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Abstract

Halide perovskites have been attracting a lot of attentions as the absorber material
in solar cells. Some of their most appreciated properties include tunable band gaps,
high absorption coefficients and a unique defect tolerant nature. Within 10 years, their
certificated efficiency has reached 23.3% which is close to the commercial silicon solar
cells. However, to further improve the efficiency towards their Shockley Queisser limits,
the current bottle neck - lower open circuit voltage (Voc) needs to be increased towards
its theoretical thermal limit. In this study, the inverted p-i-n type of perovskites solar cells
based on the typical CH3sNH3Pbl; (MAPbDI;) material is studied, which provides insights
into the fabrication techniques as well as the internal performance - limiting processes in
the studied solar cells.

The deposition of perovskite films was a challenge due to the easily formed pin-holes
during the crystallization process. A uniform and continuous perovskite layer needs to be
achieved to ensure a proper functioning of the solar cell. A novel vacuum-assisted deposi-
tion technique is developed in this study to prepare voids-free perovskite films. Based on
it, the inverted perovskite solar cells with an architecture of PEDOT:PSS/MAPbDI;/Cqg
are fabricated and optimized, yielding the best efficiency of around 16% with a high
reproducibility.

The recombination processes determine the Vo and subsequently the performance
of the solar cells. In this study, based on the variations of the perovskite film annealing
conditions, solar cells with different Vocs are prepared. A clear surface potential difference
is observed among the differently treated perovskite films which leads to the variation of
the surface band diagram. Instead of a direct change of the recombination velocities,
the change of the band structure could redistribute the charge carriers across the cell and
further modify the recombination profile, which leads to a different solar cell performance.
This concept is examined through the oxygen plasma treatment of the perovskite films,
which increases the V¢ of the corresponding cell presumably by aggregating charged ions
on the surface.

Based on the specific solar cell architecture employed in this study, a analytical model
is established by solving the continuity equations. A large recombination velocity at
the PEDOT:PSS/MAPDI; interface is extracted by fitting experimental data with the
model. Considering the direction of the incoming light, a more severe recombination loss
is expected due to the larger carrier population near the PEDOT:PSS/MAPDbI; interface.
The hysteresis feature observed in this study is well reconstructed by implementing the
ion migration features to the model.
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Zusammenfassung

Halogenide Perovskite haben viel Aufmerksamkeit als Material zur Lichtabsorption in
Solarzellen bekommen. Einige der meist geschatzten Eigenschaften sind z.B. abstimm-
bare Bandliickenenergien, hohe Absorptionskoeffizienten und eine einzigartige Defekttol-
eranz. Innerhalb von zehn Jahren erreichte ihre bestatigte Effizienz 23,3%, was nahe
der Effizienz von kommerziellen Siliziumsolarzellen herankommt. Um die Effizienz jedoch
weiter Richtung Shockley-Queisser-Limit zu erhohen, muss der derzeit limitierende Fak-
tor, die niedrigere Leerlaufspannung (Abk.: Voc, nach dem engl. open circuit voltage)
erhoht werden. In dieser Arbeit wird der Typ der invertierten Perovskit Solarzellen am
Beispiel des dafiir typischen Materials CH3NH3Pbl; (MAPbDI3) untersucht. Dabei werden
Einblicke sowohl Herstellungstechniken, als auch in die internen leistungslimitierenden
Prozesse der untersuchten Solarzellen gegeben.

Die Herstellung des Perovskitfilmes ist eine Herausforderung, da sich wahrend der
Kristallisation einfach Poren im Film bilden. Um eine korrekt funktionierende Solarzelle
zu gewahrleisten muss ein gleichméfliige Perovskitschicht erreicht werden. Hierfiir wurde
in dieser Arbeit ein neuartiges vakuumunterstiitzes Herstellungsverfahren entwickelt und
porenfreie Perovskitfilme zu erhalten. Mittels diesem Verfahren wurden invertierte Per-
ovskit Solarzellen mit einer PEDOT:PSS/MAPDI;/Cgo-Architektur hergestellt und opti-
miert. Die mit diesen Zellen erreichten Effizienzen liegen bei ungefahr 16% bei einer sehr
guten Reproduzierbarkeit.

Der Rekombinationsprozess bestimmt die Vo und damit auch die Leistung der So-
larzelle. In dieser Arbeit wurden Solarzellen mit verschiedenen V¢ hergestellt, in-
dem die Bedingungen beim Glithen des Perovskitfilmes variiert wurden. Es kann ein
deutlicher Unterschied des Oberflachenpotentiales zwischen den verschieden behandel-
ten Perovskitfilmen beobachtet werden. Dies fiihrt gleichzeitig zu einer Verédnderung
des Kriimmungsverhaltens der Bandstruktur an den Oberflichen. Anstatt einer direk-
ten Anderung der Rekombinationsgeschwindigkeit fithrt die Anderung der Bandstruktur
zu einer Umverteilung der Ladungstrager tiber die Zelle und fiihrt daher zu einer Mod-
ifizierung der Rekombination, woraus eine verdnderte Solarzellenleistung folgt. Dieses
Konzept wird mittels der Behandlung des Perovskitfilms mit Sauerstoffplasma untersucht,
was die Vo¢ erhoht. Dies geschieht vermutlich durch die Ansammlung von geladenen Io-
nen auf der Oberflache.

Basierend auf der in dieser Arbeit verwendeten Solarzellenarchitektur wurde ein an-
alytisches Modell entwickelt, indem die Kontinuitatsgleichungen gelost wurden. Durch
Anfitten des Modells an experimentell erhaltene Daten kann eine hohe Rekombination-
sgeschwindigkeit an der PEDOT:PSS/MAPDbDI3-Grenzschicht erhalten werden. Bertick-
sichtigt man die Richtung des einfallenden Lichtes erwartet man einen drastischeren Ver-
lust durch Rekombinationsmechanismen aufgrund der hohen Ladungstragerdichte in der
Umgebung der PEDOT:PSS/MAPDbDI3-Grenzschicht. Die in dieser Arbeit beobachtete
Hysterese kann gut rekonstruiert werden, indem man Eigenschaften der Ionenmigration
in das Modell integriert.

v



Chapter 1

An introduction - Perovskite
materials and perovskite solar cells

Energy has been one of the most important terms during the development of human so-
ciety. The progress of the science and technology brings a wide variety of energy sources,
while the energy consumption is also continuously pushed to historic highs by the devel-
opment of modern society. In 2017, according to BP Statistical Review of World Energy,
primary energy consumption grows 2.2% to reach over 13500 million tonnes oil equivalent
(mtoe), a new historic peak [1]. Oil, coal, natural gas, hydroelectricity, nuclear energy
and renewables are the six major energy sources, sorted in descending order of magnitude
(Figure 1.1).

World consumption
Million tonnes oil equivalent

® Coal 14000
LI
W Hydroelectricity
B Nuclear energy
W Natural gas

m Oil
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Figure 1.1: The development trend of the world energy consumption [1].

Despite the noticeable share fluctuations, oil, coal and natural gas, so called fossil
fuels, have always played the major role (over 80% share) in the world energy market for
the last half century [1]. This situation, however, is unsustainable and accounted for the
greenhouse (global warming and climate change) effect. The fossil fuels are considered to
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Chapter 1. An introduction - Perovskite materials and perovskite solar cells

be non-renewable resources because their formation process takes millions of years, and the
viable resources are depleted much faster than being made. Reserves-to-production (R/P)
ratio is defined as the result of the remaining reserves of certain fossil fuel at the end of
any year divided by its consumption in that year. If the consumption of certain fossil fuel
were to continue at that rate, then its R/P ratio indicates the length of time in year that
those remaining reserves would last. Accordingly, the R/P ratios of oil, coal and natural
gas in 2017 are 50.2, 134, 52.6 respectively [1]. This situation underlines the necessity
and urgency of replacing the fossil fuels with alternative sustainable energy sources in
the energy consumption domain. On the other hand, the increasing threat of green
house effect has been a major concern since the 1990s. Because GHG (greenhouse gas) is
primarily emitted from the combustion of fossil fuels, the consumption and production of
fossil fuels has also evoked a lot of debates [2]. The Paris agreement of the 2015 United
Nations Climate Change Conference (COP21), which has become a milestone in fighting
greenhouse effect, stresses the necessity of reducing GHG emission and generating energy
via renewable sources.

The renewable energy sources usually include wind, geothermal, solar, biomass and
so on. Among them solar energy attracts enormous interest, mainly due to solar energy
is abundant, relatively low-cost and environmentally friendly. Speaking of solar energy,
despite it can be utilized in many ways (transform into thermal energy, chemical energy
and etc.), the electric power generation via photovoltaic (PV) effect is the most important
way for large scale transformation and utilization. The global primary energy consumption
in 2017 is aroud 13500 mtoe, which could be translated to 17.9 Terawatts (TW) continuous
power for the whole year. Assuming using solar energy to supply this amount of electricity
power, with 1.5 air mass (AM) solar intensity (1000 W/m?) and a relatively medium
energy conversion efficiency of 10%, we can calculate that a solar panel of 179000 km?
would already suffice, which is roughly 2% the area of the Sahara desert. However, this
calculation doesn’t take into account the daily, seasonal and climate-dependant change
of the solar energy intensity, so this 2% estimation is quite underestimated. Moreover,
this plan is anyway unrealistic as it would require to transport the electric energy over
long distance to where it is needed. This example merely serves to show the abundance
of the solar energy. On the other hand, thanks to the financial support of government
policies and reduced cost of PV modules, the levelized cost of energy (LCOE) of PV is
already comparable or even lower than traditional fossil fuels in various regions across
the world. And due to the reducing LCOE and enhancing commercial competitiveness,
the application of PV systems is developing rapidly. In 2016, it has been reported the
global cumulative solar PV capacity reached almost 300 Gigawatts (GW) and generated
over 310 Terawatts hour (TWh) electricity. Also in Renewables 2017, the International
Energy Agency predicted by 2022 the world PV capacity would reach around 900 GW
and generate about 900 TWh electricity, which almost triples the values of 2016 [3].

Right now the working horse in commercial PV market is mainly silicon solar cells.
However, after decades of research and optimization, the efficiencies of silicon-based solar
cells are now close to the limitation of their theoretical maximum value. Therefore new
concepts are required to further increase the efficiency, reduce the cost and promote the
application of PV technology. In recent years, a new class of solar cell, perovskite solar cell
(PSC), has attracted a lot of interest. Figure 1.2 presents the rapid increasing publications



on this new type of solar cells [4]. Since its first report in 2009 till 2019, according to the the
web of science database, there has been almost 12000 reports. And the quantity of relevant
publications increases year by year. Though it is just the beginning of the year 2019, there
has been over 400 publications on this area. This unusual research enthusiasm is inspired
by the rapid increase of the reported efficiencies of the solar cells. Figure 1.3 shows the
rapid development of the efficiency records of PSCs [5]. The efficiency of PSC has reached
23.3% which already surpasses the efficiency record of thin film and multicrystalline silicon
solar cells. In the following part of this chapter, the material properties of perovskites
and device physics of the corresponding solar cells will be introduced.

3500 -
3000
2500
2000 -
1500 |
1000

500 |

o
o
01
ot o
o
1013
o
21t
o
o

Figure 1.2: The number of publications on PSCs from 2009 to 2019, accessed on 2018-08-
02 [4].
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Chapter 1. An introduction - Perovskite materials and perovskite solar cells

1.1 Perovskite material - properties and deposition
techniques

Perovskite is technically a mineral with the chemical formula CaTiO3. The mineral was
firstly discovered by Gustav Rose (1798-1873) in the Ural Mountains, Russia in 1839 and
then named after Russian mineralogist Lev Perovski (1792-1856). Following the term
perovskite comes the term perovskite structure. Materials with a perovskite structure
refer those which have the generic form ABXj3 and the same crystallographic structure
as CaTiOs. In practice the term perovskite and perovskite structure are often used in-
discriminately. And perovskite is then usually regarded as a class of material with the
perovskite structure. And in this context of recent solar cell studies, the term perovskite
refer more specifically. Specifically, with the generic form ABX3, A represents the mono-
valent cation CH3NH3" (MA), NH,CH=NH," (FA), or Cs*, B represents the bivalent
cation Pb** or Sn?", and X represents the monovalent halogen anion CI', Br", or I. In
the following context, the term 'perovskite’ will only refer to these materials studied in
recent solar cell community.

1.1.1 Properties of halide perovskites

The cubic crystal structure of the perovskite material ABX3 is shown in Figure 1.4. The
latter can be described as AT and X ions forming a cubic closely packed lattice with B2+
ions occupying the octahedral centers created by the X ions. The perovskite structure has
a three dimensional network of corner sharing BXg octahedra with A* ions in the twelve
fold cavities in between the polyhedra. In the cubic ABXj perovskite structure (space
group Pm-3m, Z = 1), the A atoms are in Wyckoff position 1b, 0.5,0.5,0.5; the B atoms
in la, 0,0,0; and the X atoms in 3d 0.5,0,0; 0,0.5,0; 0,0,0.5 (Figure 1.4). However, the
perovskite structure is known to be flexible. With certain distortion, the atom coordinates
will not be at the Wyckoff positions and the crystal will form a lower symmetry structure.

These symmetry differences widely exist among the studied perovskite materials, de-
pending on the adopted cations and anions. This phenomenon is ascribed to the influence
of the size effect, namely the size of AT should fit into the space in between the BXg
octahedra. The Goldschmidt’s tolerance factor t allows us to estimate the degree of fit-
ness. It is based on ionic radii (assuming pure ionic bonding), but can also be used as an
indication for compounds with a high degree of ionic bonding. Its definition is given as
follow|[6]

. ratry
= \/§(TB+Tx) (1.1)

where ra, 1, rx are the ionic radii of A, B, X ion respectively. It has been suggested
that the metal halide perovskite materials tend to form an orthorhombic structure when
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1.1. Perovskite material - properties and deposition techniques

Figure 1.4: The cubic crystal structure of the perovskite material ABXs5.

t < 0.8, cubic structure when 0.8 < ¢ < 1, and hexagonal structure when ¢ > 1[7][8].
Actually, a perovskite compound could posses several crystal structures of different sym-
metries, depending on the fabrication condition and temperature. For example, it has been
reported that MAPbDI3 undergoes a crystal phase transition from cubic phase (7" > 330K)
to tetragonal phase (160K < T < 330K) to orthorhombic phase (7" < 160K) by the
tilting of the Pblg octahedra with the decreasing temperature[9][10][11]. As the crystal
structure transition could lead to the degradation of the perovskites, stabilizing the per-
ovskite phase at certain structure (especially the cubic structure) has been reported to
lead to an improved solar cell life time and efficiency][7].

The band gap of the perovskite material is also determined by the adopted cations
and anions. MAPDI3 has a band gap of around 1.6 eV, while the band gap of FAPbI;
is around 1.48 eV. The influence of anion is very pronounced on the band gap value.
By replacing varying fractions of iodine with bromine in MAPDI;3, the band gap would
be continuously tuned from 1.6 eV to 2.3 eV[12][13]. The similar strategy could also be
applied on FAPDbI3, providing a controllable band gap range from 1.48 eV to 2.23 eV[14].
First principle computational approaches indicate the band gap is mainly determined by
the three dimensional network of corner sharing BXg octahedra, while the A cation has a
weaker influence on the band gap through distorting the perovskite lattice[12][15][16][17].
The band gap value of perovskites is an important property in solar cell application.
The continuous band gap tuning through composition adjustment enables metal halide
perovskites to be optimized for applications as either the top or bottom cell absorber in
a tandem solar cell or the sole absorber in a single junction solar cell.

Another greatly appreciated property of the metal halide perovskites is its high light
absorption coefficient. The light absorption coefficient of MAPbI3 has been reported to
be at 1.5 x 10 em™ at 550 nm, indicating a light penetration depth of 0.66 pm[18][19)].
The high light absorption coefficient enables a thinner perovskite absorber layer collecting
the light, which is beneficial regarding reducing both the transport length of the charge
carriers and the amount of material usage. A high absorption coefficient usually requires
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Chapter 1. An introduction - Perovskite materials and perovskite solar cells

the oscillator strength of a direct optical transition. However, the assumption, that the
metal halide perovskites have direct band gap, is being challenged. Some theoretical
and experimental evidences suggest that besides the direct band gap, there is an indirect
band gap which lies few tens of meV below the direct band gap[20][21][22]. Whether these
perovskites are direct or indirect semiconductor, however, is still under debate[23].

Perovskites are also known for its outstanding long charge carrier diffusion length. In
solar cell applications, the diffusion length is an important parameter, which indicates
before the charge carriers recombine, how far they can diffuse. Its definition (Lp) is as
follows[24]

kT
q

where kg is Boltzmann constant, T is temperature in Kelvin, q is the elementary charge,
i is the charge carrier mobility and 7 is the charge carrier life time. Therefore Lp is
determined by the charge carrier mobility x4 and life time 7. The values of these two
parameters are influenced by not only the intrinsic property of the material, but also
certain external factors (for example, grain size and trap density). Here only the intrinsic
factors are addressed to present the properties of the perovskite material, though the
external factors are extremely important in practice.

The intrinsic factor which dominates the charge carrier life time 7 is the recombination
rate coefficients. Three types of recombination process exist with their respective rate
coefficients as shown[25].

dn(t)
t

= —kln — ]{32712 — ]{33713 (13)

where n is the charge carrier density, k; is the monomolecular recombination decay con-
stant (which is relevant to trap-assisted recombination), ko is the bimolecular recombi-
nation decay constant (which is related to radiative recombination); and ks is the Auger
recombination decay constant. Depending if the recombination type is proportional to
first, second or third order of n, its significance varies with the illumination intensity. Un-
der low-level illumination, trap-asssited recombination processes mediated by defects such
as elemental vacancies, substitutions or interstitials will dominate charge-carrier recom-
bination[26]. With increasing charge-carrier density, bimolecular recombination between
free electrons and holes will start to become the leading factor, while Auger recombina-
tion which involves more charge carriers will contribute at even higher illumination inten-
sity[27]. In the context of solar irradiation level on earth surface, the Auger recombination
is reported to be inessential[28], and the life time of charge carriers depends on the rate
coefficient k; and ko of the trap-assisted recombination and bimolecular recombination
respectively. It has been reported that the rate coefficient of the radiative recombination
can be directly derived from the the absorption spectra of halide perovskites[29]. And the
rate coefficient of trap-assisted recombination k; depends largely on the position where
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the energy states of defects are located in the band gap of perovskites. The relevant
reports claim that the normal defects in perovskites mostly only lead to shallow traps,
enabling a lower recombination rate coefficient k; and the so called defect tolerance of
perovskites[30][26][31][32].

On the other hand, the charge carrier mobility p of halide perovskites has also been
investigated intensively. Multiple characterization approaches (optical-pump-THz-probe
photoconductivity, space-charge limited current, Hall coefficient and resistivity measure-
ments, etc.) have been performed on a wide variety of perovskite samples to extract
the charge carrier mobility values[9]]28][33][34][35][36]. And a wide range of values from
around 2 to 600 cm?/(V s) have been reported for the most commonly studied MAPbI3[37][38].
The reason for this wide variations could partly come from different samples preparation
processes as well as different emphases among these measurement techniques. The theo-
retical studies suggest the Frohlich interactions between charge carriers and the electric
fields associated with longitudinal optical phonon modes of the ionic lattice is the domi-
nating factor of the charge carrier mobility at room temperature[39][40][41][42]. And the
electron and hole mobility values of iodine based perovskites are fundamentally limited to
around 200 cm?/(V s) in the framework of this theory[43]. Overall, the diffusion length of
single crystal MAPbI; has been measured in practice to be over 175 ym under 1 sun|36].
Even for polycrystalline MAPbDI3 films, the diffusion length has been reported to reach
pm range which satisfies its application as a planar light absorbing layer in solar cells[44].

The above introduced excellent optoelectronic properties including adjustable band
gaps, high light absorption ability and long charge carrier diffusion length make halide
perovskites promising candidates in solar cell applications. However, several intrinsic
disadvantageous properties need to be overcome to enable its actual application. Envi-
ronmental stability is the first issue. Halide perovskites containing organic cations undergo
a significant degradation process when exposed to moisture[45][46][47][48][49][50]. Differ-
ent attempts have been tried to counter the stability issue, such as encapsulation with
specially designed holders or top blocking layers, doping with different cations, anions
or a polymer scaffold[51][52][53][54][55][56][57]. Besides, inorganic perovskites have also
received a lot of attention which could achieve a long term stability[58][59][60].

Another widely notorious problematic feature in perovskite is the ionic conductiv-
ity. Experimental evidences and theoretical calculations have suggested that halide per-
ovskites exhibit a mixed ionic-electronic conduction feature[61]. Electronic conduction of
electrons and holes is expected and necessary for light absorbing materials, but ionic con-
duction by hopping among favorable lattice sites leads to unwanted drawbacks. Firstly,
ion transport can cause a deformation of the crystal structure and then degradation of the
material. The movable ions may aggregate at the interfaces between perovskites and ad-
jacent layers launching certain electro-chemical reaction[62]. They could even penetrate
into the adjacent layers causing severe degradation[63]. Secondly, the ion movements
could change the electric field in halide perovskite layer leading to the so called hystere-
sis phenomenon[64]. This phenomenon will be introduced in details in the next section.
Thirdly, this facile dissociation of ions from its lattice may introduce traps which will act
as recombination centers. The exact movable species in halide perovskites are still under
investigation. In MAPDI;, iodine vacancy migration has been suggested as the primary
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mechanism of the ionic conduction[65][66]. However, MA cations have also been reported
to contribute[67][68].

1.1.2 Deposition of halide perovskites

Owning to the above-mentioned remarkable optoelectronic properties, the halide per-
ovskites could be used as an individual absorbing layer in a planar solar cell architecture.
The planar architecture spares the trouble of sintering and filling a mesoporous metal
oxide layer, however, it also emphasizes the necessity and importance of controlling the
morphology of halide perovskite layers. If the perovskite film surface exhibits adverse
features like uncovered voids, pinholes, or large number of grain boundaries, they will
lead to a suppressed charge transport and enhanced leakage current, which is detrimental
to the proper functioning of solar cells. Therefore, a delicate control of the surface mor-
phology of halide perovskites through careful deposition manipulations has been a matter
of importance in the PSC research community|[69].

Preliminary attempts fabricating perovskite films often introduce large noncontinuous
domains with branch-like structure[70][71]. This feature comes from a quick crystalliza-
tion trend due to the strong polarity of the components. A wide variety of depositing
approaches has been developed ever since to settle this matter. These extensive deposition
methods can be summarized into the following three catalogues based on the medium of
preparation: simple solution-based techniques|[72][73][74][75], mixed vapor-assisted solu-
tion method[76][77] and pure vapor deposition[78]. These different deposition techniques
usually involve a simple synthetic reaction where the precursor components transform
into the target perovskites. Taking MAPDI; for example

Pbl, + CH,NH,I — CH,NH,PbI,

In the pure vapor preparation method, the reaction component is usually vaporized in a
thermal evaporator. Though a precise control of the evaporation rate of both components
in a dual source simultaneous evaporation process, a pure and smooth perovskite film
can be achieved[78]|. The vapor-assisted solution method, in the other hand, uses the or-
ganic caion (MA for example) gas to re-dissolve a pre-deposited perovskite film. Through
exhausting the medium gas in a defined way, a controlled recrystallization process takes
place giving rise to an improved morphology of the films[77]. The solution based methods
can be further divided into one-step and two-step techniques. For the one-step method,
the precursor solution contains all necessary components to constitute halide perovskites.
It takes only one process (spin-coating, drop-casting or doctor-blade coating) to form
target perovskites by the removal of the organic solvent, while the crystallization process
is artificially modulated through the usage of anti-solvents[79], vacuum chambers[80] or
various additives[81][82][83][84]. Through those modulations, the perovskite crystal do-
mains could form a continuous pin-hole free film which suits the requirements of planar
solar cell devices. Comparatively, the two-step or “sequential” deposition method usually
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prepares firstly a film of metal halide, one precursor component. Afterwards, the synthetic
reaction is triggered by spin-coating the other precursor component solution on top of the
metal halide film, or dipping the metal halide film into the other precursor component
solution[85][86][87]. This technique explores the ease of the metal halide processing which
enables the preparation of uniform and fully covered precursor layers. These, in turn, act
as templates for the final transformation of the perovskite films and typically improve
their qualities.

