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Abstract

Hybrid organic-inorganic metal halide perovskites (HOIPs) belong to a class of
semiconductors which can be deposited with very high quality from solutions so that solar
cells with high efficiencies can be prepared at relatively low temperatures.
methylammonium lead iodide (MAPDI3) is an archetypical HOIP and served as a model

system.

In this thesis, MAPbDI3 perovskite films were prepared by a vacuum-assisted evaporation of
solvent (vacuum-assisted treatment) after spin coating of precursor solutions in
combination with a post-annealing process. The vacuum-assisted treatment allowed for

realization of practically ideal boundary conditions for studying out-diffusion of solvents.

The influence of the dimethyl formamide (DMF)/dimethyl sulfoxide (DMSO) ratio,
temperature and time on morphology, the band gap, exponential tails and performance of
solar cells was studied. In general, higher DMSO proportion, higher temperature and longer
vacuum-assisted treatment time resulted in lower efficiencies. At the given pressure of 60
Pa, optimum conditions for the vacuum assisted treatment were found (DMF:DMSO = 9:1,
30<C, 10 s). It was shown that efficiencies above 20% can be realized with vacuum-assisted

treatment and short post-annealing at 120<C for solar cells based on MAPbIs.

A methodology was developed for the quantitative measurement of residual solvent
molecules in MAPDIs films by combining high resolution continuum source absorption
spectrometry (HR-CSAS) and infrared spectroscopic ellipsometry (IRSE) and for diffusion
analysis. For quantitative analysis, the area of the finger print peak of DMSO (S=0
stretching mode, IRSE) was calibrated with the S/Pb molar ratio obtained by HR-CSAS.

The diffusion coefficient of DMSO in MAPblIs is a superposition of two thermally activated
processes with Ea1, Do1, Ea2 and Doz are 0.6 eV, 10! cmZ, 1.8 eV and 3.6x10* cm,



respectively, which can be assigned to activation of DMSO from loosely bonded complexes

and from a trap site in the lattice of MAPDIs.

The methodology and the knowledge about vacuum-assisted treatment and out-diffusion of
solvent molecules can be transferred to the investigation of other systems such as

multi-cation HOIPs.



Zusammenfassung

Hybride organisch-anorganische Metallhalogenidperowskite (HOIPS) geh&en zu einer
Klasse von Halbleitern, die mit sehr hoher Qualité& aus L&ungen abgeschieden werden
k&nen, so dass Solarzellen mit hohem Wirkungsgrad bei relativ niedrigen Temperaturen
hergestellt werden k&nnen. Methylammoniumbleiiodid (MAPDI3) ist ein archetypischer

HOIP und dient als Modellsystem.

In dieser Arbeit wurden dinne MAPbIs-Perowskitschichten durch eine vakuumunterstiizte
Verdampfung des L&ungsmittels (vakuumunterstiizte Behandlung) nach dem Spin
Coating von VorlaferlGungen in Kombination mit einer thermischen Nachbehandlung
hergestellt. Die vakuumuntersttizte Behandlung ermdglichte die Realisierung praktisch

idealer Randbedingungen fUr die Untersuchung der Ausdiffusion von L&ungsmitteln.

Der Einfluss des Verh&8tnisses von Dimethylformamid (DMF)/Dimethylsulfoxid (DMSO),
Temperatur und Zeit auf die Morphologie, die BandlUcke, exponentielle Bandausl&ufer und
die Leistung von Solarzellen wurde untersucht. Im Allgemeinen fihrten ein hdnerer
DMSO-Anteil, héhere Temperaturen und eine l&gere vakuumuntersttizte Behandlungszeit
zu niedrigeren Wirkungsgraden. Bei einem gegebenen Druck von 60 Pa wurden optimale
Bedingungen fUr die vakuumunterstiizte Behandlung gefunden (DMF:DMSO = 9:1, 30T,
10 s). Es wurde gezeigt, dass mit einer vakuumunterstiizten Behandlung und einer kurzen
thermischen Nachbehandlung bei 120<C fU Solarzellen auf Basis von MAPDIs

Wirkungsgrade tber 20% erreicht werden k&inen.

