Br or I [39]. Perovskites are ideal for a variety of applications due to their highly tunable
nature and unique relationship between structure and property. The use of smaller bromide(Br)
as a substitute for iodide(I) at the X site can result in efficient bandgap tuning of MA related
perovskites between 1.5 and 2.3 ev [54].

Lead halide perovskites are perhaps the most highly studied perovskites for solar cells. Because
of their exceptional optoelectronic properties, they are the most efficient among other materials.
Also, because of their direct optical bandgap, they are gaining significance as a material for solar
cells, as well as for LEDs, and photodetectors [13],[85],[20].

In the visible spectral region, perovskites have high absorption coefficients of the order of 10°
cm1[28],[8],[79],[80]. As a result, few hundred nanometers of perovskite layer is sufficient to
absorb the majority of incident light. These thin layers are advantageous for effective extraction
of photo generated charge carriers, in addition to reducing the material costs[28]. Perovskites
also have sharp absorption edges, resulting in low Urbach energies of about 15 meV, similar to
GaAs, a direct bandgap crystalline semiconductor with excellent opto-electrical properties [18].

1.3.2. Challenges

Despite the fact that perovskite solar cells are approaching the market leader silicon in terms of
performance, the cost of silicon solar panels has fallen so dramatically due to the growth and
maturation of manufacturing methods that cheap material costs of perovskites are no longer a
strong marketing tool for the technology.
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Toxicity: A structural failure in the solar panel may cause problems that endanger the environ-
ment. The degradation of PSCs can be induced by exposing them to the ambient conditions.
Lead(Pb) is the key component in almost all high-performance PSCs produced nowadays. Pb is
considered a toxic constituent because of their environmental and public health toxicity. Lead(Pb)
can be absorbed by the skin, the lungs, and the gastrointestinal tract. It can be transported by
blood to soft tissues in the human body.

The use of Sn(tin) in place of Pb in PSC may be considered as an option in future because Sn
based perovskite solar cells are likely to have high PCE, but the device has very poor stability as
compared to the Pb based PSCs [81]. Thus unless the PCE and stability are overcome, or other
hybrid perovskite solar cells are developed, Pb based perovskite solar cells will be the standard.
Therefore it is important that necessary precaution must be taken to ensure adequate processing
and recycling of perovskite solar cells in order to reduce their effects on the environment.

Stability issue: Even though PSC has extraordinary features and outstanding efficiency (in lab),
the possibility of commercialization have been hampered due to their long-term instability. Per-
ovskite solar cell degrades at high temperatures and also in humid atmosphere because of the
organic entities in the material and their hygroscopic nature[19],[16].

Hysteresis: When solar cells are subjected to the standard AM 1.5G spectral illumination, the
current vs voltage (I-V) characteristics are used to analyze the efficiency. A voltage sweep is used
to measure the current generated by the cell at various voltages. In perovskite solar cells, the
amount of current produced for the same voltage varies depending on the direction and speed of
the voltage sweep.

The disparity in the J-V curve generated by sweeping the voltage in the forward direction i.e. from
a negative to a positive value and in the reverse direction i.e. from a positive to a negative value is
referred to as hysteresis. It may lead to incorrect reporting of different parameters of the solar cell
such as power conversion efficiency (PCE)[35]. Thus, a steady-state PCE monitored at mpp over
a certain time is now commonly used and approved by the perovskite group for a more reliable
evaluation of solar cell results.

1.4. Outline

The structure of the report is as follows and the report is divided into 7 chapters.

Chapter 2 will present the overview of the complete study with literature review of the topic having
objectives and research question for the study. In Chapter 3, the methodology to perform J-V
measurement and conducting Suns-Voc test for perovskite solar cells/module will be explained
with flowchart. Chapter 4 will discuss the characterization of perovskite solar cells/modules us-
ing Suns-Voc method. This chapter involves the discussion about the validity of superposition
principle for perovskite devices. Subsequently in Chapter 5, the temperature dependency of the
various electrical parameters of the perovskite module will be observed. Calculation of tempera-
ture coefficients for open circuit voltage (kin.v, ), short circuit current density (ki ) and maximum
power(K.-p,.) is done. In the next chapter i.e. in Chapter 6, an alternative measurement protocol
for perovskite devices has been practiced. The validity and the necessary requirements for the
protocol has been explained further in this chapter. Finally, the conclusions made based on three
different study as explained in Chapter 4, Chapter 5 and Chapter 6 are presented in Chapter 7.
Lastly, the relevant extra information are included to the appendices.



Literature Overview

This chapter aimed at presenting the overview of the research while discussing the literature.
Section 2.1 starts with the introduction of the study and describes the state of the art of PSCs and
other solar cells. In Section 2.2, the literature review of Suns-Voc method is explained along with
the fundamentals of the method. The review of superposition principle is also discussed in sub-
section 2.2.1 since the Suns-Voc method uses the principle for the analysis. Thereafter in section
2.3, the behaviour of PSCs with temperature dependence as found in literature is explained. In
section 2.4, the methods used to track MPP for PSCs is discussed. Lastly, in section 2.5, the overall
objectives of the study along with research questions is presented in this part.