Single perovskite crystal growth technique has also been developed producing well
defined single crystal with sizes in cm range[88][89][90]. However, the employment of per-
ovskite single crystals into planar solar cells is very difficult due to their specific require-
ments of growth conditions. Very low trap densities of around 10*! ¢cm?® have been reported
for MAPbI; single crystals[30][91], which increase up to around 10'° cm? for polycrys-
talline thin films prepared using the above mentioned deposition techniques[91][92][93].
The trap density of the polycrystalline perovskite films is relatively higher than poly-
crystalline silicon (10'3-10'* ¢cm?)[94], CdTe (10'3-10' ¢m?)[95] and CIGS (10** c¢m?)[96].
However, the resulting perovskite films can already be applied into highly efficient solar
cells due to their unique defect chemistry.

1.2 Perovskite solar cells - an introduction

1.2.1 General working principle of solar cells

What is a solar cell?

A solar cell could be energetically described as an energy transformer which harvests
solar energy and transforms it into electric energy. This description is correct but also
superficial.

A solar cell could be vividly described as a current generator. It outputs electrical
current under illumination. In the practical application, the solar cell works with certain
load in the external circuit, where the solar cell could output power. And the current
generating ability is the fundamental property of a solar cell.

A solar cell could be profoundly described as a well designed device of multiple layers
which could not only generate charge carriers, but also transport them towards certain
direction. The fundamental principle which makes a solar cell functional is the process in
which the charge carriers move towards different electrodes with tolerable losses.

The main parameters of a solar cell (short-circuit current density (Jsc), open-circuit
voltage (Voc) and fill factor (FF) and efficiency (1)) are shown in a typical current
density-voltage (J-V) curve where the current density (J) output of a solar cell is plotted
against the bias (V) applied to the device (Figure 1.5).

9
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Figure 1.5: Schematic J-V curve labeled with the most important characteristic parame-
ters.

The cell power density is given by

P=Jv (1.4)

P reaches the maximum at the maximum power point with an output voltage V,, and
current density J,,. FF is then defined as

JL V.
FrFp=--"1"™mn 1.5
JscVoc (1.5)

The efficiency 7 is the ratio of the maximum power density against the incident light
power density (Ps),
IV JscVocoF'F
Py Pg

n (1.6)

The generalized Shockley model

When measured in dark, most solar cells behave like a diode, indicating a much larger
current under forward bias than under reverse bias. The reverse current is usually called
the dark current in contrast to the photo current which flows through the solar cell under
light. According to the Shockley diode equation, the dark current density of an ideal
diode varies as

qV

Jdm«k(V) = Jo(ekBﬁ — 1) (17)
where Jg is the reverse saturation current density.

Under illumination, the J-V curve of a solar cell can be approximated as the sum of
Jsc and the dark current density (known as the superposition approximation[97][98][99]).

10
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Jsc Jdark(v) v J(V)

Figure 1.6: The equivalent circuit of an ideal solar cell.

Setting the photocurrent flow direction as positive, the net current density in the cell is

J<V) = JSC - Jdark<v) (18)

Inserting Eq. 1.7 into Eq. 1.8, we get

J(V) = Jso — Jo(eTo —1) (19)

Eq. 1.9 describes the relation between the photocurrent J(V) and voltage V. The
equation is electrically equivalent to a circuit where a current generator is in parallel with
a diode and a resistance. This mathematical and electrical description of a solar cell is
the Shockley model of solar cells.

Based on this model, the open circuit condition is when the J(V) equals zero, and
Jaark and Jg¢ exactly cancel out. And the bias V equals V¢ at this point. From Eq. 1.9,

kT
Voo = izn(@ +1) (1.10)
q Jo

Eq. 1.10 indicates that Voc increases logarithmically versus Jsc with a slop of kgT'/q.

Considering a real solar cell also has resistances from the constituent material and
leakage currents, the equivalent circuit could be further modified adding two parasitic
resistances in series (Rg) and in parallel (Rg,) respectively (Figure 1.7).

When the parasitic resistances are included, Eq. 1.9 becomes:

a(V+JARs V + JAR,

J(V) = JSC’ — J0(€ kpT — 1) R . (1.11)

11
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Figure 1.7: The equivalent circuit including series and shunt resistances.
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Figure 1.8: Impact of (a) series resistance (Ry) and (b) shunt resistance (Rgp,) on the shape
of the J-V curve. Ry and Ry, increase from blue to red curves. Adapted from [100].
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The influence of Ry and Ry, on the shape of J-V curve could be simulated based on
Eq. 1.11 (Figure 1.8)

The simulation results indicate that a higher Ry decreases the Jgc without impacting
the Voc, while a lower Rg, deceases the Voc without influencing the Jgc.

The Shockley model uses equivalent circuit elements to represent a solar cell. And a
ideal solar cell is represented by a current generator in parallel with a diode. This model
is derived in a P-N junction silicon solar cell but not obviously applicable in other types of
solar cells. And it is regarded to be largely based on an empirical hypothesis in which the
real physical processes are not taken into strict consideration. For example, the origin of
Jo, as well as the exponential relationship between Jq., and V, is not proofed in all types
of solar cells. In practical application, due to the complexity of real systems, this model
often needs to improvise, for example, the introduction of ideality factor or transmission
line element. However, this model vividly reveals the working principle of a solar cell in
an electric circuit point of view.

Absorption and emission analyze based on the detailed balance theory

In this section, the working principle of a solar cell is reviewed in the framework of
absorption and thermal radiation. The detailed balance principle means that when the cell
is in equilibrium, the photo absorption must match the emission, so that the concentration
of charge carriers in the cell remain constant.

Considering the ambient environment as a black body, its radiation is treated as the
black body radiation, at temperature T,, the spectral photon flux density per unit solid
angle of the ambiance is

E2

= 7392 _E_
h,SC eksTa — ]

Bu(E,T,) (1.12)

where h is the Planck constant, ¢ is the speed of light in vacuum, E is the photo energy.
After integrating over the solid angle, Eq. 1.12 becomes
2F, E?

3.2 __E_
hcekBTa—l

ba(Ea Ta) =

(1.13)

where b, (E, T,) is the normal spectral photon flux density of the ambiance and F, is the
geometrical factor of the ambiance.

Similarly, considering the solar cell as a black body of ambient temperature T,, its
normal spectral photon flux density of spontaneous emission is

2n?F,  E*
R (1.14)

be(Ea Ta) =

13
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where ng is the refractive index of the solar cell. And further calculation indicates that
n?F, = F,, so b.(E,T,) = b,(E, T,)

According to Wiirfel’s generalization of Kirchhoff’s law([101], when the solar cell is
under illumination, its spontaneous emission is modified by a chemical potential

m2F,  E?
be(E, 1, T,) = —=

(1.15)

3,2 E-uw
h3c e*5Ta — 1

In an ideal solar cell with lossless carrier transport, p can be assumed constant and
equal to ¢V where V is the applied bias.

Now we consider an ideal solar cell where no carriers are lost through non-radiative
recombination. The only loss process is the radiative relaxation of electrons through
spontaneous emission described above. The equivalent absorption current density from
ambiance is

1T =a | " QBB (. T,)dE (1.16)

Where QE, (E) is the quantum efficiency of charge generation which equals the external
quantum efficiency (EQE) of the solar cell. And the equivalent emission current density
from ambiance is

(T2 = q / T QE.(E)b (B, T,)E (1.17)

Based on the detailed balance principle, the carrier generation and recombination
current should cancel out each other. And we get that

QEL(E) = QE.(E) = EQE(E) (1.18)

It has also be shown that Eq. 1.18 holds true when the solar cell is not under equilibrium
conditioning it is an ideal solar cell system.

Accordingly, for the solar cell under illumination, the normal spectral photon flux
density from the sun is

2F E?

- 2 _E_
h3C eFpTs — 1

where Fj is the geometrical factor from sun to earth, T is the surface temperature of the
sun. And the photocurrent at short circuit condition (Js¢) is

Jso = q / " BQE(E)b(B, T,)dE (1.20)
0
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The dark current Jgux 1S
Jdark(v) = q/ EQE(E><be(E7Q‘/7 Ta) - be(EaTa>)dE (121)
0

Assuming the dark current and photocurrent can be superpositioned,
J(V) = JS’C - Jdark(v>

— Q/OOO EQE(E) (bs(E, T,) — (be(E, qV,T,) — be(E, Ta))>dE (1.22)

As kgTa =~ 0.0259 eV, the exponential term in the denominator of Eq. 1.15 is very large,
Eq. 1.15 can be simplified to

2F, L2
be(E,qV,T,) = T2 BV
e BT (1.23)
2Fa 2 ‘;CV}E
= el

Inserting Eq. 1.23 into Eq. 1.22; J(V) turns into

J(V) =g /O " EQE(E) (b(E.T,) — bo(E, T,) (7% — 1))dE (1.24)

The absorption and emission analysis leads to Eq. 1.24, which resembles Eq. 1.9 of
the Shockley model. And the origin of Js¢ (Eq. 1.20) and J is revealed,

Jo =g /0  BQE(E)b(E.T,)dE (1.25)

Moreover, this model based on the detailed balance principle presents one fundamental
limitations on the performance of a solar cell. Intuitively, the inevitable radiative loss
leads to the dark current and limits the overall performance of the solar cell. And this
radiative loss channel is an intrinsic property of the material which can not be eliminated.
Assuming the EQE equals unity above the band gap (E;) and zero below the E,, Eq. 1.24
can be rewrited as

J(V) = q/oo (bo(E,T2) — b(E, T,) (767 — 1))dE (1.26)

Eq

Setting Ty and T, to be constants, the J-V curves of solar cells with different band
gap materials can be simulated based on Eq. 1.26. And the theoretical efficiency versus
the band gap values can be extracted(Figure 1.9)

The extracted efficiency is the radiative limit of the efficiency of a solar cell (known as

Shockley-Queisser limit). It has a maximum value of about 33% at an E, vaule of around
1.4 eV.
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Figure 1.9: The maximum light to electric power conversion efficiency (Shockley-Queisser
limit) versus the band gap of the absorber material. Adapted from [100].

Accordingly, the open circuit voltage is the bias where the photocurrent and dark
current cancel out,

+ 1) (1.27)

In practice, after measuring the EQE of a solar cell, its radiative Vo limit can be
calculated[102][103].

This model assumes that the only carrier dissipation pathway is through the radiative
recombination, meaning the dark current section in Eq. 1.24 gives rise to electrolumines-
cence (EL) behavior.

For real solar cells, the contribution of non-radiative recombination must also be con-
sidered. The EL efficiency (EQEgL) could be used to quantify how much a real solar cell
derives from its ideal form,

EQEpL(V) = % (1.28)

When biasing at V¢, the injection current approximately equals the short circuit
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current, Ji,;(Voc) = Jsco, Eq. 1.28 becomes

0 7 EQE(E)b.(E, ) (5% — 1)dE
EQEpL(Voc) = < [ EQE(E)b,(E, T.)iE (1.29)
kgT, kgT, fo EQE(E)b( )dE

The last section of Eq. 1.30 approximately equals the radiative Vg limit V*d5¢ (Eq.
1.27), so we get

kT,
Voo = Viad + Bq InEQEx,(Voc) (1.31)

As EQEgL(Voc) is always smaller than unity, %lnEQEEL(VOC) is a negative term
guaranteeing that the actural Vo is smaller than its radiative limt V4.

To shortly summerize, this model is based on the absorption and emission behavior
analysis of an ideal solar cell by assuming the absence of non-radiative recombination.
According to the detailed balance principle (kirchhoff’s law as well as several generaliza-
tion arguments), the J-V relationship equation is derived which agrees with the Shockley
model. Moreover, it links the photovoltaic behavior of a solar cell with its electrolumines-
cence properties (known as the reciprocity relation[104]). According to this model, a good
solar cell is also a good light-emitting diode (LED) as the noncollected charge carriers
must recombine radiatively and emit photons. It is worth mentioning that a good LED
may not make a good solar cell. The thermal radiation of a solar cell leads finally to a
limit of its theoretical efficiency.

Another interesting feature is this model enables describing a practical solar cell with
non-recombination carrier losses applying Eq. 1.31. Though substituting a complicated
set of various non-radiative recombination pathways with the sole term EQEgL(V) is
sometimes oversimplified, it expands largely the practical applicable scope of this model.

However, as clearly seen, this model is mainly about the material property other than
the device architectures, as no device structure details seem relevant in this model. In fact,
the influences of actual physical layers are regarded to be on non-radiative recombination
processes which are basically disregarded in this model. In practice, a properly functional
solar cell requires a carefully designed structure, indicating this model misses some pieces
of the full picture.

Charge carrier generation, transport and recombination

The Shockley model is derived by combining the Shockley diode equation and the super-
position principle. The diode equation is well established through a detailed mathematical
description of the voltage-current characteristics of a silicon P-N junction. However, the
bottom-up deconstruction of solar cells through comprehensive mathematical expressions
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of charge carrier generation, transport and recombination is neither simple nor universal.
In fact, though the mathematical expressions of the voltage-current characteristics of a
P-N junction are full-fledged, the Shockley model of the P-N junction based solar cell still
just explores the convenience of the diode equation and disregards the detailed processes
occurring in the solar cell. Nevertheless, it is still very helpful to understand the working
principle of the solar cell from the perspective of the detailed processes.

A general mathematical expression of the internal process of a solar cell is the one-
dimensional electron and hole continuity equation,

on 10J,

5 = g or O — RO (1.32)
op  109J,

where n and p are the electron and hole concentrations, t is time, G(x) and R(x) denote
the generation and recombination flux density, and J,, and J, are the electron and hole
currents expressed as follows,

on
J, = qunonE + qD, — 1.34
qupnLE +q Oz ( )

dp
Ty = apppE — 4Dy (1.35)

where p, and g, are the mobility of electrons and holes of the corresponding material,
D, and D, are the diffusion coefficients of electrons and holes, E is the electric field.

In a steady state, the electron and hole density will stay constant, meaning the time
derivative of the electron and hole concentration distribution function n and p equals zero.
Inserting Eq. 1.34, 1.35 into Eq. 1.32, 1.33,

on OFE &n
op oOF 0%*p B

To solve the equations, the electric field needs to be addressed by solving the Poisson
equation, and the charge generation profile G(x) by solving the Maxwell equations. In
addition, the recombination profile R(X) is also a carrier density related function which
relates to the properties of the material and transporting layers.

Finally, boundary conditions which express the actual status of the solar cell need to
be given to determine the specific solution.

After determining the electron and hole concentration distribution function n and p,
the current function J = J, + J, can be derived through Eq. 1.34, 1.35.

As discussed, the mathematical description of a solar cell is specific (as it depends
on further modelling of the electric field, generation and recombination profiles), and the
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solution is difficult to solve. However, this model also provides intuitive information which
will be addressed in a lax manner to gain more insight into the working process of a solar
cell.

Integrating Eq. 1.36, 1.37 over the solar cell length (Lcen),

Lcell Lcell
Jn+q/ G’(x)—q/ R(xz) =0
0 0

Leeu Leen (138)
0 0

The equation set 1.38 presents a plain rule of a solar cell: the light generated charge
carriers either recombine or are transported to the external circuit. Compared with the
Shockley and thermal radiation model, it is clear that the Jq.. is representative of the
recombination current.

It is certainly beneficial for the performance of a solar cell to have a higher output
current and a lower recombination current. Assuming that the generation current is
constant, the output and recombination of charge carriers are processes of competition.
In this zero-sum game, one gets higher, the other will be lower.

The output and recombination currents are both functions of charge carrier density.
However, the dependence on the carrier density is disregarded in this general discussion.
And the scaling factors (or rate coefficients) of each process are addressed which make an
influence on the relative amplitudes of output and recombination currents.

Based on Eq. 1.34, 1.35, the carrier mobility p and electric field E modify the am-
plitudes of output current (The Einstein relation sees D = pkgT/q). Given all other
conditions are the same, a higher carrier mobility and built-in field will improve the per-
formance of a solar cell[105].

On the other hand, the recombination profile depends on several different kinds of
recombination processes. Figure 1.10 presents the existing recombination processes in a
p-i-n junction solar cell (ETM is short for electron transporting material and HTM for
hole transporting material)

The bimolecular recombination is the process where a light-generated electron in the
conduction band recombines with a hole in the valence band and emits a photon, namely
the radiative recombination included in the detailed balance principle model in the former
section. The recombination rate coefficient is an intrinsic property of the material, and
can be derived based on the detailed balance principle,

/Oz(E)ba(E7Ta)dE = k’gnopo = ]{?27%2 (139)
where «(E) is the absorption coefficient, b,(E,T,) is the normal spectral photon flux
density of the ambiance, ks is the rate constant of the radiative transition. ny and pg

are the equilibrium electron and hole concentration whose product equals the square of
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Figure 1.10: The existing recombination processes in a p-i-n structure solar cell.

the intrinsic charge carrier density (n;). Therefore, the contribution of the bimolecular
recombination is the fundamental limit factor of the performance of a solar cell as it is
the nature of the absorber itself[29][106].

For the non-radiative trap-assisted recombination, the rate constant depends on the
nature of the trap-states. Usually traps in middle band gap act as most effective re-
combination centers, possessing a higher recombination rate coefficient[107]. For a more
generalized rate constant considered here, the density of traps also scales the recombina-
tion rate linearly. Note that the traps exist not only in the bulk of the absorber, but also
at the interfaces.

The interfacial recombination firstly relies on the interfacial area. Moreover, the in-
trinsic property of the interfaces is a dominating factor of the recombination rate[108].
Generally, the band energy alignment is an important indicator of the interfacial recombi-
nation rate constant. The interfacial energy alignment is also related to the amplitude of
the electric field in the absorber which influences the charge transport processes. More-
over, the direct contact of the ETM and HTM leads to a shunt path where severe interfacial
recombination could occur.

In this section, a comprehensive model based on the charge generation, transport
and recombination processes is introduced. A mathematical expression of this model
is usually very complicated, and some descriptive arguments are presented to cover the
missing pieces in the Shockley and detailed balance model. In the section, the principle
of several criteria to evaluate solar cell architectures in practice is addressed.

1.2.2 The solar cell architecture of perovskite solar cells

PSCs are basically constructed as a perovskite absorber layer sandwiched between electron
and hole selective layers. Various materials including not only perovskite but also ETM
and HTM have been used to construct efficient cells. But the most extensively studied
configuration is shown in Figure 1.11. As shown, the difference of the so called regular
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Figure 1.11: Typical architectures of PSC in (a) regular and (b) inverted configuration.

(n-i-p) and inverted (p-i-n) structure is the flow direction of the photocurrent. In the
regular architecture, the photocurrent flows from the metallic electrode to the transparent
conducting oxide electrode (which is often covered with an evaporated metal layer for
better electrical connections). In the inverted architecture, the current direction is the
other way around. Note that this definition of 'regular/inverted’ is inherited from the dye
sensitized solar cell which is not always valid in other types of solar cells. In other words,
in the regular structure, the perovskite absorber material is deposited on ETM (n-i-p)
while it is deposited on HTM (p-i-n) in the inverted structure.

In the regular architecture (Figure 1.11(a)), a planar or planar/mesoporous TiOs
layer is deposited on fluorine doped tin oxide (FTO)/glass through spin-coating, sputter-
ing, atomic layer deposition (ALD), or spray coating[109][110][111][112]. Other kinds
of ETM adopted in this architecture include SnO,[113][114][115], ZnO[116][117][118],
ZnySn04[119][120], BaSnO3[121][122], etc[123][124][125]. The ideal ETM layer for regu-
lar PSC configuration should meet the following requirements: well-matched energy levels
with the perovskite and the bottom cathode for efficient electron selection and extraction,
a large electron mobility to avoid the space-charge-limited effect, a high transparency to
allow light passing through to be harvested in the perovskite layer, and an enough chemi-
cal and physical stability with the perovskite and necessary solvents. Afterwards, MAPbI;
is deposited on top of the ETM through preparation methods as introduced above. Subse-
quently, the 2,2".7 7’-Tetrakis|N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene (spiro-
OMeTAD) is spin-coated on top of the perovskite[126][127][128]. Other HTMs which can
be employed in this architecture include poly(3-hexylthiophene) (P3HT)[129][130][131],
poly(triarylamine) (PTAA)[132][79][133], copper(I) thiocyanate (CuSCN)[134][135][136]
and so on[137][138][139]. The HTM layer of the n-i-p strucure should meet criteria such
as: a good band alignment with perovskite, a high hole mobility, compatible processing
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methods with other layers of the configuration, a good chemical stability against per-
ovskite and so on. In the end, a thermally evaporated metallic electrode (usually Ag or
Au) is deposited to sever as the back contact.

In the inverted architecture (Figure 1.11(b)), the most commonly used ETM and
HTM are [6,6]-phenyl-C61-butyric acid methyl ester (PCBM)[140][141][142] and poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)[143][144] respectively. Re-
versing the direction of HTM and ETM from the regular to inverted architecture needs
to overcome several issues. Firstly, the underlying layer beneath perovskite needs to be
transparent, therefore, coloured P3SHT layer is not very suitable in the p-i-n configura-
tion. Secondly, a upward compatibility is required among the subsequently processed
layers. For example, the MAPbI3 degrades under temperatures higher than 200 °C, so
metal oxide ETM which needs high temperature sintering is unfit as a upper electron
transporting layer in the p-i-n architecture. Besides processing temperatures, solubil-
ity is another matter of importance. Generally, the used ETMs in p-i-n structure in-
clude mainly the fullerene derivatives (PCBM, Cgo, Cr0)[145][146][147], low temperature-
processed metal oxide (SnO,, Zn0)[148][149][150] and so on[151][152]. The HTMs include
PEDOT:PSS[143][144], NiO4[153][154], CuO[155], CoO4[156], CuSCN[157], Cul[158],
etc[159][160].

1.2.3 Sketchy device physics of perovskite solar cells

Charge carrier transport in PSCs

When PSC was firstly studied, a mesoporous metal oxide scaffold was usually introduced
where the perovskite filled in the pores (Figure 1.12)[161][162][163][164]. The main con-
sideration is that such a structure could shorten the length of charge carrier transport.
If the mobility of the charge carrier is low, by reducing the carrier transport distance,
the spatial derivative of the carrier density and the electric field could be improved to in-
crease the drift and diffusion current (Eq. 1.34, 1.35). Shortly after, however, perovskite
material was reported to have a quite long diffusion length[165][166][37]. As discussed
above, a long diffusion length indicates relatively a higher mobility (which is beneficial
increasing the output current) or a slower recombination process (which is advantageous
reducing the recombination current) (Eq. 1.2), and overall the output current could have
the upper hand over the recombination losses. As such, relevant studies showed that
charge carriers transporting a long distance in perovskite can still construct highly effi-
cient solar cells. And planar perovskite devices became a popular topic in the soar cell
research community[78][167][168].

It is still quite unsure if the planar or mesoporous architectures will deliver the best
performance of PSCs[169]. The mesoporous structure is theoretically favorable but it
may also introduce side effects which will cancel the benefits of this configuration[170].
For example, a mesoporous architecture has a much larger interface area than a planar
structure which can lead to stronger interfacial recombination. Also the perovskite filled
inside the pores may be defect richer due to the confinement of the pore size and larger
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Figure 1.12: The solar cell configuration of (a) mesoporous and (b) planar structure and
corresponding carrier transport pathways.

crystal surface area.

Another interesting question is whether drift or diffusion current is the dominant
contribution of the output current. With the selective contacts, both parts contribute
to the total current. However, ascertaining this question will help design more efficient
solar devices[171]. The drift current depends on the built-in field which only exists in
the depletion region whose width relies on the doping level of the semiconductor. If the
drift contribution is dominant for an efficient PSC, then an intrinsic perovskite layer with
larger band offsets between the selective layers is optimal for the PSCs. But if the diffusion
current is already sufficient, then an efficient PSC could employ selective layers with lower
energy offsets.