FU die quantitative Messung von RestlGungsmittelmolekUen in MAPDIs-Schichten wurde
erstmals eine Methodik entwickelt, die hochaufl&ende Absorptionsspektrometrie mit
kontinuierlicher Quelle (HR-CSAS: high resolution contiuum source absorption
spectrometry) und spektroskopischer Ellipsometrie im Infrarotbereich (IRSE: infrared
spectroscopic ellipsmetry) kombiniert und zur Diffusionsanalyse eingesetzt wird. FUr die

quantitative Analyse wurde die Fl&he des spezifischen Absorptionspeaks von DMSO (S=0
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Streckschwingung) mit dem von HR-CSAS erhaltenen S/Pb Molverh&tnis kalibriert.

Der Diffusionskoeffizient von DMSO in MAPbIs wurde durch eine Uberlagerung von zwei
thermisch aktivierten Prozessen mit Ea1, Do1, Ea2 und Doz sind 0.6 eV, 10 cm#, 1.8 eV
bzw. 3.6x10* cm® beschrieben. Die thermisch aktivierten Prozesse entsprechen der
Aktivierung von DMSO aus relativ lose gebundenen Komplexen und aus ins Gitter von

MAPbIs eingebauten MolekUen.

Die Methodik und das Wissen tber die vakuumuntersttizte Behandlung und Ausdiffusion
von L&ungsmittelmolekden kann sowohl auf die Optimierung von Solarzellen als auch
auf die Untersuchung der Diffusion von L&ungsmittelmolekden in anderen HOIP
Systemen, in welchen z.B. eine Vielzahl verschiedener Kationen und Anionen kombiniert

werden, (bertragen werden.



1. Introduction

As one of the renewable energies, solar energy can be harvested and transformed directly
into electrical energy by photovoltaic devices. Solar cells are the primary application and
can be categorized as first, second and third generation cells according to their development
stages M. The first generation solar cells are built on silicon crystal, a predominant
semiconductor for the photovoltaic technology. Crystalline silicon (c-Si) is the crystalline
semblance of silicon and exists in two forms either single crystal or multiple crystal. The
second generation solar cells consisting thin film are made of cadmium telluride (CdTe),
copper indium gallium selenide (CIGS), gallium arsenide (GaAs) and amorphous silicon,
whose layer thickness ranges from a few nanometers to tens of microns, which is much
thinner as compared to the first generation solar cells made of crystalline silicon which
employ wafers up to 200 um. Other thin film technologies which are ongoing research and
development phase are called third generation solar cells that comprise organic,
dye-sensitized, polymer, copper tin zinc sulphide (CZTS), nanocrystals, micromorphs,

quantum dots and perovskite solar devices.

Due to its remarkable rapid growth of power conversion efficiency (PCE), perovskite solar
cells have drawn considerable interest and attention of the researchers. Perovskite solar
cells generally consist of a hybrid organic-inorganic metal halide perovskite (HOIP) layer,
which acts as a photo absorber as well as a charge carrier conductor. Kojima et al. 2 first
used HOIP in dye-sensitized solar cells (DSSCs) and obtained a PCE of 3.81%. Since then,
the HOIP solar cells have been rapidly developed and a PCE of 24.2% [ has been reached.
As the result of peculiar crystallographic structure, the HOIP group materials manifest a
multitude of electronic properties including thermoelectric ™, piezoelectric ! and
semiconductivity depending on the material considered. In PV applications, they exhibit: (1)
high mobilities and long diffusion lengths of charge carriers, (2) low non-radiative surface

recombination rate, (3) high optical absorptivity and (4) excellent structural defect tolerance

[6]



However, although HOIP materials offer exceptional properties suitable for photovoltaic
applications, various challenges such as toxicity of Pb atoms and long-term stability still
hinder their commercialization in PV market. Compared with the traditional solar cells,
HOIP solar cells show benefits due to their relative low cost of fabrications. The HOIP film
fabrication techniques, namely solution-processing, vapor deposition and hybrid processing
(solution processing combined with vapor deposition) have been demonstrated to control
the crystal formation and film morphology, which consequently affect the performance of
HOIP solar cells. Solution engineering is shown to regulate the qualities of perovskite films

and is therefore a key for enhancing the PCE.