2.1. Introduction

A PCE of 25.5% has been achieved for a single junction PSC (perovskite solar cells) in the lab-
oratory. Generally, PCE of a solar cell in lab is computed at STC, which is different than the
conditions in field. Solar cells at outdoors operate at varying temperatures and light intensities,
resulting in variations in the average PCE. The effects of these outdoor operating circumstances
have received little attention in the field of PSCs. Some past studies have used PSCs/modules
that were kept outside. However, at the present state of research of PSCs, more structured
and complete studies are necessary before conducting tests on large scale at outdoor locations.
Thus, operating in a laboratory setting may be preferable, which allows for far more consistent
and systematic data gathering while avoiding parasitic failure mechanisms caused by inadequate
encapsulation or other unanticipated situations. All aspects discussed in this chapter is relevant
to understand the fundamentals and behavior of PSCs while operating under real world conditions.

The performance of a solar cell depends on parameters such as : Short circuit current density
(Jsc), Open circuit voltage(Voc) and Fill Factor (FF). For attaining maximum efficiency, these pa-
rameters should be optimized.

Different models are used to calculate the maximum PCE of a solar cell. Detailed balance (DB)
efficiency method according to the Shockley-Queisser model is most commonly used to calculate
and predict the maximum possible PCE of solar cell. The maximum theoretical PCE limit of the PSC
is around 31% and it approaches to the SQ limiti.e. 33.5% for single junction solar cell under STC
[72]. Owen D. Miller and others has shown that GaAs has attained the theoretical efficiency limit
of 33.5% (SQ limit) [53]. According to the SQ model, the calculation of efficiency limit is based
on the radiative recombination and the effect of Auger recombination has not been considered.

The fundamental DB (detailed balance) limit of the PCE and the comparison of the maximum PCE
of different materials is shown in Figure 2.1 [50]. The record maximum efficiency of PSC is 25.5%
for very small area [37].
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Figure 2.1: Record efficiency relative to detailed balance limit [50]

An important feature to attain high PCE of PSCs is Voc deficit. Voc deficit is described as the
difference between bandgap voltage and Voc. The equation of the V. deficit is given by:

Eg
Vocdeficit = i Voc (2.1)

where Eq is optical bandgap, q is charge and V. is open circuit voltage

As shown in Figure 2.2, the Voc deficit of the best PSC is approximately 0.37V which is close to
CIGS (0.38V), much smaller than the Voc deficit of organic solar cell (0.6V) and also smaller than
the Voc deficit of inorganic c-Si solar cell (0.44V) [88].The non-radiative recombination of the pho-
togenerated charge carriers is determined by the Voc, which indicates that higher V,. means lower
non-radiative recombination. Thus, small Voc deficit of PSC may lead to better light absorption
and give PSCs a large open circuit voltage.

However, FF of PSCs on the other hand underperforms in comparison to the outstanding Voc.
The FF of the best PSC is 83.2% as shown in Figure 2.2 which shows the comparison of FF of
various devices with best performance. The FF of PSC is lower than that of GaAs (86.7%) [41]
and also lower than the maximum FF of monocrystalline Si (84.9%) [94], even though PSC has
wider bandgap and comparable Voc deficit. Thus, it is important to understand and reduce the FF
losses for achieving better performance of PSC.

Recombination and series resistance (Rs) at maximum power point (MPP) are the dominant fac-
tors for limiting the FF of a solar cell in absence of shunts. Also the ideality factor of a solar cell
has an impact which limits the FF. As discussed earlier, the small Voc deficit in PSC suggests that
non radiative recombination is not the major cause of the FF loss considering that recombination
at maximum power point is not vastly different from recombination at Voc. Thus, Rs in the solar
cell is a large factor contributing to the FF loss.

Kim et al. [33] reported the limiting factors in FF characterizing J-V parameters of PSC with
different thickness of HTL(Hole Transport Layer). It was found out that when HTL thickness is
decreased from 310 nm to 130 nm, various parameters such as Jsc, Voc, ideality factor (n) and
Rsh (shunt resistance) does not change while Rs falls monotonically. This decrease in Rs improved
the FF of PSC from 72% to around 77%. The calculation of FF was done using an expression as
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Figure 2.2: Voc deficit and FF for all best efficiency devices [50]

given below :
Voc + 0.7 FF
FF=FF (1 - >—_"°2 (2.2)
Voc Tsh
where
Tsz
FFs = FFo(1—11rs) + (2.3)

Voc = qVoc/NKgT , s and rg, are normalized resistance.
rs = JscRs/Voc 1 Tsh = JscRsh/Voc

Similar results were obtained by Stolterfoht et al. and it was concluded that the increase in the
FF of PSC was due to the reduction in transit time for the carriers as a result of reduced thickness
of HTL. As a result, PSC's performance improves [78].