In several studies, PSCs with non selective contacts could function reasonably well
with a built-in field induced by biasing or self-assembled dipole monolayers[172][173].
These results imply the driving force induced by the built-in field could put a PSC into
operating. A cross-sectional electrical profiling study presented a depletion width of 300
nm which is consistent with the perovskite film thickness normally reported with high
device efficiencies, suggesting that a properly functional PSC requires the existence of
built-in fields[171]. However, in some Br-based PSC studies, the V¢ exceeds the band
energy offsets of the ETM and HTM, which implies the contribution of diffusion current
may be already quite sufficient[174][175][176].
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Figure 1.13: The open circuit voltage of PSC achieved in literature versus the absorber
band gap. The black lines indicate the corresponding EL efficiency calculated based on
Eq. 1.31. Adapted from [178§]

Charge carrier recombination in PSCs

As the carrier transport and recombination are the competing processes, their 'rate coef-
ficients’ only have practical implications when comparing one to another. In this section,
only the recombination processes are addressed assuming the transport profiles remain
unchanged. In this context, it is reasonable to claim that V¢ is the adequate indica-
tor of the severity of the recombination losses. Based on Eq. 1.31, the V¢ of a solar
cell is given as the sum of the V™5 and a correction term related to the non-radiative
recombination.

In PSCs, besides the radiative recombination, the trap-assisted recombination and in-
terfacial recombination are the existing non-radiative recombination pathways[177]. Re-
cent studies have significantly suppressed these non-radiative recombination processes and
reduced the open circuit voltage loss to be less than 100 mV. In Figure 1.13, based on the
Voc of the PSC and the band gap of absorber material, the corresponding EL efficiency
at Vo is calculated. It presents for the state of art PSC, it has an EL efficiency close to
10% which almost keeps in step of a perovskite LED[178][179][180][181].

As perovskite has been reported to be defect tolerant, interfacial recombination seems
to play the key role in non-radiative channels. For example, replacing PEDOT:PSS with
PTAA layer as the hole selective layer in a p-i-n configuration cell has been reported to
improve the Voe by hundreds of mV[182][183]. However, it is tricky to distinguish between
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suppressing interfacial recombination with reducing surface trap-assisted recombination
as the modification of perovskite surfaces may lead to both effects.

Hysteresis behavior of the PSC

The hysteresis behavior of the PSC is the nonconformity of the J-V curves which strongly
depend on the voltage scan rate, direction (from positive to negative bias, or the other
way around), range (start and end bias) and preconditioning situation (the cell resting
time, bias, illumination condition)(Figure 1.14a)[184]. This phenomenon has been firstly
discovered in a n-i-p architecture cell and reported to be almost absent in PSCs of p-
i-n structure[185][144][186]. The origin of such an unstable current output is obviously
due to certain slow process which occurrs inside the cell. Several hypotheses have been
proposed, for example, it has been suggested that the movement of ions or polarization of
perovskite crystal domains contributes to the formation of the built-in field which slows
down its response to the changing bias[187][188][187][189]. Another argument thinks a
slow process of trap states filling/emptying is responsible for this phenomenon[190][191].

Different theoretical simulations and experimental evidences support the interpreta-
tion of the ion migration[66][192][193][194][195]. This interpretation suggests that charged
ions migrate due to the existence of the built-in field, which leads to the aggregation of
ions at the interface between the perovskite and selective layer. These aggregated ions
create a reverse electric field which could partly or fully counteract the built-in field in
the bulk of perovskite layers, creating a bulk field-free region and sharp potential drops
at the interface in the dark under equilibrium (Figure 1.14b)[64]. Under changing bias,
the reverse electric field is modulated by the slow movement of ions which leads to a
variational electric field across the perovskite layer and then changing output current.

The hysteresis phenomenon actually reflects the ’instability” of the solar cell whose
charge transport and recombination profile change during operation. And it is detrimen-
tal on evaluating the real performance of a solar cell. It has been emphasized to present
the J-V curves of PSCs with all measurement parameters to facilitate evaluation and com-
parison. And a tracking of the solar cell behavior over longer time is regarded necessary
providing a accurate evaluation of the cell[197][198]. The hysteresis behavior also com-
plicates a lot of well-established characterization techniques. For example the impedance
measurement has been reported to be influenced by the ionic conduction property of the
perovskite at low frequencies[199][200]]201].

The state of art PSCs seem to possess less hysteresis features. It is partially due
to the chemical engineering of the perovskite material. It has been reported that en-
hancing the structural stability of perovskite through doping with additional cation or
anion could suppress the hysteresis phenomenon, probably due to the suppression of ion
movements[202][203]. Interface engineering could also eliminate the solar cell’s hysteresis
behavior, which could be either due to a modified ion aggregation profile or improved
crystallinity of the perovskite at the interfaces[204][205].
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Figure 1.14: (a) a typical J-V curves of PSC with hysteresis feature; (b) the band diagram

illustration of the ion aggregation interpretation of hysteresis phenomenon. Adapted from
[196] and [64].
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Chapter 2

The experimental details and
characterization methods

In this chapter, the fabrication procedure of the PSC is described in detail. The charac-
terization processes used in thisstudy are also clearly listed. Sketchy working principles of
certain characterization techniques which are relatively mysterious or intensively utilized
are summarized for reference.

2.1 The fabrication procedure of the PSCs

2.1.1 Substrates cleaning

ITO substrates (10-15 Q (0!, 1.1 mm thick, purchased from Lumtech, cut to 14x14 mm?)
were cleaned in ultrasonic bath with commercial detergent, acetone and isopropanol for
at least 5 min subsequently. Afterwards, a 7 min O, plasma cleaning was carried out in
a Diener Femto plasma cleaner at 80 W with a pressure of around 1 mbar.

2.1.2 Deposition of PEDOT:PSS films

The PEDOT:PSS solution (Clevios™P VP Al 4083, purchased from Heraeus, stored
in fridge) was used without further treatment. A syringe was used to extract the PE-
DOT:PSS solution from a refrigerated pre-distributed small-dose vial. Afterwards, a 0.2
pm PVDF fitler (ROTH) was assembled on the syringe. Before deposition, the spin-
coater (WS-650, Laurell Technologies) was rewrapped with clean tissue to remove any
residual solvent. The PEDOT:PSS solution was dropped from the syringe through the
filter carefully on the substrate and further distributed manually with the syringe tip.
Afterwards, a 60 s spin-coating process at 5000 rpm with an acceleration rate of 1000
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rpm/s was performed. The substrate was then annealed at 180 °C on a hotplate (SD160,
Stuart Equipment) for 5 min. The substrate was then stored in a Ny-filled glovebox for
future usage.

2.1.3 The preparation of MAPDbI; precursor solution

In a typical procedure to prepare around 3 mL precursor solution, the following operations
were performed. In a N filled golvebox (Sylatech, water content < 5 ppm), 635.9 mg
MAT (98%, dyenamo) was weighed in a glass vial. Then 2184 ul N,N-dimethylformamide
(DMF, 99.8%, Sigma Aldrich) and 109.2 uL dimethyl sulfoxide (DMSO, 99.9%, Sigma
Aldrich) were added in the vial. Afterwards, 461.0 mg Pbly (99%, Sigma Aldrich) and
278.1 mg PbCly (98%, Sigma Aldrich) were weighed on weighing paper and put inside
the vial. The solution was stirred at room temperature with a stir bar for at least 1 h. A
clear and transparent yellow solution was then obtained.

2.1.4 The deposition of MAPDI; layer

In a typical procedure, the prepared PEDOT:PSS substrates and precursor solution were
transferred inside a No-filled glovebox (GS GLOVEBOX Systemtechnik, water content
< 5 ppm) where a spin-coater (LabSpin, SUSS MICROTEC) was installed. After drop-
ping 40 pul precursor solution on the substrate, a 20 s spin-coating process at 3000 rpm
with an acceleration rate of 1000 rpm/s was performed. Afterwards, the still colorless
substrate was quickly transferred on a 60 °C hotplate (SD160, Stuart Equipment) and
covered with a home-made vacuum chamber. This chamber was connected to a pump (PC
3004 VARIO, VACUUBRAND) with a monitor controller (CVC 3000, VACUUBRAND)
where the vacuum pressure could be tracked. As soon as the chamber was in position,
the pump was switched on to quickly reduce the pressure to around 2 mbar. The vacuum
assisted annealing process lasted for 30 min. Afterwards the pump was switched off and
the chamber was vented. Then the hotplate temperature was reset to 90 °C to anneal
the sample for another 30 min. A shining dark film was obtained indicating the forma-
tion of MAPDI; film. Note that the above process is a typical procedure, while certain
modifications could be made for specific purposes and are described when introduced.

2.1.5 The Evaporation of Cgy, LiF and Ag layers

The MAPDI; substrates were transferred inside a thermal evaporator (UNIVEX 350 G,
Leybold) in the glovebox. After pumping for 20 min, the pressure reduced to below 5 x
10° mbar. Then 20 nm Cgo (99.99%, CreaPhys) was evaporated at around 410 °C at a
rate of around 0.3 A/s. Afterwards, 1 nm LiF (99.995%, Sigma Aldrich) was evaporated
on top at a rate of around 0.05 A /s. Then the substrates were taken out of the evaporator
to anneal at 70 °C for 10 min. After scratching, 60 nm Ag (99.999%, Testbourne) was
further evaporated at 1 A /s to complete the fabrication process.
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2.2 The characterization methods of films

2.2.1 Scanning electron microscopy (SEM)

The morphology of the perovskite film was characterized using a Zeiss CrossBeam 1540XB
FESEM (equipped with an in-lens detector). An accelerating voltage of 5-10 kV was
used for imaging. To avoid the degradation of perovskites under electron beam, a faster
scanning speed was chosen to photograph. Samples were fixed on steel stubs using silver
paste without any further treatment to enhance the conductivity. For cross-section images,
the sample was cut with a scissor which retained most of the morphology information of
the cutting shoulder.

2.2.2 X-ray diffraction (XRD)

The crystallography of the films was investigated using Bruker D8 Discover (equipped
with Lynxeye XE detector, and Cu Ko is 0.15418 nm) with the help of Ms. Brigitte
Bossenecker and Elana Harbalik in the Partikelanalysezentrum of Uni-Konstanz. The
measurement was performed from 5° to 60°. The samples measured in air or in a Ny filled
thin plastic holder did not show any difference.

2.2.3 Ultraviolet—visible spectroscopy (UV-Vis)

The absorbance spectrum was measured by Cary5000 (Agilent technologies) from 400-850
nm in a 150 mm integrating sphere. Samples were placed in the sphere center using a
center mount sample holder while the light beam illuminated on the sample under a small
angle (5°) to ensure no light escaped from the sphere. Besides, all measurements were
double baseline (100% and 0% transmission) corrected to determine the absorbance of a
sample. The data in transmission form is corrected as

T — 0%T Baseline
100%Tbaseline — 0%T Baseline

where T is the raw data value while 100%Thaseline and 0%TBaseline are the baseline
values of 100% and 0% transmission respectively.

2.2.4 X-ray photoelectron spectroscopy (XPS)

XPS measurements were carried out in ultra-high vacuum conditions (< 107'° mbar)
using standard Omicron multi-probe XPS system with Al Ka 1486.7 eV monochromatic
X-ray source, Argus hemispherical electron spectrometer and 128 channels MCP detector.
Samples were air exposed before the XPS measurements. CASA-XPS software was used
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for data analysis and curve fitting. The binding energy of the high resolution core levels
was calibrated using C 1s as reference. The measurement was done by Muhammad Sultan
and Azhar Fakharuddin in the National Centre for Physics, Pakistan.

2.2.5 Photoluminescence (PL) measurements

The PL spectra were recorded in a FluoTime 300 fluorescence lifetime and steady state
spectrometer (PicoQuant). The illumination source was a 404 nm picosecond laser diode
head. And a 575 nm filter was inserted between the sample and the detector to block
scattered or reflected laser. The sample was placed in a cryostat chamber (OptistatDN-V,
Oxford Instruments) which was pumped to the pressure range of 10° mbar. The set-up
control and data acquisition were conducted in the customized mode of the EasyTau
software. For the steady state measurement, the scan range for MAPbI3 was 600 to 900
nm. While for the dynamic PL tracking, the peak position of the steady state curve was
monitored. The counting rate was usually lower than 3% to ensure the reliability. The
instrument response function (IRF) was measured by monitoring the laser wavelength
without the filter. The life time of the perovskite sample was much longer than that of
the IRF, so the IRF actually didn’t influence the sample’s PL decay curve. A sketchy PL
measurement principle is summarized for reference.

PL and PL decay - a general introduction

Photoluminescence is a process in which a molecule or the lattice absorbs a photon,
excites one of its electrons to a higher electronic excited state, and then radiates a photon
as the electron returns to a lower energy state. If the system undergoes internal energy
redistribution after the initial photon absorption, the radiated photon could have lower
or higher energy than the absorbed photon, which is the so called Stokes or anti-Stokes
shift[206].

For a semiconductor, when the incident photon energy exceeds its band gap, it could
absorb the photon and generate an electron-hole pair which may further dissociate into free
electron and hole. The dissipation processes of the free electron and hole could be either
radiative or non-radiative. The PL measurement is monitoring the radiative fluorescence
signal. The intensity of the signal depends on the carrier density in the material. For
the dynamic measurement, the decay curve of the PL is indicative of the carrier density.
The temporal variation of the carrier density depends on the recombination profile of the
system, which, for sole perovskite films , could be described with Eq. 1.3. The Auger
recombination is negligible when the carrier density is lower. As such, the trap-assisted
recombination (k;n) and radiative recombination (ken?) dominate the decay trend[66].
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2.2.6 Kelvin probe force microscope (KPFM)

KPFM measurment was performed on MFP-3D atomic force microscope (Asylum Re-
search) with a Ti/Ir coated conductive tip (ASYELEC.01-R2) under dry air environment.
The tip potential was measured using a mounted HOPG sample (Veeco). The measure-
ment was performed in Prof. Dr. Giso Hahn’s group with the help of Christian Derricks.
A sketchy AFM/KPFM measurement principle is summarized for reference.

The working principle of the AFM/KPFM

The AFM/KPFM technique is a two-step probing method. During the first step, the
topography image of the sample is obtained. Then in the second step, the topography
information is used to perform another scan. The major difference of these two scans is the
driving method of the oscillation of the cantilever. In a topography scan, the cantilever is
typically oscillated mechanically by a small piezo electric actuator very near the cantilever
chip. While for the potential scan, the oscillation is induced by an applied AC bias. A
schematic diagram is shown in Figure 2.1.

As known, the topography scan is based on the distance dependence of the repulsive
and attractive force between the oscillating tip and the sample surface. For the potential
scan, on the other hand, it is based on the potential offset dependence of the force between
the oscillating tip and the sample surface (as well as the distance which has been set the
same by applying the topography information). As such, during the potential scan, besides
the AC bias which oscillates the tip, a changing DC bias is also applied to the tip. When
the DC bias cancels out the potential difference between the tip and the substrate, the
force will be minimized. In other words, the KPFM uses a feedback loop to adjust the
DC bias on the cantilever to minimize the force (amplitude). Because the tip needs to
respond the the AC and DC bias, it needs to be conductive. However, the sample doesn’t
need to be conductive. The typical mathematical expression of the principle considers
the tip and sample to be a parallel plate capacitor, which implies that the electric force
is induced by charge transfer between the sample and tip through an external electric
circuit. But in reality the measurement doesn’t rely on the net charges of a capacitor.
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2.2.7 Photo-electron Spectroscopy in Air (PESA) measurements

The valence band position of perovskite samples was measured by PESA performed by
a AC-2 instrument (Riken Instruments). The measurement was conducted at 5 nW
excitation light power and scanned from 4.5 eV to 6.2 eV with a step size of 0.05 eV. The
0.33 power of yields against excitation energy was plotted and a linear fit was performed
to extract the takeoff energy. A sketchy PESA measurement principle is summarized for
reference.

An introduction of the PESA measurement

The PESA measurement measures the work function of metal, ionization potential of a
molecule, or the valence band postion of a semiconductor. In other words, the PESA
measures the energy needed to remove a electron from the sample and become a free
electron. The measurement is usually performed in vacuum (ultraviolet photoelectron
spectroscopy) because the the emitted electron can only move several ym in air (mean
free path of electron in air). However, The PESA has a specific electron counter which
generates a giant electric field to detect the ionized gas molecules, so it doesn’t need the
vacuum environment.

2.3 The characterization methods of solar cells

2.3.1 The J-V related measurements

J-V measurements were performed using a Keithley 2400 Source Meter controlled through
a self-written Matlab program (by Eugen Zimmermann) in the golvebox. Cells were
illuminated via a LOT 300 W Xenon solar simulator through a shadow mask with a
resulting active area of 0.133 cm?. For light-intensity dependent measurement, a series of
neutral-density filters (Thorlabs) were used to adjust the illumination intensity. And light
intensities were calibrated with a certified Si reference solar cell (Fraunhofer Institute)
with a KGb5 filter. J-V curves were recorded at a step size of 10 mV and a sweep rate of
approximately 50 mV/s.

2.3.2 Transient ionic measurements

During the transient ionic measurement, the solar cells were biased at 0 V for 60 s, 0.9 V
for 60 s and 0 V for 120 s in turn under dark environment. During the fist 60 s, the solar
cell was allowed to relax to an equilibrium state. Afterwards at 0.9 V, besides the injected
recombination current, the ion migration hypothesis also suggests ions could redistribute
in the cell. In the last 120 s, after removing the bias, there should be no free electrons
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Figure 2.2: The schematic illustration of the transient ionic current measurement in which
the (a), (b) and (c) presents the three subsequent stages of this measurement respectively.

and holes in the cell, and the current is ascribed to the movement and redistribution of
ions (Figure 2.2)[204][207][208]. The current decay in the third period was integrated to
calculate the corresponding ionic charge density.

2.3.3 The transient photo-voltage (TPV) measurement

For TPV measurements a Tekscope DPO 7254 digital oscilloscope was used, and solar
cells were kept in a sample holder similar to the holder used for normal J-V measurements
in a cryostat (OptistatDN-V, Oxford Instruments). The probed sample was background
illuminated with a LOT Oriel LS0106 solar simulator and the intensity was adjusted using
a series of neutral density filters (Thorlab). A small perturbation was generated using
a pulsed Nd:YAG laser (532 nm wavelength, pulse length 2 ns, repetition rate 5-20 Hz).
The laser intensity was adjusted to approximately 1-5 mW cm? using a filter. During
TPV measurements, the device was held at a range of open-circuit conditions utilizing
the 1 MQ input resistance of the Tektronix oscilloscope and controlled by the background
illumination. The intensity of the small optical excitation, which remained constant under
all background illumination conditions, was set to achieve a voltage perturbation of less
than 10 mV at 1-sun background illumination to operate within the small-perturbation
regime.

The jungle of TPV measurements

The general principle of the TPV measurement is that, under a certain back illumina-
tion, the transient photo-voltage of a solar cell induced by a small laser pulse is tracked.
The decay life time of this transient voltage could be extracted. The TPV characteriza-
tion isn’t a straightforward method, and its explanation in different kinds of solar cells
could be different. It has been used to polymer solar cells, dye sensitized solar cells and
nanocrystal sensitized solar cells to extract the carrier lifetime, calculate the carrier den-
sity in open circuit condition, probe charge transport for the rise time of the transient
voltage, determine the activation energy of carrier transport and recombination and so
on[209][210][211][212].
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The most important assumption of this method is that the extra charge equilibrates
with the device electrodes prior to any recombination, and the generation of carriers is
independent of the carrier density, built-in field and so on[213]. It also needs to be aware
that the induced transient photo voltage is not equivalent to an increment of Voc. The
Voc is a steady state parameter which is related to the carrier density and recombination
profile in the cell. While the transient photo voltage is induced by the injected transient
carriers by a laser pulse. Omne major difference is that the the transient carriers are
expected to not recombine before the rise of the transient voltage.

Ascertaining this difference is important to understand the connotation of the decay
life time. Usually the decay life time is ascribed to the life time of charge carriers. But
note that it is actually the life time of the transient photo voltage. The life time of V¢
can not be simply ascribed to that of charge carriers as the Voc and carrier density of
a cell have a complicated relation. But the transient photo voltage is directed related to
the amount of extra carriers like in a parallel plate capacitor.

Typically in TPV measurements the perturbation of the short light pulse is small so
that the response can always be described by a simple RC circuit. And the R (resistance)
and C (capacitance) is in parallel connected[214]. So

T=RxC(C

This relation reveals that the charge carrier recombination process is determined by both
the resistance and capacitance terms in the electric circuit element point of view.

Moreover, the determined carrier life time also needs to treated with care as it has a
specific physical meaning,

dAn_M

dt T

while assuming the actual recombination process is proportional to v power of carrier
density n,
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dt Ttot nTi(i’l
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So the carrier life time from the TPV is 1/ of the pseudo-first-order life time[215].
And it can not be simply applied to evaluate the recombination profiles between different
devices as the carrier density n and exponential term v also influence its value.

An important application of the TPV is to calculate the carrier density inside the cell
using the so called differential charging method[216]. As the solar cell is under quasi-open
circuit conditions during this measurement and the transient photo-voltage is induced by
a known amount of carriers (as they are supposed to not recombine yet before the rise of
the transient photo voltage), the capacitance at each different Voc (Cy,,.) (determined
by the back ground illumination) could be calculated,

AQ
CVoe = v

where AQ is the injected amount of carriers while AV is the amplitude of the transient
photo voltage.

After integrating the Cy over the voltage, the charge carrier density at different Vo
can be extracted. This method has been suggested to be more accurate than the charge
extraction method for the PSC. One reason is that more recombination loss occurs in the
charge extraction process due to the large carrier density at higher illumination levels.
More importantly, the hysteresis feature of the PSC could induce displacement currents
due to the large internal field variation, which interferes with the test results[217].

2.3.4 Impedance spectroscopy (IS) measurements

A Metrohm Autolab PGSTAT 302N was used for IS measurements. The solar cell was
placed in a cryostat (OptistatDN-V, Oxford Instruments) with the pressure < 1x10
mabr. The cryostat was fixed in a grounded aluminum box forming a Faraday cage to re-
duce electronic noises from outside and block the background illumination. Measurements
were performed using the Metrohm software Nova 2.1. All measurements were performed
in the dark at different biases using a perturbation voltage amplitude of 10 mV from 1
MHz to 1 Hz. As the IS data was used to perform Mott-Schottky analysis, the equivalent
circuit fitting was not necessary.

A general introduction of IS measurement

During the IS measurement, the sample is probed using a low amplitude frequency-
modulated AC voltage, and the output AC current signal is detected. Compared to a
normal resistance measurement, additional information of the phase differences between
the AC voltage and current signals can be obtained. Assuming the resistance is |Z| and
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Figure 2.3: The (a) Nyquist and (b) Bode plot of the IS of the electric circuit presented
in (a) simulated by ZView 3.5d.

the phase angle difference is ¢, the impedance (Z) is usually described as

Z=27 +iZ
Z =|Z|cos ¢
Z" = |Z|sin ¢

Z is represented by a point in the complex plane. Scanned over a wide frequency range,
the obtained Z can be plotted either in the Nyquist or Bode style (Figure 2.3).

When using the IS measurement to characterize a solar cell, the main challenge is
to correlate the electric feature of IS with the real physical processes in the cell[218].
In the electric circuit point of view, the IS features can all be simulated by a specific
combination of electric elements (equivalent circuit). And ascertaining the representative
processes behind the elements is more important. As introduced in the TPV technique,
the recombination process could be represented by a parallelly connected resistance and
capacitance. However, when characterizing a whole cell, the complexity of the involved
processes may make it difficult to pinpoint a certain element to a specific process.
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The fabrication and optimization of
inverted perovskite solar cells

The halide perovskites have been reported with their unique electronic properties in the
1990s[219][220][221][222]. Back then the research was focused on the dependence of the
material property on its layered structure. Its application in solar cell was firstly reported
in 2009 as dye in the dye sensitized solar cell. The cell gave a decent efficiency of around
3.8% but degraded fast due to the instability of the perovskite with the iodine liquid
electrolyte[161]. Afterwards the utilization of the solid electrolyte successfully prolonged
the life time of the perovskite sensitized solar cell and pushed the efficiency to around
10%[164]. Soon after the perovskite was reported to have excellent charge carrier transport
ability and regarded more than a dye type of chemical[165][166][37]. Afterwards the unique
property of halide perovskites attracts the attention of the solar cell research community.
The architecture and fabrication of the PSCs have been insensitively studied pushing its
efficiency to more than 23% (Figure [5]).