In solution processing, there are several methods to control the crystallization of perovskite.
Vacuum-assisted evaporation of solvents (vacuum-assisted treatment) is one of the
promising intermediate steps for controlling the deposition of perovskites from solutions. It
was firstly reported by Gao et al. [l and named as a gas pump drying method. In this
technique, a precursor solution layer formed after spin coating was exposed to vacuum in a
very short time. Most of the solvent was removed immediately, thus leading an intermediate
formed. Comparing with another method, the so-called anti-solvent dripping, there was no
radial gradient in oversaturation which caused the spatially inhomogeneous nucleation of
the HOIP or its intermediate 1. The density of defects of HOIP films was reduced on a
larger scale by using vacuum-assisted treatment. This enables to fabricate HOIP solar cells
with relatively large areas exceeding 1 cm? showing high efficiencies. In previous studies,
the influence of different pressures in this method was investigated, and different HOIP
materials were used. Nevertheless, there are other factors affecting the process of

vacuum-assisted treatment.

In this thesis, one of the most commonly used HOIP materials, methylammonium lead
iodide (MAPDI3), was chosen as the research subject. A self-build setup for
vacuum-assisted treatment was used in the preparation of MAPbIs films. The influence of
three major factors including solvent composition, temperature of the substrate during

vacuum-assisted treatment and the time of vacuum-assisted treatment was investigated.
6



Resulting changes in the morphologies of MAPbI3 films, the band gaps (Eg) and
exponential tails (E;) of MAPbIs films and the performance of MAPDIs based solar cells

were investigated.

As known from reports of other researchers, the formed intermediate such as
MAI Pbl2 DMSO Hhelps to improve crystalline quality 1. The intermediate is a kind of
Lewis acid—base adduct 1% where the DMSO is an electron-pair donor defined as a base
and the Pb?* is an electron-pair acceptor defined as an acid. However, the coordination
bond can be destroyed by heat energy, and the MAPbIs crystals finally form when DMSO
is removed after post annealing. It can be assumed that the rate of DMSO escape influences
the rate of MAPDIs crystallization and affects the crystalline quality. So, in this thesis, the
out-diffusion of solvent depending on post annealing time and temperature was investigated
through determining the amount of residual solvent by high-resolution continuum source
absorption spectroscopy (HR-CSAS) and infrared spectroscopic ellipsometry (IRSE).
Based on the analysis result and Fick’s second law, a diffusion model was developed. The
influence on morphologies, band gaps and exponential tails of MAPbIs were also studied.
The performance of solar cells based on MAPDIs prepared with different post annealing
time and temperature was characterized and parameters were optimized for reaching high

PCEs.

In Chapter 2, the crystal structures and basic properties (including optical and electronic
properties) of HOIPs were described. An overview of different preparation methods for
HOIP films was given. The working principle and architectures of single-junction and

multi-junction HOIP solar cells were also introduced.

Chapter 3 mainly introduced the materials and methods which were used in this thesis.
Firstly, the methods and the self-build setup for MAPDIs layer preparation were described.
A series of equipment including a pump, a big buffer tank and a small chamber in the
glovebox made up the vacuum-assisted treatment setup. A precursor layer of MAPbIs on a

substrate was deposited by spin coating in a glovebox and then treated in the small chamber.
7