The above studies calculated maximum FF (similar to ideal cell) with negligible Rs and infinite Rsh
which was determined by the following equation as shown below :

Voc — In(voc + 0.72)
Voc+ 1

The equation used for PSC was initially derived for Si solar cells in low injection operation[31].
This expression has encountered errors upto 6% and 10% for Si solar cells under normal and
extreme operating conditions respectively [46]. Also, in all these studies, the Rs is computed

(2.9)

FFmax =
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by fitting 1 sun JV curve with diode equation which can result in 6% error. Lastly, Rs was esti-
mated for only one sweep direction in these investigations. Given the hysteresis nature of PSCs, it
is crucial to investigate the relationship between Rs and sweep directions i.e. forward and reverse.

Therefore, in order to calculate Rs for PSC which is a limiting factor for FF loss, Suns-Voc method
is used for accurate determination of Rs than the fitting of 1 Sun JV curve.

Suns-Voc, however, is presently an indoor experiment under test conditions. Therefore, the influ-
ence of real operating parameters like temperature, weather conditions etc needs further study for
understanding the performance and degradation mechanisms and, as a result, increasing overall
reliability. Moreover, the use of solar cells necessitates long-term operating reliability. One of the
major standard experiments for assessing the degradation of developing solar cell (such as PSCs)
in lab is exposing the device to prolonged operation at the MPP under one sun illumination and
increased temperature. Also, in Suns-Voc measurement, the most important point is MPP on one
sun J-V curve. The series resistance computed using the Suns-Voc technique is performed at MPP
because it characterizes the optimal working conditions of a solar cell. Thus, it is crucial to have a
Maximum Power Point Tracking (MPPT) system that can track the true MPP constantly throughout
operation.

2.2. Suns-Voc

The fundamental concept and methodology for the Suns-Voc method, as well as the similar method
of Jsc-Voc, were initially defined in 1963 [91] and have been employed in a variety of implemen-
tations [64]. Despite its early publication, Suns-Voc was not extensively utilized until a paper
was published in 2000 [75] and a commercial instrument became available. Sinton and Cuevas
[75] introduced the Suns-Voc method for solar cell characterization, which is presently extensively
utilized in the PV community. The Sinton Suns-Voc tool is used for Si solar cells by using a light
flash from Xenon lamp. The setup measures Voc and varying light intensity (using a separate
calibrated light sensor). The intensity of light varies from few Suns to 0.001 Sun. The Voc at one
sun illumination measured from Suns-Voc method should be equal to the Voc of J-V characteristics
if the lamp’s spectrum is the same. The measuring mechanism can be explained as :

_ gV —JRs) (V —JRs)
J =Jo(exp( kT ) —1) — Suns.Jsc + Ry (2.5)
where Jj is dark saturation current density, Suns is light intensity, Ry, is the shunt resistance, n
is the ideality factor [6]. Because the test is being performed in an open circuit condition, the
external current density J is equal to zero. Therefore the equation 2.5 can be expressed as :

qVoc %4
nkBT) + Ra (2.6)

Suns.Jsc = Jpexp(

Using equation 2.6, a graph between Voc and Suns can be plotted with a given value of Jsc. The
Suns-Voc method uses the superposition principle for the analysis of the measurement. Since no
current is extracted during the experiment, the data extracted is subsequently utilized to construct
a pseudo JV curve and pseudo FF is computed using pseudo JV curve which is free of series re-
sistance. The Voc of a solar cell can be determined before the metallization process since the Rs
of the cell has no effect on the voltages measured. This helps in the optimization of operations
prior to metallization. The series resistance is calculated by comparing the pseudo JV curve with
the 1 sun JV curve at any intensity level (also at MPP).

av 2.7)

R s,Suns-Voc — ]_
mpp

Equation 2.2 is used to calculate Rs at MPP where AV is the voltage difference the pseudo J-V
curve and one sun JV curve at maximum power point(MPP). Jp,, is the short circuit current density
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at MPP.

The Suns-Voc method has also been extensively used as one of the technique to characterize
inorganic solar cells [65], [17], [40]. The Suns-Voc measurements were also done on high per-
formance kesterite solar cells to understand the problem of non-ohmic back contact and also to
observe and reduce the Voc deficit issues [32].

Another research was done experimentally to show that application of Suns-Voc method can be
applied on organic solar cells [77]. They were able to compare pseudo-IV curves with the I-V
curve obtained under standard conditions to extract series resistance. Also some qualitative in-
formation were obtained about recombination processes from the measurement.

As described earlier, the characterization using Suns-Voc method has been performed for testing
at cell level. However, in the study done by Alex et al. [44], the technique is used for charac-
terization at module and array level. They also concluded that it can be used to determine the
performance, degradation and also to detect problems in the module such as cell cracks, hot spots
etc.