One major difficulty fabricating the PSC is the deposition of the perovskite film.
For the solar cell application, usually a continuous film with no voids is necessary. At
the initial stage, the fabrication of a pin-hole free perovskite film was unattainable and
a mesoporous metal oxide scaffold seemed to be beneficial for the morphology control
and cell performances[223][224]. Since then a lot of efforts have been made to develop
perovskite film fabrication methods preparing the ideal morphologies.

In this chapter, a new perovskite film deposition method will be introduced. We show
with the assist of vacuum and a special precursor composition, uniform perovskite films
with no voids can be prepared with a thickness from 80 to 300 nm. The PSC with a
PEDOT:PSS/MAPbDI;3/Cgy architecture was fabricated and optimized. The influences of
the related parameters on the cell performances were studied. This fabrication procedure
we developed can produce PSCs with the highest efficiency of around 16% and a high
controllability.
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Figure 3.1: The diagram of the vacuum assisted annealing process.

3.1 The deposition of perovskite films

As introduced, halide perovskites have a strong crystallization tendency which may origi-
nate from its strong polarity. The film formation of perovskites is prone to noncontinuous
large crystal domains which are not suitable for the solar cell application.

The crystallization process of perovskites could be modulated by adjusting the crystal
nucleation or growth rate. Theoretically, slowing down the crystal growth rate or in-
creasing the nucleation rate will give rise to smaller crystals and lead to a more uniform
film[225][226]. As such, multiple deposition methods have been developed, for example
adding MACI[227][228], NH,C1[229][230] or 1,8-diiodooctane (DIO) dopant [231] in the
MAPDI; precursor solutions has been reported to yield films with better inter-connectivity.
These additives have been suggested to participate into the crystallization processes by
forming certain intermediate products which slows down the crystal growth process. Ac-
celerating the nucleation of the precursor solution has also been proved effective. A widely
known example is the so called anti-solvent method. Specifically, after spin coating, a poor
solvent of perovskite (anti-solvent) is dropped on the still uncrystallized precursor sample
and promotes a very fast nucleation process which smooths the forming film[79].

In this work, we developed a novel vacuum assisted deposition method which both
accelerates the nucleation and slows down the crystal growth process. The corresponding
process diagram is shown in Figure 3.1. In particular, after spin-coating, the precursor
solution is still uncrystallized. Then it is transferred inside an isolated chamber which is
connected to a pump. After starting the pump, the pressure of the chamber will quickly
decrease to around 2 mbar and during this period the transparent film will turn into red
brown. This step could be further modulated by adjusting the temperature, pressure and
time to achieve better control over this process. Afterwards, the chamber is flushed to
normal pressure and the sample is further annealed to enhance the crystalline quality.

A typical morphology of the derived perovskite film is shown in Figure 3.2 in compar-
ison with the simple spin-coating method. The film derived through the vacuum assisted
method is pin-hole free and continuous while the other one is composed of large branch-like
crystal domains and a lot of voids.
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Figure 3.2: The typical morphology of MAPbIj; films derived with (a) the vacuum assisted
method and (b) the simple spin-coating method.

Figure 3.3: The morphology of MAPDI; films fabricated through the vacuum assisted
method with (a) 20% excess MAI, (b) 100% excess MALI.

3.1.1 The influence of the precursor composition

The vacuum assisted method only works well with additional methyamine salt in the
precursor solution. In Figure 3.3 the influences of different amount of additional MAI
in the precursor solution on the morphology are presented. With 20% excess MAI, the
branch-like structure seems suppressed compared to Figure 3.2(b), but apparently it still
leads to a rough surface and uncovered voids. With 100% excess MAI, the film is much
more smooth and continuous. The results suggest that the vacuum accelerated nucleation
is not enough to smooth the film alone. Additional methyamine salt further helps modify
the crystallization process and smooth the forming film.

However, to remove the additional methyamine salt from the film ad leave only pure
perovskite, MAI is not an ideal additive as it has a high decomposition temperature. In
comparison, the usage of MACI as additive has already been reported to optimize the
morphology of the forming perovskite film in the simple spin-coating process|[227][228].
No trace of chloride is detected after proper annealing due to the volatile nature of MACI.
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Figure 3.4: The typical XRD spectrum of the perovskite film showing pure MAPDbI;
phases.

Therefore, MACI is used as additive in this work. The corresponding chemical reaction is
Pbly + PbCly + 4 CH3NH3I + — 2 CH3NH;Pbl; + 2 MACIT
namely the equimolar MACI is added to the MAPbDI; precursor solution.

The XRD spectrum of the corresponding perovskite film is illustrated in Figure 3.4.
The graph shows dominating (110) (14.1°) and (220) (28.2°) peaks which are ascribed to
the MAPDI; cubic phase[9][232]. In addition, no sign of the precursor component is found
indicating the resulting film is composed of pure MAPDI;.

3.1.2 The parameter control during the vacuum annealing step

There are several parameters involved in the vacuum annealing step, for example the
pumping speed, the vacuum degree, the temperature and the time. Of them, the pump-
ing speed and temperature could influence the morphology at the early stage of the
crystallization process while the vacuum degree may play a role at later periods.

As introduced, the nucleation and growth of the crystals are competitive processes.
At the nucleation step, a higher pumping speed could already lead to lower vacuum
degree promoting massive nucleation while higher temperature is more beneficial to the
growth of the crystals. Figure 3.5 shows the different morphologies derived with a mild
pumping speed at different temperatures. As the temperature increases, the MAPDbI3 also
becomes noncontinuous. We think this is due to the enhanced crystal growth rate as the
temperature rises.

Figure 3.5 seems to simply suggest that higher vacuum is beneficial while higher tem-
perature is detrimental for the morphology. However, higher temperature is desired for
removing the MACI impurity from the forming film. We find the application of higher
temperature during the vacuum annealing process is necessary to remove the MACI while
not damaging the morphology of the forming film. Figure 3.6 presents the morphology
differences lead by different vacuum degrees. Through the films all seem uniform, the film
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Figure 3.5: The morphology of the MAPDbI; films with different vacuum annealing tem-
peratures of (a) 40 °C, (b) 50 °C, (c) 60 °C and (d) 70 °C at a mild pumping speed.
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Figure 3.6: The morphology of the MAPbI; films with different vacuum degrees of (a)
2.5 mbar, (b) 5 mabr, (¢) 20 mbar and (d) 100 mbar at 80°C for 10 min.

prepared through lower pressure annealing process is composed of smaller closely packed
grains while the film prepared through higher pressure annealing process composed of
larger grains with voids. We see these differences come from the process of removing
MACI from the film.

In short summary, during the vacuum annealing step, two processes happen succes-
sively, the initial nucleation/crystallization and the removal of the MACI additive. These
two steps both benefit from the a higher vacuum degree (fast pumping speed), but a higher
temperature could deteriorate the formation of a better morphology at the initial stage
while accelerate the removal process at the later stage. Therefore an optimized annealing
parameter for our setup is found to be 60 °C for 30 min at the maximal vacuum degree
our chamber could achieve (around 2 mbar). It is worth mentioning that the thermal
stability of MAPbI3 under vacuum environment also decreases, and higher temperature
and longer time vacuum annealing may lead to unwanted defects or the decomposition of
halide perovskites. The balance of temperature, time and pressure is very tricky which
also depends on the thickness of the film.
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Figure 3.7: The inverted solar cell architecture employed in this work.

3.2 The fabrication of inverted perovskite solar cells

Based on the perovskite deposition techniques described above, inverted perovskite solar
cells with an architecture as shown in Figure 3.7 are prepared. An detailed description
of the fabrication process is given in the experimental methods section. In general, the
PEDOT:PSS acts as the HTM while Cgy as the ETM in this architecture. A thin layer
of LiF is inserted to block potential diffusion of Ag particles into the Cgy. And ITO and
Ag act as the electrodes. The estimated band diagram of this architecture is illustrated
in Figure 3.8.

The thickness of the PEDOT:PSS, MAPbI3 and Cgq layers are important for the
performance of the solar cell. The perovskite layer has been reported to output the
maximal efficiency at around 300 nm which balances the light-harvesting and carrier
transport properties[78][233][234]. While for the selective layers, a thicker film could lead
to higher resistance while thinner ones may have poor coverage leading to more shunt
paths. We find that the performance of the solar cell is not sensitive to the thickness of the
PEDOT:PSS layer. Figure 3.9 shows the cross-sectional SEM images of the PEDOT:PSS
and perovskite layer. PEDOT:PSS layer has around 30 nm thickness while the MAPbI;
around 300 nm. The Cgg layer is more influential on the performance of the device which
will be addresses further.
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Figure 3.8: The band diagram of the employed architecture.

Figure 3.9: The cross sectional images of the (a) PEDOT:PSS/PEG stack and (b)
PEDOT:PSS/MAPDI; stack. PEG is deposited on PEDOT:PSS for better contrast. The
inset of Figure (b) is taken at a higher magnification.
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Figure 3.10: Influence of the Cgy layer thickness on the device performance.

Ceo layer thickness | Voc(mV)  Jsc(mA/em?) FF(%) PCE(%)
10nm 899 18.4 63.6 10.5
20nm 899 19.4 72.2 12.2
40nm 902 16.1 65.9 9.3
60nm 884 15.8 35.0 4.8

Table 3.1: Effect of Cgy layer thickness on device performance.

3.2.1 The optimization of the Cgy layer

The Cgg layer is used to act as the selective electron extraction layer in the solar cell. Its
thickness needs to be carefully controlled, as it needs to be thick enough to fully cover
the perovskite layer, but a too thick Cgy layer will also increase the series resistance of
the device. Cgg layers with different thicknesses have been thermally evaporated on top
of the perovskite film. In Figure 3.10 the influence of the Cgy layer thickness on the
device performance is shown. Detailed solar cell parameters are summarized in Table 3.1.
Clearly 20 nm Cg is already enough as hole-blocking layer and doubling its thickness
greatly impedes its ability to transfer electrons which results in a lower fill factor and also
lower photo current density. If the layer too thin, the fill factor and photo current density
also decreases slightly, which is ascribed to a not complete coverage of the perovskite film.
Compared to PCBM, Cg is a more electron-conductive fullerene-based material[235].
With the flat MAPDI; film as the bottom layer, a 20 nm Cgy could already form a compact
and efficient selective layer.

It is found that the performance of solar cells will benefit from a short annealing
treatment after deposition of Cgq layer, mainly due to the increase of photo current (Figure
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Figure 3.11: Influence of the annealing treatment of Cgp layer on the device performance.

3.11). It has been reported the solvent annealing of PCBM layer could increase solar cell
performances, implying the interface between perovskite and fullerene-based layer could
be modified to promote charge transfer[236]. We see this effect leads to the increase of the
performance after annealing Cgo layer in our study. The contact between the perovskite
and evaporated Cgg layer could be strengthened by the short thermal treatment.

3.2.2 The insertion of a thin LiF blocking layer

LiF, BCP or Ca are widely used as insulating layer between ETL and metal back con-
tact[237][238][239]. In this work we use an evaporated thin LiF layer. Amazingly, the
FF of solar cell could be improved from 70-75 to around 80 just by depositing 1 nm LiF
before evaporating Ag (Figure 3.12). Such an effect has been reported, suggesting the
energy mismatch between the cathode and electron transporting layer is compensated by
the formation of dipoles with the LiF insertion layer[142]. Another explanation is the
physical blocking effect which prevents the diffusion of Ag particles into the thin Cgg
layer[240][241].

3.2.3 Optimized solar cell performance and statistical results

Based on the above mentioned optimization conclusions, 30 perovskite films are deposited
to fabricate solar cells in successive three batches. The performance of the best solar cell is
presented in Figure 3.13. The solar cell is measured in ambient air at 0.1 V/s. The forward
and backward scanned curves are well coincident with no sign of the hysteresis behavior.
The FF of the backward scan is lower(79.4 vs 81.0 in Table 3.2) mainly due to a steeper
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Figure 3.12: Effect of the LiF blocking layer on the J-V curve.

\ Voc(mV)  Jsc(mA/em?) FF(%) PCE(%)
Forward scan 959 20.2 81 16.4
Backward scan 960 20.5 79.4 16.4

Table 3.2: The parameters of the champion solar cell.

current drop at 0 bias point which may be attributed to certain charge accumulation at
the open circuit condition.

The statistical distribution of the performances of these cells is shown in Figure 3.14.
As seen, our fabrication method is quite reproducible, over 80% solar cells have over 14%
efficiency. The origin of the inferior cells is considered to be the perovskite spin-coating
process which sometimes introduces large flaws to the film. The prepared perovskite
precursor solution is colloidal and close to saturation which may contain large particles
and influence the quality of the spin-coated film.

3.3 The ultra thin semi-transparent perovskite solar
cell

The vacuum assisted deposition method can be easily applied to deposit ultra thin per-
ovskite film by simply diluting the precursor solution. The ultra thin film is interesting
because it enables the realization of semi-transparent solar cells. In certain circumstances
(for example, building external windows), a certain light transmittance could be more
desirable than higher efficiencies of the solar cells[242][243].
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Figure 3.13: The J-V curves of the champion solar cell scanned from forward and backward
directions.
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Figure 3.14: The statistical distribution of the solar cell efficiencies.
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Figure 3.15: The (a) morphology and (b) static PL spectrum of the deposited ultra thin
MAPDI; film. In figure (a), the optical image (in comparison with 300 nm film), the cross
section picture and top view image are presented in proper order.

\ Voc(mV) Jsc(mA/CWZ) FF(%) PCE(%)
Forward scan 864 10.91 82.8 7.81
Backward scan 858 10.89 82.9 7.74

Table 3.3: The parameters of the ultra thin MAPbI; solar cell.

Figure 3.15 illustrates the fabricated ultra thin MAPbI3 film. A thickness of around
80 nm is observed which renders this film certain transmittance. The static PL spectrum
shows a peak position of around 760 nm which matches the band gap of the material
in accordance with related reports[244][245]. The corresponding solar cell performance is
illustrated in Figure 3.16. And the parameters are listed in Table 3.3.

Comparably, we find the Jgc and FF of the ultra thin MAPbI; cell is reasonably high
while the Vpc is lower. The current density which reaches around half the theoretical
value of MAPDI; suggests that most light has been absorbed in the front 80 nm film.
A higher FF and lower V¢ is confusing. In a working solar cell with certain external
load, the photo-generated charge carriers either recombine in the device or reach the
external circuit. The FF qualitatively indicates the relative weight of these two pathways
at the maximal power point. Higher FF implies more charge carriers could be injected
into the external circuit while lower FF implies more charge carriers recombine inside
the device. In the meanwhile, the Voo could be understood as an indicator of the non-
radiative recombination in a given system. Higher Vo¢ suggests a lower non-radiative
recombination rate and vice versa. The ultra thin cell exhibits a combination of conflicting
features, higher recombination rate and superior carrier output. It is worthwhile to note
that the reason of this contradiction is the different viewpoint. The Vo¢ argument is
valid at the open circuit condition while the FF argument at the maximal power point.
Here we see the additional recombination channels don’t play a main role before the
maximal power point. In Chapter 5, the simulation reveals that a balanced interfacial
recombination could tune the slope of the photo current drop, which supports the above

49



Chapter 3. The fabrication and optimization of inverted perovskite solar cells

- 14
- 12
P T TE T FEEE FRE RS E FR Y S NS AR .
{' &7
/ —a— light forward - 8 %
/ @ light backward [ s <
"' —&— dark forward e
® v dark backward L
.'f: -2 2
[i7}
.——#—.?**H*-mmaﬂm&m-m—o =
-1.0 +# -0.6 -0.4 -0.2 0?-2 E
o4& Voltage (V 5
¥ L0 4 3
| [ 6
1
I 5
i
1L L0

Figure 3.16: The J-V curves of the ultra thin MAPDI; solar cell scanned from forward
and backward directions under illumination and dark environment.

explanation.

The ultra thin solar cell with 100% excess MAI has also been fabricated (Figure
3.3(b)). Because the excess MAI is difficult to remove, the forming film is not pure
MAPDI;3. Actually, its PL spectrum suggests the resulting film is not a pure compound.
However, the film is still very smooth and the corresponding solar cell gives an efficiency
of around 3.5%. This results imply that the perovskite solar cell is very tolerant of certain
‘impurities’. And the excess organic compound doesn’t give rise to lots of recombination
centers.

3.4 The variations of solar cell performances due to
the vacuum annealing time

In the above sections several aspects regarding the fabrication processes of perovskite solar
cells are introduced. The vacuum assisted annealing methods we developed can prepare
very smooth and pin-hole free perovskite films with a thickness as low as 80 nm. Solar
cells based on this method with the PEDOT:PSS/MAPbDI3/Cgo architecture show high
efficiencies of around 16%. However, this method also has its disadvantages which, as we
understand, is the unfavorable surface modification of the perovskite films caused by the
vacuum annealing treatment.

The organic halide perovskites have been reported to suffer from the variation of
its surface chemical composition because certain components can leave the surface due
to their thermal motion[246][247]. This problem is exaggerated in the vacuum assisted
annealing process.
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Figure 3.17: The (a) PL spectrum of the MAPbI3+MAI thin film and (b) the corre-
sponding solar cell performance. The inset of Figure (a) is the optical picture of the film
showing a high reflectivity.

We monitored the in-situ PL intensity signal during the vacuum annealing step. The
measurement is performed in Cryostat vacuum chamber in the PicoQuant PL setup with
an additional heating accessory. A clear intensity dropping trend is observed as the
annealing time increases (Figure 3.18(a)). After this measurement we further analyzed
the XRD spectra of the forming films (Figure 3.18(b)). It shows that during the vac-
uum annealing treatments, the peak intensity (14.1°, 28.2°) of MAPDI; increases while
the MAPDbCIl3 peaks (15.7°, 31.5°) decreases|9][232][248]. During the vacuum annealing
process, the MACI gas is gradually removed from the film and the MAPbI; forms. How-
ever, before the full transformation to MAPbI3, the film already presents decreasing PL
intensity which could be ascribed to increased defects.

In Figure 3.19 we further present the data collected through the in-situ PL measure-
ment. As we learned during the annealing process the peak position does not shift (Figure
3.18). The peak PL intensity and decay curves are tracked. The peak PL signal firstly
increases probably due to enhanced crystallinity at the initial annealing stage. After-
wards the PL signal continuously decreases. The dynamic PL results also reveal a faster
recombination process since 15 min. The above measurements suggest during the vacuum
annealing treatment, the surface of the film undergoes significant composition change
which may form a lot of defects.

Such effect also plays a role affecting the behavior of solar cells. To investigate how
the solar cells are influenced, the statistics of solar cell performances with varied vacuum
annealing time are collected (Figure 3.20). In Figure 3.20(a), we see that the V¢ of
the PSC remains stable for samples with 15 min, 20 min and 25 min vacuum annealing
time, but afterwards it continuously decreases from around 0.9 V to below 0.8 V. The
FF, however, increases from around 73% to 82% from 15 min to 40 min (Figure 3.20(b)).
Further annealing decreases the FF slightly. This result suggests that the Voo can be
easily influenced by the vacuum annealing treatment. Longer annealing reduces the V¢
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Figure 3.18: The (a) XRD and (b) static PL spectra of the perovskite films with different
vacuum annealing time.
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Figure 3.21: The (a) J-V curves and (b) V¢ track of the PSC with 30 min and 90 min

vacuum annealing time.

which is ascribed to the variation of the perovskite surface. On the other hand, the FF is
not showing the same trend as the Voc. As a longer vacuum annealing treatment could
remove the MACI more completely, we think the increasing trend of the FF may originate
from a better morphology as suggested in Figure 3.6. Moreover, the loss of the Vo may
already contribute to the gain of the FF, as discussed above. It is worth mentioning
that the Voc of the PSC prepared here is lower than the front section, this is due to
the change of preparation environment which, though lowers the performance, makes the

whole process more controllable.

The J-V curves of the solar cells with 30 min and 90 min vacuum annealing time are
shown in Figure 3.21(a). The measurement was conducted between 0 and 1 V at 0.1 V/s.
Besides the V¢ difference, a hysteresis behavior between the forward and backward scan
is observed for the 90 min sample. We further tracked the V¢ of the device which rested
at the short circuit condition beforehand. Due to the limitation of the tracking algorithm,
the curves are not smooth but still we see the Vo¢ of the 30 min sample is more stable
than the 90 min sample. And the V¢ of the 90 min sample gradually increases from 0.73
V to 0.8 V in 60 s during tracking at the open circuit condition.

Till now the influences of the vacuum annealing time on the perovskite film and solar
cells have been discussed. The vacuum annealing treatment is shown to accelerate the
recombination processes due to the modification of the surface chemical composition of
halide perovskite films. We show that the V¢ of the solar cell is significantly influenced
by this effect. Moreover, the appearance of the hysteresis phenomenon also suggests that
certain slow processes are also triggered by the long vacuum annealing. According to the
ion migration hypothesis[192][193][194][66][195], the modification of the perovskite surface
may be related to the increase of movable ions. We recorded the transient ionic current of
the PSC with 30 min and 90 min vacuum annealing treatments. During this measurement,
after the solar cell was biased at 0.9 V in dark, the dark short circuit current was recorded,
which has been ascribed to the movement and redistribution of ions[204][207][208]. The

results are illustrated in Figure 3.22.
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Figure 3.22: The transient ionic current measurements results. After (a) 0.9 V bias
disturbance, the cell was allowed to rest at (b) 0 V.

Clearly, the responses of the 30 min and 90 min sample to the bias is very different.
The 90 min sample has a stronger injection current decrease from around 180 mA to 30
mA, while the 30 min sample shows a weaker fluctuation of the injection current. The
dark short circuit current in Figure 3.22(b) is ascribed to ionic current. And the 90 min
sample clearly shows a higher current which suggests a larger amount of movable ions.

To further understand the influence of vacuum annealing treatment on the solar cell
behavior, we performed the TPV measurements on the 30 min and 90 min samples.
TPV characterization tool gives direct information on the recombination dynamics in
a solar cell. With a wide range of background illumination intensities, the solar cell
shows different Voos at the open circuit condition. A small amount of excess charge
carriers is injected by a laser pulse and the photo voltage of the cell marginally increases.
As the system returns to equilibrium, the decay trend of the transient photo voltage is
recorded which shows how fast these excess charge carriers recombine. In other words,
the TPV measurements reveal the recombination dynamics of a complete solar cell with
a certain charge carrier density (corresponding to a certain Voc) due to the background
illumination.

Figure 3.23 presents the decay curves of the transient voltage with no back ground
illumination for the 30 min and 90 min samples. Clearly the decay of this small transient
voltage (less than 4 mV here) is much slower for the 30 min sample than the 90 min
sample. The life time of the excess charge carriers is 1 ms for the 30 min sample and
0.021 ms for the 90 sample in the dark environment. Moreover, the decay curves of the
30 min sample is double exponential while the 90 min sample is single exponential.

We used a wide range of background illumination intensities and extracted the corre-
sponding charge carrier life times. And the life time versus the V¢ trends are shown in
Figure 3.24. As the light intensity was not calibrated, the relation between the life time
and the light intensity can not be clearly established. However, as the measurements were
performed under the same illumination conditions, the life time between the 30 and 90 min
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Figure 3.23: The decay curves of the transient voltage with no illumination of (a) 30 min
and (b) 90 min sample.

samples can be compared under one illumination intensity. When the illumination inten-
sity is lower, we see the 30 min sample shows a longer life time and higher Voc. At a low
illumination intensity, the recombination process is normally ascribed to the trap-assisted
recombination. And we think that the faster recombination for the 90 min sample could
result from a larger amount of defects due to the longer vacuum annealing treatment.
However, as the intensity increases, the life time of the 30 min sample decreases very fast
and turns shorter than 90 min sample above certain illumination intensity. This result is
very surprising as it suggests that even with faster recombination rates (shorter carrier
life time), the Vo could still be higher under the same illumination intensity. Based on
the Eq. 1.32,1.33, this behavior is possible and will be addressed further in the following
chapter.