After post annealing on a hot plate, a MAPbIs layer formed. Secondly, the fabrication of
MAPDI3 based solar cell was introduced. For all solar cells made in this thesis, MAPbIs was
used as the photo absorber, poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) was
used as the hole selective material, fullerene (Ceo) was used as the electron selective
material, bathocuproine (BCP) was used as hole blocking material, indium tin oxide (ITO)
and copper (Cu) were used as electrode materials. The whole structure was
glass/ITO/PTAA/MAPDI3/Ceo/BCP/Cu. Third, the characterization methods were
introduced. The Eq and E: of MAPbIs were obtained by analyzing the data from modulated
surface photovoltage (SPV) spectra. The qualitative analysis and quantitative analysis of
DMSO in MAPbIs layers were performed by IRSE and HR-CSAS. The morphologies of
MAPDI3 layers were characterized by scanning electron microscope (SEM). The
short-circuit current density (Jsc), open-circuit voltage (Voc), fill factor (FF) and PCE of
MAPDI3 based solar cells were measured via current density-voltage (J-V) characteristics.

The external quantum efficiency (EQE) was also measured.

The results of studying the influence of three factors on MAPbIs layers and solar cells were
shown and discussed in Chapter 4. In the experiments of this chapter,
N,N-dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) were mixed and used as
the solvent. The DMF/DMSO ratio was varied from 12:1 to 4:1, the substrate temperature
was varied from 20 to 60<C, and the time of vacuum-assisted treatment was varied from 10
to 600 s. From the results, all these factors showed different influence on MAPDIs layers.
Taken together, the decreasing DMF/DMSO ratio, increasing substrate temperature and
vacuum-assisted treatment time all showed negative impacts on the performance of
MAPbI3 based solar cells. When applying the LaMer model, the reason could be attributed
to the competition of nucleation and crystal growth which affected the crystallization and
then affected the film qualities. The electronic properties such as Eq and E: were also
influenced. A solar cell with the highest efficiency of 17.8% was based on the MAPbI3

layer prepared at the optimized conditions (9:1, 30T, 10 s).



In Chapter 5, the out-diffusion of solvents depending on different post annealing time and
temperature was studied. By using HR-CSAS and IRSE, the residual solvent was
determined. However, when the MAPbIs layer was post annealed at higher temperature or
longer time, the amount of residual solvent reduced. Based on the detected residual amount
at different time and temperature and the Fick’s second law, an out-diffusion model was
established for DMSO in MAPbIs. Besides, analysis results showed that the out-diffusion
of DMSO was limited by two different active energies which related to the formation of
MAPbIs. Similar analysis was also made for the out-diffusion of DMF, but there was no
clear result due to its relative small amount and low stability. It was shown that solar cells
based on the MAPDIs with less residual DMSO and larger out-diffusion rate had higher
PCE. A PCE of 20.2% was obtained when using the MAPDI3 layer post annealed at 120C

in a short time.

The conclusions are summarized in Chapter 6. A short outlook on the use of the
vacuum-assisted treatment method for other perovskite and further study for solvent

out-diffusion in perovskite layers is given.



2. Fundamentals of hybrid organic-inorganic metal
halide perovskites (HOIPS)

In this chapter, fundamentals of hybrid organic-inorganic metal halide perovskites (HOIPS)
are introduced whereas focus is set on crystal structures, optical and electronic properties of
MAPDI3 (it is sometimes written as CHsNH3sPbls). Furthermore, architectures of perovskite

solar cells and preparation methods for perovskite films are briefly reviewed.

2.1 Crystal structures of HOIPs

The perovskite-group materials are a series of compounds having crystal structures related
to the mineral perovskite CaTiOz [*l. The general chemical formula of perovskite materials

isABXs, i.e. A=Ca, B=Tiand X =0 for CaTiOs.

The ideal unit cell of the perovskite structure is a face centered cube (Figure 2.1 (a)). In this
cube, the vertex positions are occupied by 8 cations of A, the centers of the cubic faces are
occupied by 6 anions of X the center of the cube is occupied by a cation of B. One cation of
B forms with the 6 anions of X an octahedron (coordination number of the cation of B is 6).
A perovskite can be described by a structure in which the [BXs] octahedra are connected to
each other in corner-sharing to form a three dimensional framework (see Figure 2.1 (b)). In
this structure, the center of 8 connected [BXs] octahedral is occupied by a cation of A. The
centers of the cube edges around a cation of A are occupied by anions of X. Therefore, the
coordination number of a cation of A is 12. An anion of X is surrounded by 4 cations of A
and 2 cations of B (coordination number 6). In HOIPs, the organic cations such as
methylammonium ion (CH3sNHs") or formamidinium ion (CH(NH2)2") occupy the A site,
metal cations such as lead ion (Pb?*) or tin ion (Sn?*) occupy the B site and the halogen

anions such as chloride (CI°), bromide ion(Br-) or iodide ion (I") occupy the X site.
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A:Q B:® X: @