2.2.1. Superposition Principle

The commonly used shifting approximation that the current density of an illuminated solar cell
is the dark current shifted by the short-circuit photocurrent is derived using the superposition
principle.

JL=Jsct+Jp (2-8)
where ]| is the current density under illumination and Jp is the current density under dark.

It is important to understand the output of a solar cell under operating field conditions. The use
of this principle substantially simplifies the estimation of the current and power output from a
solar cell at various biases and illumination levels. Thus, the superposition principle is generally
assumed to be valid in the analysis of solar cell performance. With information of dark charac-
teristics of a solar cell, equation 2.8 can be used to determine the solar cell performance at any
illumination. It considerably simplifies the computation required for analysis and also allows the
use of the standard simplified equivalent circuit (Figure 2.3).

Ip l
! D R \'4
@ Iph N

Figure 2.3: Single diode equivalent circuit model of solar cell [93]

The validation of superposition principle (i.e. in absence of series resistance (R;), the illuminated
J-V characteristics is equal to the dark Current density shifted by Jsc) is important to reconstruct
the pseudo J-V curve and determine the R using Suns-Voc method. The conditions necessary to
validate the superposition principle are stated in Section 4.1 of Chapter 4.
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Lindholm et al. in the year 1976 examined the validation of the principle of superposition using
mathematical analyses [48]. They deduced that the principle holds until the low level of injection
of minority carrier concentration is maintained and are not exceeded, the contribution of depletion
region is not significant to both the carrier recombination and photogeneration and also the series
and shunt resistance effects are negligible. However, the paper published by Tarr and Pulfrey in
1979 said that the superposition principle still holds even if the contribution by the photogenera-
tion and recombination in the depletion region is substantial to the photocurrent and dark current
respectively [83].

Also, the validation of superposition principle for Si and GaAs homojunction cells were justified
under 1 sun illumination. Later in 2003, experiments were performed on CIGS solar cells to verify
the superposition principle. The principle fails for CIGS solar cells and it was the observed that at
lower temperatures the failure becomes more distinct [27]. According to the authors, a secondary
barrier which results from the conduction band offsets between CdS window layer and CIGS pro-
duce a secondary diode that creates a shift in voltage between the light and dark conditions.
Furthermore, it was mentioned by A.E. Delahoy and their coworker that the thin film CdTe solar
cells also does not follow the superposition principle [2].

Another interesting study was done on perovskite solar cells using experimental and simulated data
[66]. The analysis showed that the superposition principle does not hold for the device and they
concluded that the photocurrent is indeed bias dependent. In order to reduce bias dependency,
they suggested three schemes aimed at improving the performance of the device. Scheme 1 im-
ply doping of the perovskite layer, Scheme 2 involves doping of ETL/HTL layer whereas Scheme
3 investigates the doping of perovskite along with the ETL/HTL doping. Using simulations, they
were able to justify that the principle can be validated if appropriate doping of ETL/HTL is done
following Scheme 2. An improvement in the performance i.e. increase in FF was observed using
the above mentioned method.

2.3. Variation of temperature

A constant source of light intensity has been utilized to lower the prices of solar cells and increas-
ing their PCE. However, the rise in irradiance is associated with temperature increase, which has a
negative impact on solar cell performance. Thus, studying the behavior of solar cells under various
temperature and irradiance is unavoidable in order to understand and estimate their performances
at a given illumination level and temperature, because the operating conditions in reality differ
from those of STC.

Several research have been conducted to determine the influence of temperature on the perfor-
mance of solar cells based on various semiconductor materials. Arora et al.[59] used a computa-
tional model in 1982, that took into consideration that physical processes depends on temperature,
to explore theoretically the temperature dependency of the Si (silicon) p-n junction solar cell. Later
in 1986, Fan [25] calculated the temperature dependency of the electrical characteristics for solar
cells made of various materials (Ge, Si, GaAs). It was concluded that when the band gap energy
of solar cells is higher, temperature has less effect on their performance. Philipps et al.[58] ex-
amined the impact of temperature on the GaAs solar cell theoretically and empirically in 2011.
In 2012, Singh et al.[74] examined the performance characteristics of solar cells based on Si,
Ge, CdTe, InP, GaAs and CdS materials at various temperatures. Chander et al.[82] studied the
impact of temperature on monocrystalline Si solar cell in 2015 and reported that the temperature
coefficients of Jsc, Voc, and PCE are +0.2, -0.22, and -0.4%/K, respectively.

In this study, the effect of temperature on the performance of perovskite module was examined.
According to preliminary studies on the most fundamental temperature dependency of perovskite
solar cells, power conversion efficiency (PCE) is maximum at room temperature, with diminished
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performance at either high or low temperatures [51], [21]. J-V measurements show a 2 to 60%
rise in the FF across the temperature range of 0°C to 70°C [47],[95]. This increase was observed
due to efficient charge collection for elevated temperature till 70°C and then it showed a decreas-
ing trend of FF at temperature higher than 70°C due to high interfacial recombination among the
selective contacts .