In short summary, in this chapter we present the fabrication part of the projects. A
novel vacuum assisted annealing method is developed which can produce uniform and
pin-hole free perovskite films. The related parameters during the deposition are studied.
Based on the fine perovskite films, inverted PSCs are fabricated and optimized. Around
16% efficiencies with a high reproducibility are achieved. Moreover, semi-transparent
PSCs with only around 80 nm perovskite layer are also prepared which deliver an effi-
ciency of around 7.8%. We address the main drawback of this deposition technique is the
introduction of defects which comes from the exacerbated thermal stability of MAPDbI;
under vacuum. Therefore, the performance of the PSC varies significantly with different
vacuum annealing conditions.
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Chapter 4

The characterization of inverted
perovskite solar cells - an
investigation of Vg origin

Though the efficiency of the PSC attracts the attention of the research community, ascer-
taining the origin of its high performance is equally important. The processes occurring
in a solar cell include the generation, transport and recombination of the charge carri-
ers[100][249]. We see the Jg¢ reflects the process of the carrier generation and transport.
Harvesting a decent Jg¢ is always the first step to an efficient solar cell architecture, for
example, the organic blend solar cell and the dye sensitized solar cell only work well with
their specific structures which allow the carrier to be efficiently collected[250][251]. And
pushing certain type of cell towards its efficiency limit also usually needs to maximize the
Jsc by pursuing higher photon collection efficiencies|[252](253]. We note that the recom-
bination also exists in the short circuit condition, but is minimized in most efficient solar
cell architectures. Of all the parameters Vo is especially interesting as it also reflects the
recombination processes. From short circuit to open circuit condition, the charge carrier
density gradually increases in the cell and leads to higher recombination losses. How the
recombination current increases with the carrier population determines the shape (FF) of
the J-V curve (assuming the carrier generation is not transport limited). In the end, it also
determines the point (Vo) where the recombination current equals the generation cur-
rent. In a given architecture, the V¢ is an indicator of the severity of the recombination
processes. To summarize, an efficient solar cell architecture should deliver a decent Jgc
by minimizing the recombination loss at short circuit condition, and the recombination
profile determines the FF and V¢ of the cell.

For perovskite material, the high absorption coefficient, low exciton binding energy
and long carrier diffusion length make designing suitable solar cell architectures simple.
Indeed, PSCs have been reported with high photo-current densities very close to the the-
oretical maximal values based on the Shockley—Queisser limit[254][255]. And the FF also
benefits from that and reaches around 80% in high performing solar cells[106]. Therefore,
to further boost the efficiency towards higher values, additional focus on increasing the
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Figure 4.1: The illustration of the mismatch effect between the illuminated area and the
pixel size.

Voc is needed[256]. Currently, the reported Ve values vary depending on the adopted
solar cell architecture, but normally are still far away from the thermodynamic limit,
which is reported to be 1.32 V for perovskite with a bandgap of 1.6 e¢V[102], indicating
substantial room for efficiency enhancement. As discussed, the V¢ of the PSC is de-
termined by the recombination profile in a given architecture. Specifically, according to
the continuity equations (Eq. 1.32,1.33), the Vo of the PSC is determined by relative
amplitudes of the recombination and output current.

In this chapter, we will discuss the parameters which influence the V¢ of the PSC in
the PEDOT:PSS/MAPDI;,/Cg architecture. Different characterization methods will be
referred to elaborate the involved mechanisms.

4.1 Measuring Voc - an error-prone operation

The Vo of our perovskite solar cell is usually determined through a normal J-V scan.
Through the hysteresis behavior of the PSC makes this simple measurement not so reli-
able anymore, here we want to address another often-overlooked problem performing this
measurement - the mask size issue.

A mask is usually used to confine the illuminated area during the J-V measurement.
One reason for using it is to confine the area more accurately. The other reason is to elim-
inate the potential additional current contribution from the neighbouring area[257][258].
However, there are extra side effects adopting a mask to measure the cell’s photovoltaic
behavior. In our case, the area of a complete pixel is defined by the overlapping area
of the ITO and Ag electrodes. When only the area exposed by the mask is illuminated,
the measured solar cell performance is also influenced by the dark area of the pixel[259].
Figure 4.1 demonstrates the processes occurring in a only partial illuminated pixel. In
the illuminated area, the charge carrier generates and recombines as in a normal cell, but
in the dark area of the pixel, carrier recombination processes still occur. For the dark
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Figure 4.2: The light and dark J-V curve of our typical cell with different mask size. The
measurement was scanned forward at 0.1 V/s and the window of the mask is a circle with
the diameter labelled in the figure. The pixel size is 25 mm?.

area, neglecting any carrier diffusion from the illuminated MAPDbI;3, its behavior is the
same as in the dark J-V measurement. The built-up of the potential difference between
the ITO and Ag electrodes will inject carriers into the dark MAPDbI3 to recombine. This
effect appears to enhance the recombination processes of the solar cell and decreases the
measured Voc.

Figure 4.2 presents the light and dark J-V curves of our typical cell with different mask
sizes. The solar cell parameters and illuminated area ratios are listed in Table 4.1. We see
the overall efficiency doesn’t change a lot from 12.6% to 50.3% illuminated area. However,
the Voc and FF change quite significantly. From an illuminated area ratio of 3.1% to
50.3%, an over 70 mV V¢ difference is observed. This result reveals the uncertainty of
the measured Voc and FF of the solar cell. Moreover, it is worth mentioning that the
dark current density should be calculated based of the whole pixel size. In practice, it is
sometimes based on the illuminated area to compare with the light current density curve.
The different mask sizes also lead to different calculated series resistances which rely on
the slope of the J-V curve at the V¢ point.

As discussed, the recombination profile of the solar cell largely determines the Vg
and FF of the solar cell. When the illuminated area ratio is changing, the solar cell is
in fact not the ’same’ cell due to the different additional recombination pathways. The
result shown here is, for practical application, exaggerated as the real illuminated ratio in
practice is usually over 50%. But it points out the uncertainty of the measured parameters
which depend on the illuminated area ratio. Problematically, the literatures usually do
not provide the illuminated area ratio values, which makes cross-comparison of the V¢
or FF among different studies difficult. As the uncertainly brought by this effect may not
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mask Voc(mV)  Jsc(mA/em?)  FF(%) PCE(%)  illuminated
window area ratio
diameter (%)
Imm 803 18.4 83.2 12.3 3.1
2mm 834 18.4 83.9 12.9 12.6
3mm 856 18.4 83.0 13.1 28.3
dmm 875 18.4 81.7 13.2 50.3

Table 4.1: The influence of mask size on the performance parameters of the cell.

be larger than some other effects as spectra differences of lamps, the illumination intensity
uniformity, etc.[198], it is often overlooked. However, paying attention to the illuminated
area ratio is still necessary to make sure the cells are measured in a controllable and
comparable manner.

4.2 Surface band bending plays a role influencing the
Voc

A cell reaches the Voc point when the generated current equals the recombination losses.
This argument is valid regarding the whole cell. It doesn’t mean that there is no charge
transport in the cell. No charge transport leads to a picture where the charge generation
and recombination occur at the same positions and cancel out each other. That is usually
not true as the charge generation and recombination profile are both position dependent.
More specifically, at the Voc point, for any cross section plane in a two dimensional cell
model, the net current through the plane is zero (otherwise there will be net electron and
holes aggregations at different sides of the plane which would further change the Vo).
Hence, based on the drift diffusion equation Eq. 1.34, 1.35,

o+ Jp = qE(pnn + ppp) + gD, o b B =

0 (4.1)
at the open circuit condition.

The above equation is only correct at the Voc point when no carriers recombine in
external circuits (while the continuity equation is valid in a wider scope). It could be
vividly described as the electrons and holes move synchronously to recombine in the
‘target’ position. The electric field E does not need to be zero or close to zero at the V¢
point. Sometimes the built-in field is used to estimate the V¢ which is not very precise
(the Anderson’s rule). A higher built-in field could enhance the drift current and lead
to higher Vo¢ given other parameters remain unchanged. But it does not determine the
Voc solely. The Voc is determined by both the recombination and the drift/diffusion
profiles. Actually, if the recombination rate is low enough, the thermal radiation model
predicts a thermal limit of the Vo which does not even depend on the structure of the
solar cell. Indeed, bromide-based perovskites have been reported to achieve V¢ larger
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than the Fermi level differences of ETM and HTM[174][175][176]. Moreover, there are
also reports claiming the Vo¢ does not always correlate with the HOMO levels of the
HTMs[260][261].

In our primary study, we find the vacuum annealing condition could significantly
influence of Voo of our studied PSC with the PEDOT:PSS/MAPDI;/Cgo architecture
(Figure 3.21). In general, with the same cell architecture, the major potential factor
causing V¢ variations is the recombination profile. However, the TPV measurements
show an interesting phenomenon: under the same illumination intensity, the cell with
lower carrier life time delivers a higher Voc at the higher illumination intensity regime
(Figure 3.24). Under the same illumination intensity, lower carrier life time would mean a
faster recombination process and lower carrier population in the device. This should lower
the Ve rather than increase it. Back to the continuity equation set (Eq. 1.36, 1.37), the
origin of such unusual behavior may be, along with the variation of the recombination
profile, the carrier transport process also changes.

Hereby we try to investigate the origins of the V¢ variations in our cells in detail. Af-
ter carefully examining our deposition parameters, we use a different way to influence the
Voc. The methods introduced in the last chapter by directly tuning the vacuum annealing
time is too sensitive to some unexpected parameters (for example the substrates amount/-
material mass in the vacuum chamber during one annealing process), which makes it both
time consuming and results variable. Figure 4.3 shows the different annealing processes
employed here. In this method, the perovskite films after spin-coating are transferred
into a vacuum chamber to promote a quick crystallization process. Afterwards, the films
are annealed in three different conditions: under a Petri dish at 90 °C (referred as 90-in),
or under Ny flow (no Petri dish) at 90 °C (90-out) or 100 °C (100-out). Introducing
a Petri dish cover during the perovskite annealing process has been reported to greatly
influence the crystallinity properties of perovskite films due to the influence of the solvent
atmosphere[262].

The SEM images of the resulting films are displayed in the Figure 4.4(a-c). All samples
display similarly uniform and compact morphologies without signs of pin-holes. Indepen-
dent of the annealing conditions, all three types of films are composed of closely packed
grains in the range of tens to hundreds of nanometers. The XRD spectra (Figure 4.4(d))
present similar features for all samples with dominating MAPDbI3 (110) and (220) peaks
implying a preferred orientation[263]. The ultraviolet—visible (UV-Vis) absorption mea-
surements (Figure 4.4(e)) show similar absorbance spectra with a typical steep absorption
onset for all samples suggesting a low Urbach energy[264]. The X-ray photoelectron spec-
troscopy (XPS) was recorded to investigate the surface composition of the three types of
perovskite films (Figure 4.4(f)). After normalizing the Pb 4d;,, signal of the 90-in, 90-out
and 100-out samples, we observed that the relative intensities of the N 1 and I 3d5/, sig-
nals display a consistent trend, namely the 90-out sample showed the strongest intensity
of N 15 and I 3ds/, signals while the 100-out showed the weakest intensity. This result
presents a change in surface stoichiometry of the perovskite films due to the influences
of the different annealing conditions. However, as the SEM, XRD and UV-Vis spectra of
the different films present similar features, we conclude that these stoichiometric changes
are on a small scale.
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Figure 4.3: Schematic illustration of the perovskite film annealing process. A home-made
chamber allows quick pumping and venting operations on a hot plate. The pressure during
vacuum annealing step is around 1.5 mbar.

Figure 4.5 (a) displays the typical current density-voltage (J-V) scans for both forward
and backward directions. The measurement is conducted from 0 V to 1 V with a scan
speed of 0.1 V/s in a Ny atmosphere without pre-biasing under 1 sun. In general, all
devices have the characteristics of an average Jsc (16-18 mA /cm2), a high FF (above 70%),
a Voc lower than 1 V (between 0.75 V and 0.9 V) and negligible hysteresis behavior, which
agree well with relevant reports on PDDOT:PSS based perovskite solar cells[143][182].
The main variations between our differently treated samples lie in the V¢ values as
expected, with 90-in sample reaching around 0.88 V, 90-out sample 0.81 V and 100-out
sample 0.78 V respectively. A statistical distribution of the Vgoc of 90-in, 90-out and
100-out samples is given in Figure 4.6, showing a distinct trend. In Figure 4.5(b-d),
the trackings of the V¢, Js¢ and power conversion efficiency are presented. It is worth
mentioning that the Vo¢ tracking curves of 90-out and 100-out samples show a long
stabilization process (Figure 4.5(b)) which correlates with the Vo variations between the
forward and backward scans in Figure 4.5(a). The Voc modifying effect shown here is
similar to that addressed in the last chapter by adjusting the vacuum annealing time. The
reason may be the vacuum annealing and the following normal annealing have a certain
combined function mechanism affecting the film quality. Moreover, the new processing
method is more controllable and convenient in practice.

In the above discussions, a lot of underlying factors influencing the Vo have been
introduced based on the detailed balance model and continuity equations which are de-
scribed earlier. These models provide a complete solution of the solar cell system to
elucidate the underlying principles. On the other hand, we can use a more dynamic point
of view to evaluate the cell. In this study the device architecture remains identical, includ-
ing the ETM and HTM, the V¢ variations are ascribed to the changes of the MAPDbI;
layer which further influence the charge carrier populations in the transporting layers.
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Figure 4.4: (a) 90-in, (b) 90-out and (c) 100-out samples top-view morphologies. Inset
shows the zoom-in morphology at higher magnification.(d) The XRD spectra of 90-in, 90-
out and 100-out samples.(e) The UV-Vis absorbance spectra of 90-in, 90-out and 100-out
samples.(f) The XPS spectra of the 90-in, 90-out and 100-out samples. All spectra have
been normalized based on the Pb 4d5/2 peak to remove any signal intensity deviation
caused by systematic errors.
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Figure 4.5: (a) Forward and backward J-V scans of 90-in, 90-out and 100-out samples.The
tracking curves of 90-in, 90-out and 100-out samples, including: (b) Voc, (¢) Jsc and (d)
normalized efficiency. These measurements were performed successively.
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Figure 4.6: The statistical distribution of the Vo of 90-in, 90-out and 100-out samples.

And the charge carrier population of the transporting layers under open circuit condition
is influenced by the dynamic interfacial charge injection and recombination process. For
either interface (PEDOT:PSS/ MAPDI; or Cgy/ MAPDI;), at Vo condition, the recom-
bination current at the interface (J.e) is equal to the injection current from the perovskite
to the transporting material (J;y;)[212],

Jrec - Jinj (42)

A decrease in Vo is ascribed to the decrease of Ji,; or/and increase of Jye., as the density
of states (DOS) together with the band structures of the ETM and HTM remain un-
changed in our samples. Among others, the decrease of Ji,; could be due to a decrease of
the charge carriers generation rate, an increase of the recombination rate, or a decrease of
the injection rate. The increase of J,. could be due to an increased interfacial recombina-
tion rate. We suggest that the charge carrier generation profile is unlikely to vary as the
absorption spectra of our samples are very similar (Figure 4.4(e)). However, as revealed
by XPS measurements, the observed changes in surface stoichiometry could possibly af-
fect the trap-assisted recombination or the charge collection process by influencing, for
example, the trap state density[182][103] or the interfacial ion aggregation[64][188]. Note
that in general only the recombination profiles could change the Vo of a cell, however,
the change of the charge collection process may change the charge carrier distribution
across the cell, indirectly affect the recombination processes and influence the V.

Light intensity dependencies of the Vo¢ and FF are investigated to gain insight into
the recombination behavior in the solar cells (Figure 4.8). According to the simplified
Shockley model, the Voc and Jsc should follow the relation[265],

NVoc  SkpT
dJsc q

(4.3)
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Figure 4.7: The light intensity dependent measurement of Jsc. The extracted a value
according to Jgcox Tar is 0.996, 0.999, 0.997 for 90-in, 90-out and 100-out sample respec-
tively.

Where S is the ideality factor. Since Jg¢ is directly proportional to the light intensity (I)
(Figure 4.7), Voc will increase with increasing I, characterized by a slope (S) of "kgT/q”
when plotting against the natural logarithm of I. The value of S is typically indicative
of the type of the dominant recombination mechanism in the devices: S=1 represents
bimolecular recombination and S=2 represents trap-assisted recombination[266]. It is
worth mentioning that the bimolecular recombination is not limited to the radiative re-
combination. The interfacial recombination between the minor carriers and the adjacent
transporting layer may also be bimolecular as reported for the PEDOT:PSS interface[267].
In this study, the S values extracted based on Eq. 4.3 are shown in Figure 4.8(a).

The slope S gradually increases from S=1 for 90-in, S=1.03 for 90-out to S=1.21
for 100-out sample, suggesting the trap-assisted recombination is gradually enhanced in
our devices. We see the reason for this enhancement of recombination in the slight sto-
ichiometric change of the MAPbDI; films (Figure 4.4(f)) due to the different annealing
conditions, which leads to a different density of crystal defects and trap-states. Accord-
ing to the above discussion, the increase of trap-assisted recombination will lead to the
decrease of the V¢ if other parameters remain unchanged. Another interesting feature
in Figure 4.8 (a) is the decreased light intensity dependence of the V¢ at higher light
intensities for 100-out sample. This feature has been discussed in both perovskite and
organic solar devices, and the turning point is reported to locate at where the Voc ap-
proaches built-in field limits[267][268]. According to this explanation, we anticipate that
the built-in electric field differs among our samples.
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Figure 4.8: Light intensity dependent measurement of (a) oc and (b) FF. In Figure (a),
the slope is calculated in natural logarithm scale but presented with decimal scale for
clarity. The values of S are marked for each sample. In Figure (b), the dashed grey
reference line at 75% is used to guide eyes.

The light intensity dependent FF measurements are displayed in Figure 4.8(b). In a
working solar cell with certain external load, the photo-generated charge carriers either
recombine in the device or reach the external circuit. The FF qualitatively indicates the
relative weight of these two pathways at the maximal power point. Higher FF implies
more charge carriers could be injected into the external circuit while lower FF implies
more charge carriers recombine inside the device. We note a clear trend for the FF
dependency on the light intensity. From 0.0004 sun to 0.1 sun, the FF curves of all
samples show an increase till stabilization trend. At this lower light intensity region,
the main recombination loss is ascribed to trap-assisted recombination pathway, and the
enhancement of the FF with increasing light intensity is then attributed to the diminished
influence of the trap-assisted recombination. In addition, the fact, that the 90-in sample
shows the highest FF while the 100-out shows the lowest FF' at lower light intensities,
suggests that for 90-in sample the trap-assisted recombination loss is lower than 90-out
and 100-out samples, which is in accordance with the light-intensity dependent V¢ trend.
As the illumination intensity further increases, we observe the FF of all samples decreases,
where the FF of the 90-in, 90-out and 100-out samples decreases 3.3%, 7.5% and 9.2%
of their initial values from 0.1 to 1 sun respectively. At the high illumination regime, as
charge carrier density further increases, the bimolecular recombination gradually becomes
more dominant in the devices[269]. Therefore, the different FF behavior near 1 sun
light intensity is ascribed to the influence of bimolecular recombination. We note that
considering the lower illumination intensity and cell’s V¢, the bimolecular recombination
we refer here is unlikely to be the radiative recombination. We suggest the dominating
recombination pathway which limits the V¢ is the interfacial bimolecular recombination
which may locate at the PEDOT:PSS/MAPDI; interface.

These light intensity dependent Vo and FF results show that the trap-assisted recom-
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bination is varied by the different annealing conditions and increases from 90-in, 90-out to
100-out samples, which is in good accordance with the observed decrease in Voo among
our samples. However, a detailed look indicates that the increased trap-assisted recom-
bination is not the only influencing factor. We observe in Figure 4.8(a) that for 90-in
and 90-out sample, the S values increase marginally from 1 to 1.03 while the V¢ drops
70 mV. On the other hand, for 90-out and 100-out sample, the S values increase from
1.03 to 1.21 along with only 30 mV V¢ drop. Additionally, the S value of PEDOT:PSS
based perovskite solar cells has been reported to be close to 1[182]. Compared to a regu-
lar n-i-p architecture, the discrepancy of the lower V¢ is suggested to arise from strong
surface bimolecular recombination originated from poor hole selectivity of PEDOT:PSS
layer[267]. This explanation implies a weak influence of trap-assisted recombination, as
the bimolecular recombination would already be significant in the devices, especially un-
der higher illumination intensities. Moreover, these light intensity dependencies of V¢
and FF indicate differences in the built-in fields and bimolecular recombination behavior
among the samples. The built-in field is directly related to the charge collection process,
while the bimolecular recombination behavior could also be strongly affected by the charge
collection dynamics. Therefore, these distinguished features suggest that the suppression
of charge collection may also play a role in determining the solar cell’s Vg¢.

Several factors could lead to the variations of the built-in field, for example, doping
treatment may change the width of the depletion region and thus the distribution of
the built-in field. However, as the halide perovskites have been reported with the ion
aggregation feature which may neutralize the built-in field[64][188], we suspect it may be
also the formation of surface dipoles which influences the built-in field.

The Mott—Schottky (MS) analysis was firstly tried on the devices to gain more insight
into the built-in field scenario. The Mott-Schottky equation

1 kgT
Gz = SV = Vip — 2 (4.4)

is often used to determine the flat band potential (Vpg) of semiconductors in contact
with electrolytes[270][271]. The Vpp is equal to the built-in potential in a solar cell and
the term kgT/q is negligible in practice. The most common method for the capacitance
(C) determination is through impedance spectroscopy technique. By applying a small
perturbation AC potential V at a given angular frequency w, the AC current response I
is monitored. The impedance

-~V
5 (4.5)
And the capacitance is the real part of the complex capacitance

~ 1
w2z (4.6)

Z//
C=——= 4.7
w|Z|? (4.7)
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Figure 4.9: The capacitance versus frequency curves calculated from the impedance mea-
surement at different bias in the dark.

Where 7~ is the imaginary impedance and |Z| is the modulus of Z. The capacitance is
typically displayed as a function of the measuring frequency f (w/27). And for the MS
analysis, a certain f needs to be selected.

Figure 4.9 presents the capacitance changing trend with the frequency at different
biases. It has been suggested that the capacitance behavior is related to the the elec-
trode polarization at high frequencies and ion accumulation at low frequencies. And the
middle frequency range with the plateau is suggested to be related to the depletion layer
capacitance[272]. So we choose a frequency of 10 kHz to perform MS analyses.

Figure 4.10 presents the Mott-Schottky curves of the 90-in and 100-out solar cells. An
unexpected feature that the capacitance decreases from certain bias appears. This behav-
ior is very strange as the theory predicts the capacitance would increase with decreasing
depletion width due to the increasing bias. This feature seems to arise from the unstable
internal field of the PSC. We measured the dependence of the capacitance on the solar
cell pre-treatments, and we see that from certain bias, the behavior of the capacitance
does depend on the pre-treatments (Figure 4.11). This result indicates the instability of
the cell interferes with the MS analysis.

We checked if the interference could be suppressed with lower temperatures as it may
come from internal ion movement. Indeed, at liquid nitrogen temperature, the interference
is suppressed and the capacitance growth starts from a larger bias (1.15 V vs 0.8 V) (Figure
4.12). However, we still can not extract the built-in field value as the results may have
be distorted before the turning point. In short summary, we tried to use the MS analysis
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Figure 4.10: The Mott-Schottky curves of the 90-in and 100-out samples.
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Figure 4.11: The capacitance values of the 90-in sample at 10 kHz after pre-biasing at
each points for different time.
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Figure 4.12: The Mott-Schottky curves of the 90-in samples at room and liquid nitrogen
temperatures.

to extract the built-in field information but it didn’t work out due to certain dynamic
process inside the cell. We see that the 90-in sample shows a higher turning point bias
than the 100-out sample which could be ascribed to a higher stability (Figure 4.10).

Besides the MS method, KPFM could also provide insights into the built-in field
profile by shedding light onto the distribution of the surface potential. We firstly calibrate
the potential values using freshly cleaved highly oriented pyrolytic graphite (HOPG) as
reference (Figure 4.13). Afterwards the surface potential of the studied films on glass
was measured and calibrated (Figure 4.14, Table 4.2). The close correlation between
topography and potential profile is clearly observed, and an apparent potential drop is
found across 90-in, 90-out and 100-out sample (Table 4.2). This decrease in the surface
potential indicates a downward shift of the MAPbI3 Fermi levels.