Figure 2.1. Outline of the ideal structure of perovskite that has unit cell with face-centered

cubic stucture (a) and three dimensional framework of corner-sharing [BXs] octahedra with

cation A occupying the twelve-coordinate site in between the polyhedral.

Usually, perovskites in nature do not show the ideal cubic structure due to distortions 12,
Distortions can be caused, for example, by not matching radii of ions or by different energy
lowering in electronically degenerate systems (Jahn-Teller effect [13). Not matching radii of
ions are described by the so-called tolerance factor. The radii of ions of A, B and X are
given by ra, rs and rx, respectively. Figure 2.2 (a) illustrates schematically a unit cell with

the fcc structure for a set of values of ra, rs and rx.

(a) (c)

A: 0 B:® X:@
Figure 2.2. Schematic unit cell of the fcc structure for a set of ion radii (a) and cuts through

the AX (b) and BX (c) planes.

The radii of the ions of A, B and X touch each other (see Figures 2.2 (b) and (c) for the cuts

through the AX and BX planes, respectively). For a fcc structure, the lattice constant (a) can

11



be calculated from the values of rs + rx and rs + rx regarding to the following equation:
a=V2-(ry+ry) =2 (g +1y) (2.1)

The Goldschmidt’s tolerance factor (t) is defined as [*4;

t= AT 2.2)
RGERE

The value of t is equal to 1 for the fcc structure. This is the case for SrTiOs (ra=1.44 A,

re=0.605 A, and rx=1.40 A) [!2, However, in most cases, the value of t is not equal to 1.

This has consequences for the symmetry and the formation of a perovskite structure. For

example, the range of t for cubic perovskite formation is 0.89 <t < 1 [1518] the range of t

for alkali metal halide perovskite formation is 0.813 < t < 1.107 [*] and the range of t for

HOIPs formation (A site was MA* or FA*, B site was Pb?*, Sn?* or Ge?* and X site was CI,

Bror I") is 0.912 < t < 1.142 [38]. For MAPbls, the value of t is equal to 0.91 (r,,+ = 217

pm, rp2r = 119 pm, r_ = 220 pm) [191, Note that the Goldschmidt’s tolerance factor is

rather an empirical approach to predict the stability and the accuracy of prediction is only

about 75% [20],

In perovskites, given ions of A, B and X can be partially replaced by other ions of type A, B
and X (mixing). This causes a change of t, and, by varying the stoichiometry, t can be
adjusted. However, one should keep in mind that local variations of disorder in the

arrangement of ions can cause phase segregation.

2.2 Phase transitions of HOIPs

Based on X-ray diffraction (XRD) techniques, cubic, tetragonal, trigonal and orthorhombic
crystal structures of perovskites were distinguished [?-?21, The cubic, tetragonal, trigonal
and orthorhombic phases are often denoted by o, B, y and & whereas several phases can
appear within one crystal structure. Phase transitions of perovskite materials can be caused
by changes in temperature, pressure or composition. As an example, table 2.1 gives an

overview of the temperature ranges for phases in MAPbIs, MAPbBrs, FAPbls and MASnIs.
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HOIPs undergo in general several phase transitions in the solid state depending on

temperature, pressure and composition.

Table 2.1 Phase transitions of some HOIPs (data after ref [23-29]).