According to some report, it has been observed that Voc decreases linearly with temperature,
which is consistent with other types of solar cells having a negative temperature coefficient
[29],[56]. According to the literature, the short circuit current density is hardly impacted by
temperature variations below 55°C but considerably reduced at higher temperatures [55].

The influence of temperature cycles on the photovoltaic efficiency of perovskite solar cells was
recently examined also with the temperature dependent measurements. Cheacharoen et al. found
that there is scarcely any deterioration when the perovskite solar cells were encapsulated and they
were cycled between -40 °C to 85 °C while keeping the cells in the dark [11].

2.4. Maximum Power Point (MPP)

The maximum power point (MPP) is a point on a JV curve where the PV device produces the
maximum power, i.e. when the product of current density and voltage is maximum. The MPP
may fluctuate as a result of environmental influences such as temperature, illumination conditions
etc. MPPT can be used to adjust the resistance of a solar PV device in order to ensure P, in the
presence of these external variables.

The advancement of solar cell technology necessitates the development of reliable device charac-
terisation methods that produce performance data that is indicative of device functioning in steady
state. The most popular approach for evaluating the device performance of solar cells is to utilize
J-V measurements. In case of perovskite solar cells, there have been debates highlighting that
the results obtained i.e. PCE and MPP from the standard J-V measurements may not be reliable
and accurate because of the hysteric behavior of the perovskite solar cells [87], [14]. Maximum
power point tracking (MPPT) should be used to evaluate device performance instead of the PCE
or MPP derived by J-V measurements, which may become a more important metric for evaluating
the performance of PSCs [15],[57].

Maximum power point measurements over time may be done in a variety of ways. To prevent
reporting artificial power conversion efficiencies for perovskite solar cells, three techniques have
been mostly accepted:

(i) MPPT method [88],[68],[89] - Different MPPT techniques are used such as Perturb and Ob-
serve (P&0) method, Incremental Conductance Method, Open circuit voltage method etc. For
PSCs, P&0O method is generally used as a MPPT algorithm.

(i) Steady State Power Output approach [54],[76] - In this method, current is measured contin-
uously by keeping the voltage fixed until stabilisation is achieved. If the voltage is properly set to
be the Vy,pp(maximum power point voltage), this measurement results in a steady state efficiency.

(i) Dynamic J-V measurement [76],[67] - The dynamic J-V measurement is similar to the standard
J-V measurement. The waiting period at each step in the voltage applied is not fixed in case of
the dynamic J-V technique, but is permitted to change in order to attain a certain degree of
stability in the current measured, whereas the waiting time is fixed in case of the conventional J-V
measurement.



16 2. Literature Overview

2.5. Objectives & Research question

Suns-Voc technigue has been widely used to characterize different type of solar cells. This method
involves measurement of voltage as a function of illumination intensity without extracting current
from the device. Because no current is flowing during the experiment, the approach is used to
generate pseudo-JV curves that depict the generation and recombination processes without an
effect of series resistance or the photoactive layer’s transport resistance.

The calculation of series resistance are also commonly done by fitting the one sun J-V character-
istics with the diode equation and is prone to errors upto 6% as depicted by Pysch et al. [17]
and Kim et al [33].Thus, the Suns-Voc method is used to give a more reliable estimation of series
resistance as compared to fitting of one sun J-V curve [17]. The project aims to characterize
the perovskite module using the Suns-Voc technique by generating pseudo J-V curve to calculate
series resistance of the module.

As the analysis uses the superposition principle, the prior goal of the study is to determine if the
concept of superposition holds true for perovskites.

Additionally, the study aims to investigate degradation mechanisms in perovskite module under
various light intensities and temperature variations in order to better understand and acquire in-
sight on outdoor device performance. Finally, to track the true optimal power output at MPP, a
new protocol has been developed which can be employed in lab. This measurement method can
be used for various other devices including perovskite solar cells.

The following key research question will be used to carry out the project’s goal :

"How does the top perovskite solar cell in tandem device behave under real operating condi-
tions?”

The following sub questions are defined that will answer the key research question:

(1) What are the constraints on applicability of superposition principle and Suns-Voc method in
perovskite solar cell/module as a top cell in tandems ?

(2) How does the perovskite module behave under the influence of different temperature and light
intensity ?

(3) How to track the true MPP of the perovskite solar cells/module in laboratory ?



CHARACTERIZATION METHODS

This chapter discusses the two characterization methods used in the study. Section 3.1 describes
the methodology used to characterize the perovskite device using standard J-V measurement.
In Section 3.2, the methodology used to perform the Suns-Voc test is explained. Variations of
temperature with irradiance and the MPPT measurement are described in the dedicated chapters.