This downward shift could be due to an aggregation of surface charges or p-type doping
of the MAPbDI3 film. To further clarify the built-in field profile, we also need to ascertain
if the shift localizes only at the surface or extends into the bulk. To sort these doubts, we
further use PESA to determine the valence band position of these MAPbI; films (Figure
4.16 and Table 4.2). The PESA characterization method is a surface sensitive technology,
as only the top surface photoelectrons (several to hundreds of A) could escape from the
sample and get detected. In contrast, though the KPFM technology measures the surface
potential, the result is also influenced by the properties of the bulk and the underlying
layer, depending on the sample conductivity, doping level and so on. The above argument
is well supported both in literature and in our experiments[274]. We measured the KPFM
and PESA of MAPbI3 both on glass and on PEDOT:PSS film (Figure 4.15). And the
results show that the work function of PEDOT:PSS determines that of the upper MAPDbI;
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Figure 4.13: The (a) topography image and (b) potential profile of HOPG measured by
KPFM. The root mean square (RMS) roughness is 0.56 nm, the mean potential is around
415 mV with 3.6 mV RMS. Based on the reported HOPG work function of -4.6 eV[273],

the tip work function was calculated to be -5.015 eV.

sample RMS average RMS potential  valence band
roughness potential (mV) position (eV)
(nm) (Fermi level)
(eV)
90-in 10.6 -4.56 41.2 -5.34
90-out 7.9 -4.69 254 -5.46
100-out 8.1 -4.78 26.5 -5.49

Table 4.2: The surface topography root mean square (RMS) roughness, surface average
and RMS potential and valence band position of the differently annealed MAPbI3 films.
The RMS roughness, surface average and RMS potential data are collected by the KPFM,
the valence band position is determined by the PESA.

layer. The work function shifts from -4.47 eV to -5.02 eV which is close to that of the
PEDOT:PSS itself[275][276]. While PEDOT:PSS has minor (if at all) influence on the
PESA results.

The determined valence band positions of the PESA measurements are summarized
in Table 4.2, presenting different energy levels at the sample surfaces. We observe that
the valence band positions are also lowered among the samples. Hence, the p-type doping
effect seems unlikely as it would not lower the valence band position, and the charge
aggregation is more likely to occur. As the differences in the values of the PESA measure-
ment among the samples are comparable to those of the KPFM measurement (especially
between the 90-in and 90-out sample), we infer that the change of the potential energy
only locates at the top surface of the perovskite films. This result agrees with a picture of
surface band bending where both valence band position and Fermi level are synchronously
influenced.

We notice that RMS potential is quite large in our samples compared to relevant
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Figure 4.14: KPFM images (the left column shows topography images and right column
shows surface potential profiles) of (a) (b) 90-in, (c) (d) 90-out and (e) (f) 100-out MAPbI3
films.
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Figure 4.15: KPFM images (the left column shows topography images and right column
shows surface potential profiles) of (a) (b) 90-in on glass, (¢) (d) 90-in on PEDOT:PSS;
(e) the PESA results of the 90-in on glass and 90-in on PEDOT:PSS samples, the minor
valence band position shift may come from the different MAPbs crystalline conditions on
different substrates.
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Figure 4.16: PESA measurements of 90-in, 90-out and 100-out samples on glass.

reports[277][278], and a drastic fluctuation over 100 mV is seen across a line potential
profile in 90-in sample. Moreover, the RMS potential decreases from 41.2 mV to 25.4
mV between 90-in and 90-out sample, suggesting the surface potential profile undergoes
a significant change because of the annealing conditions. These phenomena indicate the
variability of the surface potential which could favor the formation of the surface band
bending. The surface band bending model is in agreement with the hypothesis Belisle et
al. proposed[260]. They found the ionization potential (IP) of HTM only had marginal
influence on the Voo of solar devices. They suggested that surface charge effect may
be the explanation for the independence of Voc on contact work functions. Surface
defect, surface dipoles or ionic accumulation were suggested to be possible charge origins.
As the XPS measurements in Figure 4.4 (f) indicate a stoichiometric change of surface
compositions, we suggest that charged surface defects may arise from different annealing
treatments.

In short summary, we used KPFM and PESA to probe the surface energetic profile
of halide perovskites. We find that the MAPbI3 films prepared by different annealing
conditions have different surface potentials which are ascribed to charged defects at the
surface. This will lead to the surface band bending and consequently influence the built-in
field. We see this is another origin of the V¢ variations among the studied conditions.

Based on surface band bending, we propose a model to explain the correlation between
the Voc and surface band bending (Figure 4.17). Briefly, the surface band bending screens
the built-in field in the bulk. The charge transport in the bulk is then inhibited due to the
decreased built-in field, which leads to the suppressed charge injection to the transporting
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layers. The model proposed here agrees well with the light intensity dependent V¢ and
FF results. At higher illumination intensities, when the bulk built-in field approaches
zero ((Figure 4.17 (f)), the surface band banding model reasonably justifies the existence
of low S value and strong bimolecular recombination in Figure 4.8. The influence of
perovskite band bending on V¢ is also supported by other studies. For example, Xiao
et al. reported the giant switchable photovoltaic effect where external biasing determined
the cathode/anode direction[172]. Zhang et al. reported a monotone V¢ variation trend
with the applied electric field during annealing[279].

The influence of the built-in field modification on Voc by ion aggregation has been
implied in the study of hysteresis phenomena. However, the effect temporarily depends
on the ’state’ of the solar cell. Hereby, on the other hand, we see the variation of the
Voc by the annealing treatment is more permanent, though the stability of the V¢ is
different among the samples (Figure 4.5(b)). This instability can be correlated to ion
movement which is probed by the transient ionic current measurements (Figure 4.18).
The calculated density of the movable ions is 1.4 x 107 cm™ for 90-in, 4.6 x 10! cm™
for 90-out and 5.5 x 10'” cm™ for 100-out sample, respectively. We think our different
annealing conditions create charged defects at the surface which are partial movable.

In conclusion, we have presented that a controlled variation in the Voes of perovskite
solar cells by up to 100 mV can be achieved by slight variations in the MAPDbI; film prepa-
ration process. While no significant changes in the morphology of the differently annealed
perovskite films are observed, we identify the small stoichiometric changes at the film sur-
face lead to increased trap-assisted recombination and suppressed charge collection due to
the surface band bending. Considering that the reduction in FF at higher light intensities
in this study is much more pronounced in comparison with reported silicon, organic and
other perovskite solar cells[280][281][282][283], we suggest the suppression of charge col-
lection to be a strongly influential effect. For the PSC, besides the recombination profiles,
the built-in field seems also a susceptible parameter influencing the cell parameters.

4.3 Using plasma treatment to modify the V¢ of the
PSC

The above results reveal an interesting point that the built-in field could be modified to
change the Vo with the existing cell architecture. This concept is further applied by
performing plasma treatment on the perovskite films to check if we can further improve
the cell’s Voc.

The plasma treatment is to use ionic gas atoms to bomb the sample surface. Typically
it is used for surface modification such as changing the surface wetting property by ion
attachments[284]. We think the plasma treatment could leave certain charged ions on
the perovskite surface which may modify the V¢ of the resulting cell. In addition, it is
meaningful to look at the effect of the plasma treatment on perovskite, as the magnetic
sputtering which is often used to deposit upper layers on perovskite could introduce a

76



4.3. Using plasma treatment to modify the V¢ of the PSC
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Figure 4.17: Diagram of band structure at open circuit condition without (a)(c)(e) and
with (b)(d)(f) surface band bending. The downward bending diagram is given according
to the KPFM and PESA characterization results. (a-b) shows the open circuit band
structure in the dark, the dashed blue line indicates the Fermi level across the device;
(c-d) shows the open circuit band structure under lower light intensities. With surface
band bending, the reduced built-in field in bulk perovskite leads to suppressed charge
transport, which results in lower Voc; (e-f) shows the open circuit band structure at
higher light intensities. The bulk built-in field in perovskite layers is too weak to sustain
efficient charge transport and injection.
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Figure 4.18: The transient ionic results of 90-in, 90-out and 100-out device samples.

plasmonic environment and lead to unknown side effect to the perovskite film. Another
consideration is that the introduced ions by the plasma may shed some light on the ionic
movement feature in the device. We note that the plasma treatment may be an easy and
convenient way to introduce additional electric fields but the charged surface may not be
very stable.

Firstly we use oxygen plasma to treat the perovskite films for different time. The J-V
behaviors of the corresponding cells are shown in Figure 4.19. The V¢ increases from
0.88 V of 0 s to 1.04 V of 10 s. This results suggest that the plasma treatment could
improve the Vo, however, at the same time the Jg¢ is suppressed a lot and the overall
efficiency also drops.

The light intensity dependent Jsc and Vo were measured to analyze the carrier
transport and recombination behavior (Figure 4.20). The extracted o and ideality factor
values are listed in Table 4.3. We see the « and ideality factor value gradually increase
from 0 to 10 s treatment time. The larger a could be explained by suppressed carrier
transport at lower illumination intensity. And the larger ideality factor is due to enhanced
trap-assisted recombination. We see the oxygen plasma treatment leads to suppressed
charge transport and larger trap-assisted recombination loss.

The XRD spectra indicate that with the oxygen plasma treatment, the perovskite
decomposes, giving rise to a small amount to Pbl, and lower intensity of the MAPbI;
peaks (Figure 4.21). We suggest the oxygen plasma treatment induces more defects on
the surface and suppresses the charge collection due to the forming energy barrier, and
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Figure 4.19: The J-V behaviors of the PSC with different oxygen plasma treatment time
of 0s,0.5s,1s,2s,5s,10s.
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Figure 4.20: Light intensity dependent measurement of (a) Jsc and (b) Voc. In Figure
(b), the light intensity is in natural logarithm scale but labeled in decimal digits for clarity.

\ 0s 05s 1s 2s 5s 10s
@ 098 098 0.99 1.01 1.05 1.09
ideality factor | 1.12 1.07 1.25 1.29 1.31 1.24

Table 4.3: The extracted o and ideality factor values for different oxgen plasma treatment
time.
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Figure 4.21: The XRD spectra of MAPbI; films without/with 5s oxygen plasma treat-
ment. The arrows indicates the characteristic peak of Pbly at 12.7°.

at the same time enhances the Voo due to the modified built-in field.

We checked the influence of the oxygen plasma on the surface potential by KPFM
measurements (Figure 4.22). And we find the surface potential shifts around 150 mV up
(-5.094 eV versus -4.947 eV). Note that the sample is with PEDOT:PSS underlayer. And
without the plasma treatment, the Fermi level of the sample seems to be defined by the
PEDOT:PSS layer. While with the oxygen plasma treatment, the shift-up of the surface
potential is ascribed to the extra anion brought by the plasma. It is worth mentioning
that the sample is not very stable under the KPFM measurement, and a holistic shift is
observed during the scann from bottom to top in Figure 4.22(d). We suspect this is due
to between the sample and the AFM tip, there may be an ion exchange process.

We draw a diagram to present the influence of the oxygen plasma on the band structure
of the solar cell (Figure 4.23). Due the attachment of the anions, a larger built-in field is
created which increase the V¢ of the solar cell. However, though we manage to increase
the Vo, the Js¢ decreases inevitably due to the formation of the surface barrier. And
also the oxygen plasma degrades perovskite and has poor long term stability, which makes
it not a useful strategy pursuing better solar cells.

Besides the oxygen plasma, we also performed the argon plasma on perovskite surfaces.
Interestingly, argon plasma treatment only lead to very strong hysteresis behavior of the
cell. We think this reason may be the argon plasma gives rise to a lot of movable ions
(either the argon ions or secondary ions from perovskite decomposition). This primary
result is interesting as it suggests that the wide known hysteresis-free cell architecture
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Figure 4.22: KPFM images (the left column shows topography images and right col-
umn shows surface potential profiles) of (a)(b) MAPbI3;/PEDOT:PSS sample and (b)
MAPDI;/PEDOT:PSS after oxygen plasma treatment sample.
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Figure 4.23: The diagram of the band structure change due to the oxygen plasma.
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Figure 4.24: The J-V behavior of solar cells after argon plasma treatments at different
scan speed.

can turns into hysteresis-rich with certain treatment. A systematic study may help us
understand better what are the important factors behind the hysteresis behavior of PSCs.

To summarize, in this chapter different characterization techniques are used to clarify
the underlying principles in a working cell. We see that the different illumination areas
can reshape the recombination profile of the same cell, which is usually a neglected is-
sue when measuring the Voc. Next we present that a controlled variation in the V¢
of perovskite solar cells by up to 100 mV can be achieved by slight variations in the
MAPDI; film preparation process. While no significant changes in the morphology of the
differently annealed perovskite films are observed, we identify the small stoichiometric
changes at the film surface lead to increased trap-assisted recombination and suppressed
charge collection due to the surface band bending. Considering that the reduction in
FF at higher light intensities in this study is much more pronounced in comparison with
reported silicon, organic and other perovskite solar cells, we suggest the suppression of
charge collection to be a strongly influential effect. Perovskite material has been known for
its ionic transport and consequent dynamic band bending. However, a persistent surface
band bending introduced by the usual annealing treatments is still unexpected. Finally
we use the plasma treatment to deliberately change the Vo of the PSC by changing the
band structure of the cell. With the oxygen plasma, the Voc of the cell does increase
which is ascribed to the ion accumulation at the surface of the perovskite film. With the
argon plasma, however, the cell shows a strong hysteresis feature which may be due to
increased defect density at the MAPDbI; surface.
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Chapter 5

The modeling and simulation of
inverted perovskite solar cells -
revealing the underlying factors
behind the performance and
hysteresis behavior

In the former chapters, we introduced our PSC fabrication techniques as well as inves-
tigated the cell’s internal processes. To further expand the understanding of the solar
cell’s working principles, a modeling and simulation of PSCs could be utilized. The gen-
eral models of solar cells have been described in the introduction chapter, which have
been applied in a lot of characterization methods as theoretical basis. Several models
have been developed by various groups to simulate and explain the behavior of the PSCs
(especially the hysteresis features) which, in our understanding, provide very insightful
arguments[188][285][286][287]. The studied solar cell has a decent efficiency and high re-
producibility, however, it also suffers from a lower Voo and Jgo compared to the state
of art PSC. Ascertaining the limitation factors from the bottom-up modeling could be a
valid strategy to point out the directions for further optimization.

In this chapter based on the architecture and behavior of the studied PSC, we use
a specific simplification treatment and boundary condition set to solve the continuity
equations and build the cell’s model. We fit our experimental data with the model to
extract the corresponding physical parameters in the cell. We simulate the cell’s behavior
under given parameters to forecast the potential strategies improving its performance.
Finally we model the hysteresis feature of the PSC based on the ion migration hypothesis
and discuss the underlying factors and processes.

83



Chapter 5. The modeling and simulation of inverted perovskite solar cells - revealing the
underlying factors behind the performance and hysteresis behavior

5.1 The model of a p-i-n junction solar cell

Here a model of a p-i-n junction PSC is presented to serve as the foundation for further
hysteresis simulation. As introduced in the general working principle of solar cells, the
charge carrier generation, transport and recombination processes can be mathematically
expressed in Eq. 1.36, 1.37. Further elucidating the behavior of a solar cell requires specific
equations to describe the charge generation, recombination and transport profiles.

Regarding the charge transport process, the Poisson equation is written as

Py p
- -2 (5.1)

a2

where ¢ is the electric potential, x is the distance, p is the charge density and ¢ is the
dielectric permittivity.

Here we consider that the perovskite layer is intrinsic and p = 0, and then the electric
potential changes linearly across the film,

op V-V
E —_ —-——
] ox L

(5.2)

where Vy; is the built-in potential, V is the applied bias, and L is the thickness of the
perovskite layer.

Neglecting any parasitic reflection from the back surface, the generation profile in the
absorber layer is approximately described as

G($) = Crveffeing (53)

where Geg and\ are material specific constants.

Finally the recombination profile is simplified. In a normal picture, the carrier loss due
to the recombination process is dependent on the charge carrier density and corresponding
rate coefficients. And the radiative and non-radiative recombination occur at different
positions across the perovskite film. To get a analytical solution, we represent the charge
carrier loss with a negative current term. Specifically, a negative minority injection current
is described as a boundary condition which depends on the carrier density at the interface.
It represents the interfacial charge carrier recombination losses and corrects the overall
current. With this simplification, the R(X) is omitted in Eq. 1.36, 1.37 with the final
simple expression

0 0? —x
,una—ZE + Dna—g +Gopre™ =0 (5.4)

8p (92]7 —z
—upa—$E + Dp@ + Gepre> =0 (5.5)
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Figure 5.1: The energy diagram of a p-i-n cell with boundary conditions labeled.

Inserting the Einstein relation(D = pkgT/q), the general solutions are
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As the current flowing through the whole device is constant, the current density J =
J(0) = J,(0) 4+ J,(0), inserting Eq. 5.6, 5.7 and the drift diffusion equations Eq. 1.34,
1.35, we get

J = qE(pn By + 1pBy) (5.8)

Additional boundary conditions are needed to further solve the constant terms in
Eq. 5.6, 5.7. We assume the charge carrier concentration at the surface of the intrinsic
perovskite layer is determined by the interfacial formation with the selective layer, the
hole density is N at the hole selective interface and the electron density is Np at the
electron selective interface, respectively. These classic semiconductor concepts see the
relation

kT  NuN
Vii = Jf] n(—57) (5.9)

Where n; is the intrinsic carrier density of perovskite layer.

As discussed above, the minority injection current is described as Ja(py = ¢sap)Ap(n).
The Ap(n) is the excess minority carrier concentration and sy(py is the effective surface
recombination velocity at the hole/electron selective interface. Note the minority carrier
injection term is regarded as a correction of the overall current which accounts for the
interfacial recombination process in the device. The band diagram of this p-i-n junction
solar cell in illustrated in Figure 5.1 with the boundary conditions labeled.
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The physical picture illustrated in Figure 5.1 indicates that the hole density decreases
from left to right while the electron density increases from left to right. This feature sees
that % > 0 and % < 0 which further define the electric field to be negative. As such,

E = Y% Inserting Eq. 5.10, 5.11, 5.9 into Eq. 5.8, we get

L
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The first term with the e’“[ijT — 1 is the dark current term while the latter term with
the G.s¢A is the photo current term. Compared Eq. 5.12 with the Shockley model and
the detailed balance model, this analytical solution derived from the continuity equation
here has the similar exponential term.

As discussed, the exponential dark current term represents the process of bimolecular
recombination in the detailed balance model, but here its origin is not so straightforward.
A close look indicates that it comes from the constant term which is defined by the selected
boundary conditions. As the injection of the minority charge carriers term represents the
recombination process, we infer that the exponential increase of the dark current comes
from the exponential increase of the minority carrier density with the applied bias at the
interfaces.

One major simplification of this model is to assume no charge carrier losses in the
perovskite layer[288]. In the classic P-N junction model, the injected charge carriers
are regarded lossless in the depletion region as the native charge carriers are depleted.
However, this assumption requires low injection rate (so the charge carrier density is low
in the depletion region) as the prerequisite which is not true for a practical solar cell.
This argument can also be rephrased as the radiative recombination can not be ignored
in the solar cell. However, this model also yields a dark current term which increases
exponentially with the applied bias which just happen to have the same form with the
radiative recombination expression (Eq. 1.22). To clarify, it doesn’t mean that this model
takes the radiative recombination into consideration. It is just because the interfacial
recombination has the similar mathematical expression as the radiative recombination.
In other words, if all the parameters in Eq. 5.12 are known, the J-V curve could still
deviate from the actual because of the neglect of the radiative recombination.
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5.2 Fitting of the p-i-n cell model based on experi-
mental J-V curves

In the above section, a p-i-n PSC model is derived by analytically solving the continuity

equation (Eq. 5.12). This model neglects the contribution of radiative and trap-assisted

recombination but only considers the interfacial recombination, which seems to be in-

adequate for the simulation of a practical solar cell. However, the applicability of this

model may not be so poor. In a real solar cell with neglectable trap-assisted recombi-

nation (which can be true for the defect-tolerant PSC), the dark current should have an
|4

expression with ¢*5T — 1 term as both the radiative and interfacial recombination share
this similar form. Therefore, the fitting based on Eq. 5.12 should match the actual well.
The problem is that the fitted parameter would deviate from their physical meanings, as
the model only considers the interfacial recombination. To put in another way, the fitted
parameter would give an overestimation of the interfacial recombination processes as the
real process is a combination of both interfacial and radiative recombination. However, if
the interfacial recombination is very severe, then the deviation of the fitted parameter is
reduced, and the derived parameters may be more accurate.

In this context, the PEDOT:PSS based p-i-n PSC is a suitable solar cell type for
this model. PEDOT:PSS has been reported to be a poor hole selective layer which
causes strong interfacial bimolecular recombination[267]. This feature leads to poor
Voc of around 0.9 V while the typical TiOy n-i-p PSC has a Vp¢ of around 1.1-1.2
V[289][266]. Moreover replacing the PEDOT:PSS with PTAA could directly increase the
Voc to around 1.2 V which suggests the PEDOT:PSS surface provides massive interfacial
recombination channels[182][183]. In addition, the light intensity-dependent Voc mea-
surements show that PEDOT:PSS based device shows an ideal factor close to 1 while the
TiOs based device gives an higher value[267]. An higher value is indicative of a larger
trap-assisted recombination proportion in the whole recombination processes. Therefore
the trap-assisted recombination is neglectable due to the larger interfacial bimolecular re-
combination portion in the PEDOT:PSS based devices. The lower ideal factor also agrees
with the model where the interfacial recombination process increases exponentially versus
the bias with a prefactor of q/kgT.

Now we need to determine the parameters which need to be fitted. The Eq. 5.12
contains the dark current and the photo current term meaning that we can use two
independent series of data to run the fitting program. The photo current is the difference
of the experimental light current density and dark current density. In the Shockley and
thermal radiation models, this value is a constant which is only dependent on the EQE of
the cell and the light radiation intensity, and independent on other parameters (namely
the superposition principle). Here in this model and for real devices, the photo current
also depends on the applied bias. This phenomenon is vividly shown in Figure 4.19
where the difference of the light and dark J-V curves becomes smaller as the negative
bias increases. One explanation is that the recombination current is larger at the light
condition than at the dark condition due to the larger charge carrier population in the cell.
Several parameters are known in Eq. 5.12. The perovskite film thickness L is measured
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to be around 300 nm, the carrier mobility of MAPDbI3 polycrystalline film is reported
to be around 1 ¢cm?/(V s) from long range photoluminescence quenching method for
both electron and hole[37][166]. gG.fA is estimated to be around 23 mA /cm?. And four
independent variables are found in the photo current term, including the built-in potential
Vi (a0 = q(V — V) /kgT), the recombination velocity at the PEDOT:PSS/perovskite
interface sy and Cgo/perovskite interface sp as well as the average light penetration depth
A. In the dark current term, besides Vy;, sa and sp, there are three more variables (n;,
Na and Np), but only two are independent.

The photo current and dark current terms are written separately with all known
parameters inserted,

~13 -13
I ( 1.38 % 107 ny 1.38 % 107 np V/0.0259 1)
dark — " J(V=v4,;)/0.0259_ e(V—Vp;)/0.0259_1 €

viyoomo +863/s4 om0 + 863/

(5.13)
1—e(V—V3;)/0.0259—-300/ X 1—e(V—V4;)/0.0259+300/ X
(V—V};)/0.0259—300/x 863/5A (V—14;)/0.0259+300/x 863/313 300/
J, = 23 * ( - e300/ )
photo e(V—V3;)/0.0259 _1 + 863/8 e(V—V4;)/0.0259 _1 i 863/8
(V—=V4;)/0.0259 A (V—=14i)/0.0259 D
(5.14)
n2 n2 . 2
where ny = N D = w5 the units of Jaark/photos MA/Ds Sa/p, Vi and A are mA /em?,

cm™, cm/s, V, nm, respectively.