3.1. J-V Characterization

To address the research questions of this study, the methodology used are illustrated in the Figure
3.1, 3.2 3.3. The methodology has been divided into 3 steps, stabilization, pre-conditioning
test and I-V measurement. Figure 3.1 represents the start of the experiment, where the source
irradiance of solar simulator is adjusted with the help of calibrated reference Si solar cell. Then,
the device is exposed under one sun illumination and hysteresis from the I-V curve is analysed
from forward and reverse scan. The standard J-V measurement of thin film solar cells like CIGS,
CdTe, a:Si etc requires preconditioning before measurement of J-V characteristics as compared to
the measurement of ¢-Si solar cells. For PSCs, preconditioning is required to stabilize the cell as
it generally shows hysteresis. Following equation is used to calculate the hysteresis :

H= Pmax - Pmin (3_1)

P average

If the hysteresis of the perovskite solar cell/module is less than 1%, the I-V test done before can
be used further otherwise pre-conditioning of the device is needed.

Figure 3.2 explains the steps of preconditioning done to stabilize the device. The perovskite solar
cells are stabilized by keeping under one sun illumination at maximum power point. This step
takes approximately 7 minutes to complete. After performing the light soaking test, the device
is once again tested at 1 sun to obtain I-V characteristics. From the forward and reverse scan,
the hysteresis is calculated again using equation 3.1 and compared with the previous value of
hysteresis. Generally, it has been observed that the light soaking test leads to stabilize the device
and reduces hysteresis. It is very common to repeat the light soaking one more time to reduce
the hysteresis further and reach close to 1%.

If the hysteresis obtained are satisfactory to continue with the measurement, the final step is
followed and has been explained by the diagram in Figure 3.3. Light I-V test is executed for the
perovskite device following dual sweep i.e. from Isc to Voc and vice versa. Different external
parameters are extracted from the I-V curve such as Isc, Voc, FF, Pmax and efficiency.

17
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Figure 3.2: Step 2 - Preconditioning

The above processes are the pre-requisite for characterization of perovskite devices and the same
procedure has been followed along with other steps as explained later in the following chapters.
Also periodic measurements of the perovskite module (area of 100cm?) has been done to under-
stand the stability of the device.

As it can be seen from the Figure 3.4, the FF and efficiency has remained stable showing consistent
result except the measurement done in January. The experiment was performed using WACOM
AAA solar simulator and a good relative measurements is sufficient for this study, hence spectral
mismatch corrections are not needed at the moment.
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Figure 3.4: Periodic observation of large perovskite module

3.2. Suns-Voc methods

The Sinton tool for Suns-Voc measurement is known for characterizing the Si solar cell by using a
light flash from Xenon lamp. It has also been utilized for other solar technologies like kesterites
and OPV (Organic photovoltaic) [32],[70] and it could be very useful for PSCs. The complicated
behavior of PSC, particularly the well-known high hysteresis restricts the use of the setup because
of the short flash decay time. Furthermore, during measurement of other types of solar cells, the
built-in Si reference cell in a Sinton setup causes considerable spectrum mismatch, necessitating
non-trivial adjustments for reliable results [63].

Here, the J,.-V, technique is used to characterize perovskite modules and cells which is a precur-
sor of the Suns-V,. method established by Wolf and Rauschenbach [91]. Figure 3.5 shows the
methodology used to perform the experiment.

Measurement starts with the adjustment of irradiance of the solar simulator followed by the pre-
conditioning of the PSCs. After preconditioning, standard J-V measurement is done and gray filter
is used to vary the illumination from 1 Sun to 0.01 Sun. At each irradiance level, J;. and V.. are
extracted by sweeping J-V curve for both directions (forward and reverse). The Js.-V, pairs are
used to construct pseudo J-V with the help of Equation 3.2.

] gray filtered
_— 3.2
Jsc(1sun) ) (3-2)

Jsc(1 sun) is the Js. obtained under STC and Jgray fitered iS the short circuit density calculated at

Jpseudo = Jsc(1sun) x (1 —
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(1) Adjust irradiance of solar simulator

(2) Standard I-V measurement

(3)Preconditioning

(4) 1-V measurement for 1 sun to 0.01 sun

(5) Extract Jsc-Voc pairs for all -V measurement

(6) Construct pseudo J-V from Jsc- Voc
(7) Plot Pseudo J-V with J-V (1- sun)

Figure 3.5: Methodology of Suns-Voc (Jsc-Voc) test

each reduced illumination level. The temperature is assumed to be constant at 25°C which is a
requirement to have consistent V,. measurements at each illumination level. Three different kind
of perovskite samples are used for this measurement i.e large module, mini module and pixel cell
with active area of 100 cm?, 3.7cm? and 0.18cm? respective to calculate Jg.



Characterization Using Suns-Voc
Method

The characterization of PSC is essential for understanding performance and degradation mecha-
nisms under operating field conditions, which will lead to improved overall reliability and lifetime.
The Suns-Voc technique can be a useful tool for gathering data required to understand how degra-
dation and light intensity (different weather conditions) affect various PV designs. This chapter
aims to answer the first sub-question introduced in sub-chapter 2.5 which were "What are the con-
straints on applicability of superposition principle and Suns-Voc on perovskite solar cells?”. In this
chapter superposition principle is explained from the literature in sub-chapter 4.1. Subsequently
in sub-chapter 4.2, the steps taken for the experimental to do the measurement is described along
with the setup. Later on, the results of the experiment are analysed in sub-chapter 4.3 and finally
the chapter is concluded in sub-chapter 4.4 by answering the RQ1.

4.1. Superposition principle

According to the principle of superposition, the total current of a solar cell flowing in an illuminated
device is the superposition of the short circuit and the dark (non-illuminated) current at bias volt-
age.lt is also referred as “shifting approximation”. The solar cell terminal current under light(J1,t)
and the dark(Jpar«) conditions are related to the superposition principle. The classical definition of
the principle at a given carrier generation rate(G) and applied bias is given by :

JTotal (G, V) =]photo(G) _]inj(V) (4.1)

where Jpnato(G) = Generation dependent photocurrent and Ji,;(V) = Voltage dependent diode
injection current

The photocurrent is assumed to be independent of voltage and also expressed as Jsc. The diode
injection current is assumed to be independent of generation rate and thus it is approximated as
Jpark- Thus, the superposition principle can be represented as :

J7otal = Jsc — Jpark(V) (4.2)

The seperation of Jrt, into Jsc and Jpak(V) components is advantageous because it simplifies the
challenge of characterizing an illuminated cell connected to any load into two smaller problems:
describing Jsc of an illuminated cell connected to no load and describing the Jp,« (V) of a non-
illuminated cell under applied forward voltage.
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The superposition principle as per equation 4.2, states that if a system is linear then the response
to various excitations will be the sum of responses to each excitation applied alone [24]. Thus, the
principle applies only if the necessary boundary value problems shows linearity. This expression
(4.2) is true under the following requirements as given by Lindholm et al [24]. The principle was
applied to a p-n junction solar cell and conditions were verified using numerical derivations. The
conditions required to validate the superposition principle are:

1. The junction space charge area may contribute significantly in either the dark current or
photo current.

2. In the quasi-neutral regions, carrier concentrations must remain in low-injection levels.

3. The series and shunt resistances must have a negligible impact on the current-voltage
characteristics of the cell.

4. The material properties, such as the lifetimes of minority carriers, must be substantially
independent of the illumination level.

5. As the cell is loaded (and the terminal voltage V varies), the volume of the photocurrent-
producing areas must stay constant.

There are instances where superposition principle is not valid for solar cells. As stated previously
in the literature, solar cells with significant Rs(series resistance) are perhaps the most notable
example for the failure of superposition [24]. Due to the presence of Rs, the boundary condition
at the edge of the depletion region of the quasi neutral region is effected which results in non
linearity conditions and thus prohibit the use of superposition.

The basic assumption in the equation (4.1) is that the diode injection current under illumination is
generation independent and equal to the contact injection current in the dark conditions. When
the minority carrier lifetime and mobility are low, this approach fails in solar cells [62], [84].
The rate of total recombination can be increased to the point where the actual illuminated J-V
characteristics change substantially from those predicted by equation(4.2) if the carrier lifetimes
and mobilities are sufficiently small. The effect was illustrated by N.G Tarr and D.L Pulfrey[84]
for GaAs cell having short carrier lifetime and low mobility which can be found in poor quality
poly-crystalline substrates.

4.2. Experimental Method

A common approach for characterization of solar cells is done by measuring JV parameters under
Standard Test Conditions ( AM 1.5G, 1000 W/m? and 25°C) adhering to the IEC 60904 standard.
The electrical and photovoltaic properties of the solar cell are calculated from the J-V charac-
teristics. When the working circumstances such as light intensity, wavelength, temperature are
incidentally altered while the parameters of importance i.e. Isc, Voc, FF, etc. are investigated,
most of the essential solar cell features are presented. This method helps to study the superpo-
sition principle for different solar cells.

A solar simulator is used here as a tool to characterize the perovskite solar cell or module. The
solar simulator emits light that is similar to natural sunlight and it creates a controllable indoor
testing facility that can be used to test perovskite solar cells/modules under laboratory conditions.
A Wacom (AAA Solar simulator) and a Keithley 2400 calibrated source meter is used to character-
ize the solar cell and module, and to vary the illumination intensity different gray filters are used.
Figure 4.1 shows the working area of the solar simulator used in the experiment.