Eq. 5.13 and Eq. 5.14 are then used in the matlab program to fit with the experimental
J-V curves. As shown, Eq. 5.13 has five variables to be determined while Eq. 5.14 has
four, and three of them are mutual variables. The first idea is to fit Eq. 5.13 and Eq.
5.14 separately and crosscheck if the derived parameters are self-consistent.

As shown in Figure 5.2, the derived parameters from the photo current and dark cur-
rent fitting do not match. This result is not surprising as there are too many undetermined
parameters which renders the fitting too many degrees of freedom. Therefore, the existing
conditions do not allow for separate fitting. And then a set of conditions which satisfies
both the photo current and dark current fitting is to be determined. To achieve that, we
try to insert the derived parameters from one fitting (photo or dark) into the other fitting
(dark or photo) process to derive the rest parameters, and check if the system’s degree of
freedom allows a whole self-consistent set of parameters.

In Figure 5.3, 5.4, the fitting results of the above mentioned processes are presented.
It shows that the primary parameters derived from the dark current fitting don’t yield
self-consistent results in the photo current picture. And the primary parameters from the
photo current fitting apply well in the dark current fitting process. This result highlights
the issue of the degree of freedom in the fitting. If there are a series of solutions for the
fitting, then the fitting result would be unreliable. If multiple-step fitting is needed, the
fitting program may not be able to obtain the right solution, as shown here. Even if
Figure 5.4 gives a self-consistent result, it is still unclear if the derived parameters are
the only solution set. A practical method for crosschecking is to change the initial fitting
parameters or the bound constraints to see if there are other solutions for the system.
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Figure 5.2: Independent fitting results of (a) photo current and (b)dark current with the
derived fitting parameters labeled, the dotted line is the fitting curve and the solid line is

the experimental data.
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Figure 5.3: The results of inserting dark current fitting parameters into the photo current
fitting process, the dotted line is the fitting curve and the solid line is the experimental
data.
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Figure 5.4: The results of inserting photo current fitting parameters into the dark current
fitting process, the dotted line is the fitting curve and the solid line is the experimental

data.
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Figure 5.5: The fitting results with different bound constraints for (a) A and (b) Vy,;.
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Figure 5.6: The fitting results with different bound constraints for (a) sa and (b) sp.

fitting constraints | V,;(V)  A(nm)  sa(em/s) sp(em/s)
\ 0.9088 172 1.80x10? 1.8
sp < lem/s 0.9079 172 1.76x10? 1
sp < 0.lem/s [0.9069 172  1.71x10? 0.1
sp < 0.0lem/s | 0.9068 172  1.71x10? 0.01

Table 5.1: The fitting results with different bound constraints for sp.

Figure 5.5 shows the fitting results of the photo current data with A and Vy,; constrained
differently. It indicates that the fitting program can not find another set of parameters
which matches the experimental curve. As it seems with A\ or Vy; varying, the other
parameters can not follow to compensate the change of the J-V curve, we can also see
the special effect of these two parameters in the model. As shown in Figure 5.5, higher
Vi, or lower A increases the current at 0 V and decreases the current at 0.7 V. This is
due to a lower A or higher Vy,; can increase the output current if other parameters are to
remain unchanged. To compensate this effect, the fitted recombination velocity s, and
sp is higher and leads to a lower FF. Similarly, a higher \ or lower V}; leads to lower
recombination rates and a higher FF.

Figure 5.6 presents the influence of the variations of the recombination velocity sy and
sp. Clearly varying sy doesn’t give rise to another valid solution. But modifying sp seems
to give rise to a series of parameters sets which satisfy the experimental data. The fitting
is especially well when the sp is lower than the primary value. The fitted parameters are
summarized in Table 5.1. And it shows, however, the fitted parameters are on a regression
track when the restrictions are relaxed. The result only indicates that the sp is a less
sensitive parameter in this model.
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Figure 5.7: The valid solutions derived by changing the fitting initial conditions.

The above discussions address that the photo current fitting gives the only valid so-
lution of this model if the fitting process runs the simulation over the whole range of
the constraints for the parameters. However, the fitting result is usually sensitive to the
initial fitting parameters. As such, different initial fitting parameters are also tested to
check if there are other valid solutions. And indeed another set of parameters which fits
well with the experimental curve is derived (Figure 5.7). The main difference between
these two solutions is the recombination rate, where in one condition s, is dominant and
in the other sp plays the main role. It is not surprising that these two situations could
both satisfy the fitting, as sy and sp are introduced in the model in a similar way in
the boundary conditions. The factor which differentiates them is the charge generation
profile which renders larger charge generation rate near the hole selective layer (where sy
governs the recombination process).

Next we use these primary parameters to fit the dark current curve and find that ny
and np are independent. This result is also intuitive as Eq. 5.13 doesn’t have enough
degrees of freedom with the inserted Vy;, sy and sp anymore. It is worth mentioning
that in this step the solution with larger sy has a more superior fitting match with the
experimental curve (Figure 5.8).

Coming back to the photo current fitting, although Figure 5.5, 5.6 suggest that there
is only one eligible solution of this model. Due to the algorithm of the fitting process,
there is always the possibility that other valid solutions are missed. And we find that
the recombination rate sy and sp seem to be dependent on each other. So it is still
unclear if the two sets of solutions presented in Figure 5.8 are the only two or there are
more combinations of sy and sp. As this problem seems to be beyond the capability of
the fitting function, several designed parameters sets are used to compare its degree of
coincidence with the experimental data.

As shown in Figure 5.9, to check if there are other combinations of sy and sp which fit
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Figure 5.8: The dark current fitting results of the two primary sets of parameters.
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Figure 5.9: The influence of the interplay of sy and sp on the shape of the J-V curve.
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Figure 5.10: The simulation results of the (a) J-V curves and (b) efficiency voltage de-
pendency with different thicknesses of the perovskite film.

the experimental curve, we deliberately decrease the value of s, and increase sp. However,
there is no other combination which allows a good match. This result suggests the fitted
combinations of s, and sp which have large value differences are necessary. This conclusion
is quite interesting as it indicates the shape of the photo curve is related not only to the
value of the recombination velocity but also to the ’balance’ of the electron and hole
recombination rates. Moreover, it shows that the inflection point of the photo curve
depends more on the larger recombination velocity while the decrease slope depends more
on the balance of the recombination rates. Going back to Eq. 5.12, we find the balance
further expends to the ratio of carrier mobility and recombination rate (in this fitting the
mobility is assumed identical for both electron and hole).

To summarize, the ’quality’ of the fitting has been evaluated to check if we can derive
the independent parameters and no valid solutions are neglected by the program. The
results suggest that the fitting is successful yielding two sets of solutions (Figure 5.7).
Further considering that PEDOT:PSS/perovskite interface should leads to a higher sa
and the degrees of coincidence of the dark current fitting (Figure 5.8), we conclude that
the reasonable parameter set is: Vi,;=0.91 V, A=172 nm, sy= 1.8x10% cm/s, sp=1.8 cm/s,
n,=0.016 cm™, np=0.515 cm™.

5.3 Simulations of the J-V curves with different pa-
rameters

With the fitted parameters inserted, Eq. 5.12 allows us to simulate the corresponding
current-voltage behavior when a certain parameter is altered. Here a few simulation
results are shown and discussed.

Figure 5.10 presents the simulation results on the film thickness of perovskite layer.
It suggests there are still some efficiency gains until the film reaches around 500 nm. The
main contribution comes from the enhancement of the output current density. Further
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Figure 5.11: The simulation results of the (a) J-V curves and (b) efficiency voltage de-
pendency with different mobility values of electrons and holes.
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Figure 5.12: The simulation results of the (a) J-V curves and (b) efficiency voltage de-

pendency with different illumination directions.

increasing the film thickness will decrease the performance of the solar cell. The reason
could be the electric field gets weaker with increasing film thickness. And the recom-
bination current plays a bigger role as the charge carrier transport is more suppressed.

In Figure 5.11 we simulated the impact of the mobility values of electrons and holes
in perovskite on the performance of the solar cell. Here an identical value is assumed
for both electrons and holes, though in this model the electron and hole mobility have
different influences. As the short-range mobilities of perovskites are reported to be much
higher than long-range measurement results[35][33][290], the result presented here actu-
ally forecasts the performance improvement when there are less grain boundaries in the
absorption layer. Clearly more than 2 % efficiency gains are predicted when the mobility
increased from 1 cm/(V s) to 50 cm/(V s) (this value has been achieved in single crystal
perovskite). Further mobility enhancement only gives marginal improvements of the cell
performance.

Another interesting aspect is the direction of the illumination. In practice this is un-
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realistic as the upper Cgg and silver layers will block most of the light. But the simulation
could reveal if our cell will behave differently with different illumination directions, due to
the giant differences between the interfacial recombination velocities. Taking advantage of
the identical mobility of electrons and holes assumed in this model, sy and sp, na and np
are simply switched in the program for this simulation. Figure 5.12 illustrates that there
is indeed a quite large difference, with the incoming light from the Cgy side leading to a
higher FF. This phenomenon is due to the variations of the charge carrier distribution.
Because of the limitation of the light penetration depth, more charge carrier will generate
and lead to an overall higher carrier density near the incident surface. If the light incomes
from the PEDOT:PSS direction, more interfacial recombination losses occur due to the
larger recombination velocity and higher carrier density near the PEDOT:PSS/MAPbDI;
interface. With a thinner perovskite film, the charge carrier concentration will be more
uniform across the film and this phenomenon is less apparent (Figure 5.12).

5.4 Modeling and simulation of the ion movement
and aggregation

Hysteresis phenomenon has been widely reported to originate from ion movements in the
perovskite layer[192][193][194][66][195]. The movable ions aggregate at the interface of
the perovskite and selective layers forming a Debye layer. The built-in voltage will partly
or largely drop across the Debye layer leaving the bulk perovskite electric field free.

The main idea of modeling the hysteresis behavior is to modify the bias in our existing
model according to the ion aggregation profile. Specifically, the bias applied to the cell is
corrected by the voltage drop across the Debye layer, preconditioning that the thickness
of Debye layer is much thinner than the perovskite film[188].

Figure 5.13 presents the energetic diagram of perovskite film with the Debye layer.
Due to the requirement of charge neutrality,

Q. —-q (5.15)

where Q4 and Q. are the charge amount in the opposite charged sections of the Debye
layer. And

Vo=V -V, +V_ (5.16)

in which the bias is corrected (V¢) by the voltage drop across the Debye layer (V and
Vo)

The relationship of the charge and voltage drop across the Debye layer could be ex-
pressed as

ekpT | Vi) qVi/_
Q=2 szgn<v+/>\/2<e 1= T (5.17)
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Figure 5.13: The schematic of the Debye layer and voltage drop across.

where ¢ is the dielectric constant of perovskite, Lq is the thickness of the Debye layer[188].

The charge amount Q is the result of ion aggregation caused by the drift process due
to the bulk electric field,
8Q+/— V_V++V,—‘/En
ot L

where the Nj,, and o, are the density and mobility of the movable ion in the perovskite
respectively.

= _quon,uionE = _quon,Uion (518)

Eq. 5.17 and Eq. 5.18 provide a whole description of the relation between V., and
time. However, the analytical solution of this time dependent differential equation is
difficult to derive. Therefore, a numerical method is used to reveal the picture how V¢
varies with the time.

The principle of the algorithm is very straightforward. Assuming an initial Qg4 /., the

voltage drop across the Debye layer V., could be calculated based on Eq. 5.17. The

derived V. is inserted into Eq. 5.18 to compute ant/ —, which is the ion accumulation

rate. This numerical method regards the ion accumulation rate to be constant over a very
short period dt (1 ms for example). And after dt,

Q=CQo+ %—?dt (5.19)

And the derived Q value is used for the next iteration process. The iteration runs for the
desired times (m), and the Debye layer state after mxdt is derived.
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Figure 5.14: The simulation of hysteresis phenomenon with different scan speeds and
directions.

The algorithm is programmed in Matlab with the help of the chebfun function, which
is an external script set enabling convenient numerical calculations using conventional
matlab syntax.

Assuming in Eq. 5.17, 5.18 the constants ¢ = 25gy=2.2x1071% F/m, Ly=1.5 nm,
Nion=1.0x10" cm, 14;0,=2x1071% cm?/(V s), we are able to program the scripts to model
the hysteresis behavior.

Figure 5.14 presents the simulation results of the hysteresis behavior of the solar cell
under different scan speeds and directions (scanned between 0 and 1 V without prebiasing,
and the initial Debye layer charge is 0). The simulation indicates that the backward
scan shows similar Vo¢ while the forward scan gives different Voe. This result, to a
certain degree, agrees with our observations though the V¢ differences of the forward
and backward scans are much larger than the experimental results (Figure 3.21, 4.5).

The simulation results mainly originate from the fact that the voltage drop across the
Debye layer weakens the electric field in the bulk perovskite, and further influences the
current output processes. This principle suggests the current output and the V¢ of the
solar cell should both be influenced. Figure 5.14 illustrates a big change of the Vo while
the Jg¢ remains almost the same between different scan speeds and directions. This isn’t
surprising considering it would require a dramatic voltage drop across the Debye layers
to influence the current flow at the short circuit condition for solar cells with a such high
FF. On the other hand, changing the V¢ would be much easier according to Eq. 5.16.
However, this is not what usually the hysteresis J-V curves appear in PSC. Normally, the
PSC with strong hysteresis features shows large Jgc variations and small Voc changes
with different scan parameters (Figure 1.14)[184][291][292].

In our model, considering the processes of ion movement, we see that during the
backward scan, the ions gradually aggregate in the Debye layer. But at the end of the
scan, the amount of the aggregated ions is too small to induce a enough decrease of the
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Figure 5.15: The simulation results of the forward and backward scan at 0.5 V /s with (a)

different prebiasing conditions and (b) 10 times higher ion mobility/density.

bulk field to significantly reduce the current output. While during the forward scan, the
aggregating ions could already significantly offset the applied bias and reduce the Voc.
To check if the hysteresis phenomenon could present other features, we run simulations
with different prebiasing conditions and a higher ion mobility/density (Figure 5.15).

The results suggest that the prebiasing treatments could not change the overall features
of the hysteresis behavior. It appears to shift the curves along the voltage axis due to the
pre-aggregated ions (Figure 5.15(a)). On the other hand, assuming the ion could move
faster (a higher ion mobility or density) gives rise to a new feature, during the backward
scan, the current output decreases more apparently approaching 0 V. But we still see that
the Voes of the forward and backward scans have a huge gap.

The above discussions present a clear conclusion, in the existing model of our solar
cell, the hysteresis will behave in such a manner where the V¢ is more impressionable.
We then check the parameters of the solar cell model to see if the hysteresis behavior
could be modified. And we find that the recombination velocities have a big influence on
the patterns of the hysteresis behavior (Figure 5.16).

The simulations results of Figure 5.16 is derived with a scan speed of 0.1 V/s, no
prebiasing treatments and 5 times higher ion mobility/density. In simple terms, the
slower scan speeds and higher ion mobility/density enable the voltage drop across the
Debye layer to adjust itself quickly and largely offset the bulk electric field. In the mean
time, though the drift current is suppressed due to the reduced bulk electric field, the cell
can still output a decent diffusion current due to the smaller recombination rate. Here we
find a combination of the internal processes which can lead to the wide-known hysteresis
feature, namely fast ion movement and slow recombination.

We suggest this combination is necessary for the reported hysteresis features (Figure
1.14) in the framework of ion aggregation. On one hand, the dramatic current variations
suggest a fast and giant voltage build-up across the Debye layer. On the other hand, a
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Figure 5.16: The influence of sy, on the hysteresis features of J-V curves. Following the
arrows the sy decreased from 1800 cm/s to 800, 400, 200, 100, 50 cm/s.

still decent V¢ requires the current flow to be not too dependent on the drift process,
implying a slow recombination profile is necessary. This combination may be in reality
favored. Figure 5.13 presents a steep surface band bending due to the aggregation of ions
which could form a potential barrier suppressing the interfacial recombination.

In short summary, a model of our solar cell architecture is established by solving
the continuity equation. Assuming the interfacial recombination is dominant in our cell,
the recombination term in the equation is simplified to allow for the extraction of the
analytical solution. We resort to Matlab for the fitting of the model with the experimental
data. Careful examination indicates the fitting is successful with only one valid solution
set. And a high recombination velocity is obtained at the PEDOT:PSS/MAPbDI; interface
from the solution which matches well with the reality. The simulation based on the derived
model suggests 500 nm perovskite layer or a higher mobility of electrons and holes (up to
50 cm/(V s)) brings considerable efficiency gains. Also with the carriers generating and
recombining close to each other, the efficiency of our PSC is notably deteriorated. The
hysteresis phenomenon of the PSC is modeled and simulated based on the ion migration
hypothesis. We find that our solar cell model can not present the typical hysteresis
feature. And further considerations suggest that a lower recombination rate is necessary
to create such J-V behavior, which may originate from the surface barrier due to the ion
aggregation.

101



Chapter 5. The modeling and simulation of inverted perovskite solar cells - revealing the
underlying factors behind the performance and hysteresis behavior

102



Chapter 6

Conclusion and outlook

6.1 Conclusion

Perovskites have been the 'wonder material’ in recent years in the solar cell research
community. Formulating in the simplest way, the magic of halide perovskites lies in the
long carrier diffusion length (which is mainly ascribed to the its unique defect tolerance
property)[166][36]. Besides, the tunable bandgap of perovskites enables its application
in tandem solar cells either with other types of solar cell (for example, silicon cell) or
with all perovskites architectures[14][12][13]. The tandem solar cell could theoretically
achieve energy transform efficiencies beyond the Shockley Queisser limit (which is 30%
for MAPDI3) and attract lots of interest[293][294]. Another intriguing advantage is the
potential application of halide perovskites on flexible solar cells thanks to the high ab-
sorption coefficient[295][296]. Moreover, the cost of perovskite solar cells in industry scale
is expected to be another superiority of this technique due to the lower cost of precursor
materials and solution-based deposition methods.

The efficiency of PSCs has been improved from initial 3.8% to 23.3% within 10 years[5].
This explosive improvement is partly ascribed to the intrinsic properties of perovskite
materials, and also partly ascribed to the enthusiastic research community which has a
solid knowledge accumulation of solar cell materials and fabrication techniques. However,
it is also clear that after entering the 20% region, the efficiency gain of PSCs is much
more difficult to achieve. And the main bottle neck is the Voc and FF whose further
improvements depend on a in-depth characterization and understanding of the cell’s device
physics[177]. In my understanding, the core question of the device physics of a solar cell
is its recombination profile. To further improve the Voc and FF of the PSCs, pinpointing
the major recombination pathways and suppressing the recombination losses are, in the
final analysis, the ultimate approach.

The aim of this project is to develop fabrication techniques of inverted PSCs and
reveal the device physics which limits the cell’s performance. In chapter 3 we presented
a novel perovskite deposition technique which can produce a very uniform film. The
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thickness can be easily tuned to as thin as 80 nm which can be used to produce semi-
transparent solar cells. This technique delivers a high reproducibility and around 16%
efficiency for the inverted PSCs. In chapter 4, focusing on the interesting phenomena
introduced by the different deposition conditions, we studied the underlying principle of
the V¢ variations of the prepared solar cells. We identified, instead of a direct change
of the recombination profile, the V¢ variations are caused by the change of the built-in
field due to the formation of the surface band bending feature. In chapter 5, the modeling
and simulation based on our solar cell structure is performed. The main limitation of
our solar cell is suggested to locate at the PEDOT:PSS/MAPDI; interface which has a
very high interfacial recombination velocity. I also suggest that the hysteresis behavior of
PSCs may accompany with a suppressed interfacial recombination.

Specifically, in the film deposition and device fabrication section (Chapter 3), firstly
a detailed parameter study was performed to determine which influenced the formation
quality of perovskite films in the vacuum-assisted annealing method. We conclude that
this deposition technique relies on the addition of excess organic methylamine salt which
slows down the crystallization process to form a more uniform morphology. And a high
vacuum level is beneficial to the morphology during both the initial crystallization and
latter purification processes. We showed that one main draw back of this method is the
introduction of defects during the vacuum annealing which is ascribed to the exacerbated
thermal stability of organic-inorganic perovskites under vacuum. Afterwards, we fabri-
cated inverted perovskite solar cells based on the developed films deposition techniques. A
normal optimization procedure was performed to maximize the efficiency of the solar cell.
It shows that the thickness of Cgq is very influential on the FF which may be due to its low
conductivity. As such, a post annealing treatment is found to be beneficial probably by
enhancing the electrical connection between the MAPbI3 and Cgp layers. A thin layer of
LiF is also found to improve the FF. We showed that our fabrication technique is suitable
to produce the semi-transparent PSCs. Interestingly we observed that PSCs with a lot
of excess organic methylamine salt impurities can still deliver a decent efficiency, which
suggests perovskites are very tolerant with this type of defects. In the end, we showed
that the Ve of our cells are strongly influenced by the vacuum annealing conditions.

In the characterization of the inverted PSCs section (Chapter 4), we firstly discussed
the error-prone operation - determining the cell’s Voc. Besides the lamp spectra and
intensity uniformity, another easily neglected parameter is the illumination area. For the
current PSC structure, it is likely that an underestimation of around 10-20 mV could
happen for Vo while at same time FF is overestimated. This could lead to a difficult
comparison of the cell parameters between different studies. Also it might be misleading
regarding the determination of the limiting parameters of the efficiency. Next we studied
the origin of the Vo variations of the PSCs with different annealing treatments. And we
find the different annealing conditions lead to a surface band bending effect which can be
attributed to charged defects. This phenomenon is ascribed to be the main reason for the
Voc change. In general, the recombination profile should account for the amplitude of V¢
under a certain cell architecture. However, we suggest that the change of band structure
could lead to a different distribution of the carrier populations which further influences
the recombination losses. This concept is further applied by the plasma treatment on the
perovskite surface. We find the oxygen plasma could significantly improve the Voo which
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we attribute to the change of the band structure. Although the oxygen plasma leads to
the degradation of perovskites, the enhancement of the built-in field is more influential
and overall improves the V¢ of the cell. Argon plasma, on the other hand, leads to a
strong hysteresis behavior of the solar cell. We suspect this may be due to increased trap
states caused by the argon plasma.

Finally we modelled the studied cell architecture and simulated its behaviors (Chapter
5). The simulation method is insightful to describe the whole dynamic processes in a cell.
We get the analytical solution of the continuity equation by simplifying the recombination
term. As a lot of studies suggest that the main recombination pathway in a PSC is at
the interface, only the interfacial recombination between the minority carriers and the
adjacent transporting layer is considered. We argue that this is especially suitable for
our cell architecture with the poor hole selective PEDOT:PSS layer. We checked the
reliability of the fitting algorithm and found only one valid solution set. And a very high
recombination velocity at the PEDOT:PSS/MAPDbI; interface is obtained which suggests
our model reasonably reflects the reality. We then ran simulations based on the derived
model. We find that additional efficiency gains could be obtained by increasing the
thickness of the perovskite layer to 500 nm. Increasing the mobility of charge carriers by,
for example, reducing grain boundaries is also an effective strategy till around 50 cm/(V s),
further increasing the value only has a marginal effect on the cell’s performance. We also
find that the efficiency of our cell is notably deteriorated as the charge carriers generate
near the PEDOT:PSS/MAPDI; interface where the recombination is more severe. Finally,
we modelled and simulated the hysteresis behavior of the cell based on the ion migration
hypothesis. We show that the fitting results match well with the observed hysteresis
feature in the studied PSC. However, to present the features of the hysteresis behavior of
relative reports[184][291][292], a lower interfacial recombination rate has to be used which
may originate from the potential barrier due to ion accumulations at the interface.

6.2 Overlook

Due to the limitation of time and ability, the current project is concluded with certain
unfinished and unimplemented plans which we hope to perform in the future. Firstly, the
project has a loop of fabrication, characterization and re-optimization procedures. But
the re-optimization part is not fully accomplished yet. We find out that the limitation
of our solar cell is the low V¢, which can be influenced by the built-in field and the
recombination profile. We implemented oxygen plasma treatments to enhance the built-
in field and increased the Vo which proved to be effective. However, the instability of
the plasma in air with the perovskite makes this treatment not practical regarding the
long-term stability of the cell. In addition, with this treatment, the charge injection at
the interface may be problematic and lead to the decrease of Jg¢ which may be overcome
by a cell architecture with improved charge collection processes. To achieve an overall
improved cell performance and stability, one may consider the insertion of an interfacial
dipole layer with modified charge injections at the interface.
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Secondly, by the simulation technique, the main recombination channel is revealed.
The next step is to suppress this interfacial recombination by, for example, inserting an
interfacial blocking layer to build a more efficient solar cell. Then we may use the existing
model to extract the new recombination velocities and check if the model successfully
simulates and guides the optimization direction of the actual device.

Moreover, we see one very intriguing question arises regarding the interaction of built-
in fields and recombination processes, both of which can influence the V. Based on the
thermal radiative model, the thermal radiative limit of the V¢ of a PSC will not depend
on the built-in field assuming no non-radiative recombination. Then the dependence
of the Voo on the built-in field will be a function of the recombination profiles. As
achieving better energy alignments of a PSC to enhance the Vo¢ has been a popular
strategy[297][174][298][299], it is interesting to probe the boundary of this concept. We
predict that a higher built-in field may be more beneficial to the V¢, in a PSC with a
higher and uneven recombination profile.

The hysteresis feature of the PSCs is also a very interesting direction. We have built
a model and simulated the hysteresis behavior of the studied cell with ion migration.
And we found that argon plasma could greatly enhance the hysteresis behavior of the
PSC. But the reason is still unclear. We suspect, based on the ion migration theory,
the argon plasma may lead to more movable ions which may come from the damaged
lattices. Though in general the hysteresis is unfavorable in the PSC, it will be very
interesting to see if we can provide a solid link between the ion migration and the defect
density[300][301][302].

As the efficiency of PSCs has entered the over 20% range, it will be more and more diffi-
cult to further increase it. As the perovskite is defect tolerant, pinpointing, understanding
and suppressing the main interfacial recombination losses will be the most effective strat-
egy enhancing the Voc and efficiency. As employing the interfacial blocking layer seems
to be an effective way to reduce the interfacial recombination rate, it might be a popular
concept for PSCs in the future[177][103]. However, as the blocking layer may also impede
the charge transfer at the interfaces, the mesoporous or other structures which can facil-
itate the charge transport maybe in the end prove valuable to achieve a higher efficiency
for PSCs[170]. Right now, with not fully passivated surfaces, the reported efficiencies of
mesoporous and planar perovskite solar cells are quite close to each other[303][304].

In the end, as the PSC has entered its 10th year, more and more emphases are
being placed on its commercialization and application. Several tough nuts are being
cracked. Regarding the stability issue, all-inorganic perovskites, 2D-3D hybrid per-
ovskites are under intensive study and prove to provide a higher stability against mois-
ture[305][59][306][307]. Moreover, carbon electrodes are reported to lead to greatly im-
proved life time of the PSCs[308]. Indeed stable working PSCs over a year have been
achieved. Large area PSCs (> 10 cm?) have also be fabricated presenting the scalability
of the current techniques[309][306]. Moreover, lead-free perovskites have also been studied
to avoid the usage of toxic lead element[310][311]. Though the cell efficiency of tin based
or double metal cation perovskites is still lower than its lead-based pioneer, they are more
environmentally friendly and represent the development direction in the future. In addi-
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tion, the tunable band gap of perovskites enables its potential application in a tandem
cell with the commercial silicon solar cell, which is attracting a lot of interest[293][294].
With these studies continually achieving headways, the commercial PSC may be already
not far away.
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Appendices - the modeling and
simulation codes

Code Listing A.1: Solar cell modeling functions

function jphoto= pero_p(coeff,V)

Vbi = coeff(1)+le-6; /for convergence
lambda = coeff(2);

sA = coeff(3);

sD = coeff(4);

m = 300/lambda;

bA = 863/sA;

bD = 863/sD;

y = (V-Vbi)/0.0259;

alphaA = 1./((exp(y)-1)./y+bA);

alphaD = 1./((exp(y)-1)./y+bD);

A = alphal .*x ((1-exp(y-m))./(y-m)-bA);
B = alphaD .* ((1-exp(y+m))./(y+m)-bD);
jphoto = -23 * (A-B.*xexp(-m));

end

function jphoto= pero_p2(coeffp,coeff,V)
Vbi = coeff(1)+le-6; /for convergence
lambda = coeffp(2);

sA = coeff(3);

sD = coeff(4);

m = 300/lambda;

bA = 863/sA;

bD = 863/sD;

y = (V-Vbi)/0.0259;

alphaA = 1./((exp(y)-1)./y+bA);
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alphaD = 1./((exp(y)-1)./y+bD);
A = alphaA .*x ((1-exp(y-m))./(y-m)-bA);
B = alphaD .* ((1-exp(y+m))./(y+m)-bD);
jphoto = -23 x (A-B.*xexp(-m));

end

function jdark= pero_d(coeff,V)
Vbi = coeff(1)+1le-6;

lambda = coeff(2);

sA = coeff(3);

sD = coeff(4);

nA = coeff(5);

nD = coeff(6);

m = 300/lambda;
bA = 863/sA;
bD = 863/sD;

y = (V-Vbi)./0.0259;

alphaA = 1./((exp(y)-1)./y+bA);

alphaD = 1./((exp(y)-1)./y+bD);

jdark =-(exp(V/0.0259)-1) .*(alphaA*1.38e-13*nA+alphaD*1.38e-13%*nD) ;

end

function jdark= pero_d2(coeffd,coeff,V)
Vbi = coeff(1)+le-6; /for convergence
lambda = coeff(2);

sA = coeff(3);

sD = coeff(4);

nA = coeffd(5);

nD = coeffd(6);

m = 300/lambda;
bA = 863/sA;
bD = 863/sD;

y = (V-Vbi)./0.0259;

alphaA = 1./((exp(y)-1)./y+bA);

alphaD = 1./((exp(y)-1)./y+bD);

jdark =-(exp(V/0.0259)-1).*(alphaA*1.38e-13*nA+alphaD#*1.38e-13*nD) ;

end
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Code Listing A.2: Solar cell simulation function

function peroj= pero_simu(coeff,V)

Vbi = 0.9088; /V, for convergence
lambda = 172; /nm

L=coeff(1);

un=coeff (2);

up=coeff (3);

sAh = coeff(4);/1800 cm/s

sD = coeff(5);/1.8 cm/s

nA = coeff(6);/0.016 cm-3

nD = coeff(7);/0.515 cm-3

m = L/lambda;

bA = 863*un/sA*300/L;

bD = 863*up/sD*300/L;

y = (V-Vbi)/0.0259;

alphaA = 1./((exp(y)-1)./y+bA);

alphaD = 1./((exp(y)-1)./y+bD);

A = alphal .*x ((1-exp(y-m))./(y-m)-bA);
B = alphaD .* ((1-exp(y+m))./(y+m)-bD);
jphoto = -23 x (A-B.*xexp(-m));

jdark

— =-(exp(V/0.0259)-1) .*(alphaA*4.14e-11*nA*un/L+alphaD*4.14e-11*nD*up/L) ;
peroj=jphoto+jdark;

end

Code Listing A.3: Debye layer modeling function

function
< VV=debye(Scanspeed,direction,range,startvoltage,restvoltage,resttime)
f=chebfun({@(x) sign(x)*3.7987e-07*(2*xexp((10000*x)/259) -
—~ (20000*x) /259 - 2)70.5,0(x) sign(x)*3.7987e-07*(2*xexp((10000%*x)/259)
— - (20000%x)/259 - 2)70.5},[-2,0,0.5]);
g=inv(f);
h=-f;
j=inv(h);
g=chebfun(g, [-5e-6,5e-6]) ;
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j=chebfun(j, [-5e-6,5e-6]) ;
debye=g-j;
VV=zeros (1000/Scanspeed+1,3) ;

Q=0;

for i=1:1000*resttime

end

vion=5%(1.0667e-06%*(0.9088-restvoltage) -
—~ 1.0667e-06*debye(Q)) ;
Q=Q+vionx*x0.001;

VV(1,1)=startvoltage;
VV(1,2)=debye(Q);
Vv(1,3)=Q;

if direction==0;

else

for

end

for

i=1:1000*range/Scanspeed
vion=5%(1.0667e-06%*(0.9088-startvoltage) -

— 1.0667e-06*Scanspeed*i/1000 - 1.0667e-06*debye(Q));
Q=Q+vion*x0.001;

VV(i+1,1)=Scanspeed*i/1000+startvoltage;
VV(i+1,2)=debye(Q);

VV(i+1,3)=Q;

i=1:1000*range/Scanspeed
vion=5%(1.0667e-06*Scanspeed*i/1000 - 1.0667e-06*debye(Q) -
— 1.0667e-06%(startvoltage-0.9088));

Q=Q+vion*0.001;

VV(i+1,1)=startvoltage-Scanspeed*i/1000;
VV(i+1,2)=debye(Q);

Vv(i+1,3)=Q;
end
end
end
Code Listing A.4: Solar cell fitting scripts
clear;
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JV = xlsread('JV.x1lsx', 'Sheetl', 'A:C');

JPdataH=JV(:,2)-JV(:,3);

VdataH=JV(:,1);

coeff_init = [0.8;150;100;1000;0;0];

options = optimset('Display','iter','TolFun',1le-10,'TolX',1e-25);

1b=[0; 0; 1le-3; 1le-3;-1;-11; /% lower bound constraints

ub=[1.5; 250; 1e7; 1le7;1;1]; 7 upper bound constraints
[coeff,resnorm,residual,exitflag] =

- 1lsqcurvefit(@pero_p,coeff_init,VdataH,JPdataH,1lb,ub,options);
figure(1)

plot(VdataH(:,1),JPdataH,'-r', 'LineWidth',2);

hold on,plot(VdataH(:,1),pero_p(coeff,VdataH(:,1)),'o", " 'LineWidth',2);
Set(gca,'LineWidth',2,'FontSize',22,'FontWeight','normal','FontName','TiJ
< mes')

set(get(gca, 'XLabel'), 'String','V(V) "', 'FontSize',22, 'FontWeight', 'bold’,
<~ 'FontName', 'Times')

set(get(gca, 'YLabel'),'String','J(mA/cm~2) "', 'FontSize',22, 'FontWeight',"'
— bold', 'FontName', 'Times')

set(gca, 'box','on');

V94

1b=[0; 0; 1e-3; 1e-3;-1;0]; 7 lower bound constraints

ub=[1.5; 250; 1le7; 1e7;1;1]; / upper bound constraints
pero_d3=0(coeffd,V) pero_d2(coeffd,coeff,V);/ reducing the wvariables
coeffd = lsqcurvefit(pero_d3,coeff,VdataH,JV(:,3),1b,ub,options);
figure(2)

plot(VdataH(:,1),JV(:,3),'-r', 'LineWidth',2);

hold on,plot(VdataH(:,1),pero_d(coeffd,VdataH(:,1)),'o"', 'LineWidth',2);
set(gca,'LineWidth',2,'FontSize',22,'FontWeight','normal','FontName','TiJ
<~ mes')

set(get(gca, 'XLabel'), 'String','V(V) "', 'FontSize',22, 'FontWeight', 'bold’,
— 'FontName', 'Times')

set(get(gca, 'YLabel'), 'String','J(mA/cm”2) ', 'FontSize',22, 'FontWeight',"'
— bold', 'FontName', 'Times')

set(gca, 'box','on');

Code Listing A.5: Solar cell simulation scripts

clear;
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JV = xlsread('JV.x1lsx', 'Sheetl', 'A:C');
JdataH=JV(:,2)

VdataH=JV(:,1);

figure(1)

plot(VdataH(:,1),JdataH,'-r', 'LineWidth',2);

hold all;
coeffl = [200;1;1;1800;1.8;0.016;0.515];

plot(VdataH(:,1) ,pero_simu(coeffl,VdataH(:

— size',3);

coeff2 = [300;1;1;1800;1.8;0.016;0.515];

plot(VdataH(:,1) ,pero_simu(coeff2,VdataH(:

— size',3);

coeff3 = [400;1;1;1800;1.8;0.016;0.515];

plot(VdataH(:,1) ,pero_simu(coeff3,VdataH(:

~ size',3);

coeffd = [500;1;1;1800;1.8;0.016;0.515];

plot(VdataH(:,1) ,,pero_simu(coeff4,VdataH(:

~ size',3);

coeffb = [600;1;1;1800;1.8;0.016;0.515];

plot(VdataH(:,1) ,pero_simu(coeff5,VdataH(:

~ size',3);

coeff6 = [700;1;1;1800;1.8;0.016;0.515];

plot(VdataH(:,1) ,,pero_simu(coeff6,VdataH(:

~ size',3);

axis ([0 1 -20 25])

,1))3

1)),

1)),

1)),

1)),

:1)):

lol

lol

lol

lol

lol

lol

, 'LineWidth',2, 'marker

, 'LineWidth',2, 'marker

, 'LineWidth',2, 'marker

, 'LineWidth',2, 'marker

, 'LineWidth',2, 'marker

, 'LineWidth',2, 'marker

set(gca,'LineWidth',2,'FontSize’,22,'FontWeight','normal','FontName','TiJ

<~ mes')

set(get(gca, 'XLabel'), 'String','V(V) "', 'FontSize',22, 'FontWeight', 'bold’,

— 'FontName', 'Times')

set(get(gca, 'YLabel'), 'String','J(mA/cm”2) ', 'FontSize',22, 'FontWeight',"

— bold','FontName', 'Times')

set(gca, 'box','on');
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VY4

figure(2)

plot(VdataH(:,1),VdataH(:,1) .*JdataH,'-r', 'LineWidth',2);

hold all;

coeffl = [200;1;1;1800;1.8;0.016;0.515];

plot(VdataH(:,1),VdataH(:,1) .*pero_simu(coeffl,VdataH(:,1)),'o", 'LineWid

— th',2, 'markersize',3);

coeff2 = [300;1;1;1800;1.8;0.016;0.515];
plot(VdataH(:,1),VdataH(:,1).*pero_simu(coeff2,VdataH(:,1)), o', 'LineWid

— th',2, 'markersize',3);

coeff3 = [400;1;1;1800;1.8;0.016;0.515];
plot(VdataH(:,1),VdataH(:,1).*pero_simu(coeff3,VdataH(:,1)), 'o", 'LineWid

— th',2,'markersize',3);

coeff4 = [500;1;1;1800;1.8;0.016;0.515];
plot(VdataH(:,1),VdataH(:,1).*pero_simu(coeff4,VdataH(:,1)), 'o", 'LineWid

—~ th',2, 'markersize',3);

coeffb = [600;1;1;1800;1.8;0.016;0.515];
plot(VdataH(:,1),VdataH(:,1) .*pero_simu(coeff5,VdataH(:,1)),'o", 'LineWid

— th',2, 'markersize',3);

coeff6 = [700;1;1;1800;1.8;0.016;0.515];
plot(VdataH(:,1),VdataH(:,1) .*pero_simu(coeff6,VdataH(:,1)),'o", 'LineWid

— th',2, 'markersize',3);

axis([0 1 -5 18])
set(gca,'LineWidth',2,'FontSize',22,'FontWeight','normal','FontName','TiJ
<~ mes')

set(get(gca, 'XLabel'), 'String','V(V)', 'FontSize',22, 'FontWeight', 'bold',
<« 'FontName', 'Times')

set(get(gca, 'YLabel'), 'String', 'Eff

~ (#)','FontSize',22, 'FontWeight', 'bold', 'FontName', 'Times')

set(gca, 'box','on');

V94

figure(3)

plot(VdataH(:,1),JdataH,'-r', 'LineWidth',2);
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hold all;
coeffl = [300;1;1;1800;1.8;0.016;0.515];
plot(VdataH(:,1),pero_simu(coeffl,VdataH(:,1)),'o', 'LineWidth',2, 'marker

— size',3);

coeff2 = [300;2;2;1800;1.8;0.016;0.515];
plot(VdataH(:,1),pero_simu(coeff2,VdataH(:,1)),'o", 'LineWidth',2, 'marker

~ size',3);

coeff3 = [300;5;5;1800;1.8;0.016;0.515];
plot(VdataH(:,1) ,pero_simu(coeff3,VdataH(:,1)),'o"', 'LineWidth',2, 'marker

~ size',3);

coeff4 = [300;10;10;1800;1.8;0.016;0.515];
plot(VdataH(:,1) ,pero_simu(coeff4,VdataH(:,1)),'o"', 'LineWidth',2, 'marker

~ size',3);

coeff5 = [300;50;50;1800;1.8;0.016;0.515];
plot(VdataH(:,1),pero_simu(coeff5,VdataH(:,1)),'o", 'LineWidth',2, 'marker

— size',3);

coeff6 = [300;100;100;1800;1.8;0.016;0.515];
plot(VdataH(:,1),pero_simu(coeff6,VdataH(:,1)),'o"', 'LineWidth',2, 'marker

~ size',3);

axis([0 1 -20 25])
set(gca,'LineWidth',2,'FontSize’,22,'FontWeight','normal','FontName',’TiJ
~ mes')

set(get(gca, 'XLabel'), 'String','V(V) ', 'FontSize',22, 'FontWeight', 'bold',
— 'FontName', 'Times')

set(get(gca, 'YLabel'), 'String','J(mA/cm”2) ', 'FontSize',22, 'FontWeight',"
— bold', 'FontName', 'Times')

set(gca, 'box','on');

V94

figure(4)

plot(VdataH(:,1),VdataH(:,1) .*JdataH,'-r','LineWidth',2);

hold all;

coeffl = [300;1;1;1800;1.8;0.016;0.515];
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plot(VdataH(:,1),VdataH(:,1).*pero_simu(coeffl,VdataH(:,1)), o', 'LineWid

— th',2, 'markersize',3);

coeff2 = [300;2;2;1800;1.8;0.016;0.515];
plot(VdataH(:,1),VdataH(:,1).*pero_simu(coeff2,VdataH(:,1)), o', 'LineWid

—~ th',2, 'markersize',3);

coeff3 = [300;5;5;1800;1.8;0.016;0.515];
plot(VdataH(:,1),VdataH(:,1).*pero_simu(coeff3,VdataH(:,1)), 'o", 'LineWid

—~ th',2, 'markersize',3);

coeff4 = [300;10;10;1800;1.8;0.016;0.515];
plot(VdataH(:,1),VdataH(:,1) .*pero_simu(coeff4,VdataH(:,1)),'o", 'LineWid

— th',2, 'markersize',3);

coeff5 = [300;50;50;1800;1.8;0.016;0.515];
plot(VdataH(:,1),VdataH(:,1) .*pero_simu(coeff5,VdataH(:,1)),'o", 'LineWid

— th',2, 'markersize',3);

coeff6 = [300;100;100;1800;1.8;0.016;0.515];
plot(VdataH(:,1),VdataH(:,1) .*pero_simu(coeff6,VdataH(:,1)),'o", 'LineWid

— th',2, 'markersize',3);

axis([0 1 -5 18])
set(gca,'LineWidth',2,'FontSize',22,'FontWeight','normal','FontName','TiJ
<~ mes')

set(get(gca, 'XLabel'), 'String','V(V)', 'FontSize',22, 'FontWeight', 'bold',
— 'FontName', 'Times')

set(get(gca, 'YLabel'), 'String', 'Eff (%) ', 'FontSize',22, 'FontWeight', 'bold
< ','FontName', 'Times')

set(gca, 'box','on');
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figure(5)

plot(VdataH(:,1),JdataH,'-r', 'LineWidth',2);

hold all;

coeffl = [300;1;1;1800;1.8;0.016;0.515];
plot(VdataH(:,1),pero_simu(coeffl,VdataH(:,1)),'o", 'LineWidth',2, 'marker

— size',3);
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coeff2 = [300;1;1;1.8;1800;0.515;0.016] ;
plot(VdataH(:,1),pero_simu(coeff2,VdataH(:,1)),'o"', 'LineWidth',2, 'marker

~ size',3);

coeff3 = [100;5;5;1800;1.8;0.016;0.515] ;
plot(VdataH(:,1),pero_simu(coeff3,VdataH(:,1)),'o", 'LineWidth',2, 'marker

— size',3);

coeff4 = [100;1;1;1.8;1800;0.515;0.016] ;
plot(VdataH(:,1) ,pero_simu(coeff4,VdataH(:,1)),'o"', 'LineWidth',2, 'marker

~ size',3);

axis([0 1 -20 25])
set(gca,'LineWidth',2,'FontSize’,22,'FontWeight','normal','FontName',’TiJ
~ mes')

set(get(gca, 'XLabel'), 'String','V(V) ', 'FontSize',22, 'FontWeight', 'bold',
— 'FontName', 'Times')

set(get(gca, 'YLabel'), 'String','J(mA/cm”2) ', 'FontSize',22, 'FontWeight',"'
— bold', 'FontName', 'Times')

set(gca, 'box','on');

V94

figure(6)

plot(VdataH(:,1),VdataH(:,1) .*JdataH,'-r', 'LineWidth',2);

hold all;

coeffl = [300;1;1;1800;1.8;0.016;0.515];
plot(VdataH(:,1),VdataH(:,1).*pero_simu(coeffl,VdataH(:,1)),'o', 'LineWid,

< th',2, 'markersize',3);

coeff2 = [300;1;1;1.8;1800;0.515;0.016];
plot(VdataH(:,1),VdataH(:,1).*pero_simu(coeff2,VdataH(:,1)), 'o", 'LineWid
— th',2, 'markersize',3);

coeffl = [100;1;1;1800;1.8;0.016;0.515];

plot(VdataH(:,1),VdataH(:,1) .*pero_simu(coeffl,VdataH(:,1)),'o", 'LineWid

—~ th',2, 'markersize',3);

coeff2 = [100;1;1;1.8;1800;0.515;0.016];
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plot(VdataH(:,1),VdataH(:,1).*pero_simu(coeff2,VdataH(:,1)), o', 'LineWid

— th',2, 'markersize',3);

axis([0 1 -5 18])
set(gca,'LineWidth',2,'FontSize’,22,'FontWeight','normal','FontName',’TiJ
~ mes')

set(get(gca, 'XLabel'), 'String','V(V) ', 'FontSize',22, 'FontWeight', 'bold',
<~ 'FontName', 'Times')

set(get(gca, 'YLabel'), 'String', 'Eff(%)', 'FontSize',22, 'FontWeight', 'bold
— ','FontName', 'Times')

set(gca, 'box','on');

Code Listing A.6: Hysteresis simulation scripts

clear;

coeff = [300;1;1;50;1.8;0.016;0.515];

Scanspeed=0.1;

direction=0;

range=1;

startvoltage=0;

restvoltage=0;

resttime=0;
Correction=debye(Scanspeed,direction,range,startvoltage,restvoltage,restJ
< time);

V=Correction(:,1);

VC=Correction(:,1)+Correction(:,2);

Q=Correction(:,3);

figure(3);

hold all

plot(V,VC,'o', 'LineWidth',2, 'markersize',3);
set(gca,'LineWidth',2,'FontSize’,22,'FontWeight','normal','FontName',’TiJ
<~ mes')

set(get(gca, 'XLabel'), 'String','V(V) "', 'FontSize',22, 'FontWeight', 'bold’,
— 'FontName', 'Times')

set(get(gca, 'YLabel'), 'String','V_C(V) ', 'FontSize',22, 'FontWeight', 'bold
— ','FontName','Times")

set(gca, 'box','on');

figure(2);
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hold all

plot(V,pero_simu(coeff,VC),'o','LineWidth',2, 'markersize',3);
direction=1;

startvoltage=1;

restvoltage=0;

resttime=0;
Correction=debye(Scanspeed,direction,range,startvoltage,restvoltage,rest
< time);

V=Correction(:,1);

C=Correction(:,2);

VC=Correction(:,1)+Correction(:,2);
plot(V,pero_simu(coeff,VC),'o', 'LineWidth',2, 'markersize',3);

x1im([0,1])

ylim([-5 25])
set(gca,'LineWidth‘,2,'FontSize',22,'FontWeight','normal','FontName','TiJ
<~ mes')

set(get(gca, 'XLabel'), 'String','V(V)"','FontSize',22, 'FontWeight', 'bold’,
— 'FontName', 'Times')

set(get(gca, 'YLabel'), 'String','J(mA/cm”2) ', 'FontSize',22, 'FontWeight',"'
— bold', 'FontName', 'Times')

set(gca, 'box','on');
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