Bi-directional voltage sweeps are particularly important in perovskite solar cells, where high hys-
teresis in performance is frequently observed and is also expected. Maximum power (point) cur-
rent (Iypp), maximum power (point) voltage(Vmpp), Open circuit voltage (V,), short circuit current
density(Js.), fill factor(FF) etc. are all determined from J-V characterization of the cell.
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After calibration of the solar simulator using a Si reference cell and adjusting the irradiation inten-
sity, the perovskite cell/module is preconditioned for some period before taking the IV measure-
ment to stabilize and obtain higher efficiency with low hysteresis.

Figure 4.1: Working area of Solar Simulator (WACOM)

The J-V characteristics of the module/cell is first measured without illumination i.e. under dark
conditions to generate dark J-V curve. Thereafter, the perovskite module is illuminated under STC
and the J-V curve is obtained. Then, different gray filters are used to characterize solar cells at
decreasing irradiance and J-V curve is recorded at each illumination level. By sweeping full J-V
curve at each level, J;. and V,. can be obtained. Other parameters such as FF, P,.y, efficiency
etc. can also be calculated from each of the J-V curve. The methodology to perform Suns-Voc
test is discussed in detail in subsection 3.2 of Chapter 3.

4.3. Experimental Results and Discussion

As described above, a solar simulator(WACOM) was used to characterize the tandem module and
Keithley 2400 source measure unit was used to set the test conditions to measure the current
voltage characteristics. Perovskite solar cells are illuminated which will generate photocurrent.
The important parameters extracted from the I-V curve are open circuit voltage(Voc), which is
the voltage at zero current and short circuit current (Isc) which is the current at zero bias. The
third parameter is FF (fill factor) which is the metric for the quality of solar cell. It is calculated
as the ratio of the maximum power to the product of open circuit voltage (Voc) and short circuit
current(Isc). Efficiency can also be obtained from the results extracted above and is given by the
ratio of the maximum power produced to the incident power. Efficiency can be computed out as
follows :

Effici _ Pmax _max(V+I)  VocxIscxFF
KLY = pirradiation . 1000W/m?  Area + 1000W/m?

(4.3)
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In this project, three different kind of perovskite samples were taken for the experiment fabricated
by TNO Eindhoven partner in Solliance. Perovskite module with size of 100cm? and 4 cm? and
a perovskite solar cell with an area of approximately 18mm?2 were used during this project. It is
important to note that the J-V measurement should take place after the efficiency has stabilized.
Preconditioning is done to stabilize which changes the physical properties of perovskite. A small
effect is also observed while doing short measurements. Thus performing a sequence of short
measurements without prior preconditioning would deliver a series of measurements on physi-
cally different sample and the results would vary for such measurements. Therefore, the solar
modules/cells were preconditioned by placing them under illumination for a certain period of time.
The time required for stabilization can differ for different device architectures.

The conditions mentioned in section 4.1 lay the basic framework for validation of superposition
principle. Of these, the effect of series and shunt resistances on the performance of the various
samples can be observed with help of dark and light JV curves.

Figures shown below are the J-V curves under 1 sun illumination and dark conditions for the large
module, mini module and the pixel cell. The curves were obtained by sweeping the voltage from
reverse bias to forward bias and then to check for any short term instability, go back to reverse
bias. Large perovskite module were sweeped between 35V to -0.1V with 101 steps and between
7V to -0.1V and 1.2V to -0.1V for perovskite module of 4cm? and perovskite solar cell of 18mm?
respectively with the same number of steps to obtain the full I-V curve.
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Figure 4.2: Light J-V vs Dark J-V for large module

Direction | Active area(cm?) | Jsc(mA/cm?) | Voc(V) | FF(%) | Efficiency(%)
Forward 92.5 19.75 1.07 72.36 14.17
Reverse 92.5 19.60 1.07 73.42 14.28

Table 4.1: IV parameters of large perovskite module
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Figure 4.4: Light J-V vs Dark J-V for perovskite solar cell
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Figure 4.3: Light J-V vs Dark J-V for mini module
Direction | Active area(cm?) | Jsc(mA/cm?) | Voc(V) | FF(%) | Efficiency(%)
Forward 3.7 15.21 1.108 56.71 8.847
Reverse 3.7 15.21 1.109 | 58.79 9.179
Table 4.2: 1V parameters of perovskite mini module
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As the devices are scanned in forward and reverse direction, the J-V curves are subject to hys-
teresis which cause different MPP’s. MPP refers to the point on the J-V curve where the device
produces maximum power. As discussed before, hysteresis is determined using Equation 3.1 from
J-V curve sweeped in both direction. Based on the measurement, our sample has hysteresis of
about 0.8%, 3.7% and 3.81% for large module, mini module and pixel cell respectively. Also a



26 4. Characterization Using Suns-Voc Method

Direction | Active area(cm?) | Jsc(mA/cm?) | Voc(V) | FF(%) | Efficiency(%)
Forward 0.18 19.33 1.077 | 36.37 7.662
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