Perovskite Phase Temperature (K) Crystal system Lattice (A)
o >327.4 cubic a=6.3285
a=8.855
B 162.2-327.4 tetragonal =12 659
MAPbI; —
a=8.861
Y <162.2 orthorhombic | b=8.581
c=12.620
o >236.9 cubic a=5.901
a=8.322
B 155.1-236.9 tetragonal c=11.832
=5.894
MAPDBrs 149.5-155.1 tetragonal |
Y J ¢=5.861
a=7.979
3 <144.5 orthorhombic | b=8.580
c=11.849
a=6.2302
293 tet I
a etragona c=6.2316
MASnNI3
200 tetragonall a=8.7571
P 9 ¢=12.429
a=8.9817
2 i I
o 93 trigona c=11.006
FAPDI;
B 150 trigonal a=17.791
J ¢=10.091

MAPDI3 exists in cubic, tetragonal and orthorhombic phases in the temperature (T) ranges
T>3274 K, 162.2 K< T < 327.4 K and < 162.2 K, respectively. Incidentally, solar cells
can reach temperatures above 327.4 K under operation, i.e. MAPbIs undergoes phase
transitions in solar cells under operation. In our experiments, measurements were
performed at room temperature and the temperature of solar cells was fixed at 25<C for
measurements with a cooling stage, i.e. phase transitions did not occur. In difference to
MAPbIs, the compounds FAPDbls, MASnIs and MAPbBr3 exist only in the trigonal,

tetragonal and cubic a phases, respectively, at temperatures above 293, 293 and 236.9 K,
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respectively.

The situation is more complicated for mixed ion systems. Furthermore, the formation of
phases and phase segregation depends also on the crystallization process. In this work, for
example, the influence of residual solvent molecules on properties of only MAPbIs was
investigated, despite the fact that higher PCE have been reached for solar cells based on
mixed ion systems. The investigations were focused on the prototypical perovskite MAPbI3

in order avoid the influence of local variations of disorder in the arrangement of ions.

2.3 Optical and electronic properties of HOIPs

2.3.1 Band gaps and optical absorption of HOIPs

The band gap of a photovoltaic absorber (Eg) is the most important parameter for a solar
cell since the value of Eg limits the maxima of photo-generation and quasi Fermi-level
splitting, i.e. of the short circuit current density and open circuit voltage. Regarding to the
Shockley-Queisser limit, the range of Eq is between about 1.0 and 1.6 eV for reaching very
high efficiencies above 30% with single junction solar cells. The band gaps of numerous

HOIPs are in this range. The values Eq are summarized in Figure 2.3 for some HOIPs.

1.2eV

Figure 2.3. Band gaps of different hybrid organic-inorganic metal halide perovskites (data
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after ref [30-32]).

For example, Eq is equal to about 1.5 eV for MAPbDIs. In general, the band gaps decrease
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with increasing atomic number of the halogen in ABXs. For MAPbX3 and X = CI, Br and I,
the values of Eg are equal to about 2.8, 2.2 and 1.5 eV, respectively, i.e. Eq of HOIPs is

dominated by the halogen and metal.

The band gap of HOIPs can be additionally varied by mixing ions of type A, B and X.
Figure 2.4 shows examples for the specific influence of mixing (A: MA-FA, B: Pb-Sn, X:
Br-1). The change of the MA/FA ratio in MA1.xFAxPbls had only weak influence on Egq
which varied between 1.51 and 1.61 eV. The value of Eq of MAPb1-xSnxl3 changed between
1.17 and 1.55 eV whereas the minimum was around MAPbosSnosls. Eqg of MAPb(11-xBrx)3
changed between 1.58 and 2.28 eV. For FAPb(I1xBrx)s, Eg varied between 1.51 and 2.27
eV.

25}
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220 MAPb(l,_Br,),
o
] FAPb(l,. Br,)
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o MA,_FA Pbl,
Lol MAPb,_Sn |,
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Figure 2.4. Dependence of the band gaps of MAPDb(l1.xBry)s, FAPb(l1.xBrx)s, FAPb1.,Snylz and

MA..FA;Pbl3 on the stoichiometry (data after ref [33-36]).

Ideal photovoltaic absorbers are transparent for photons with energy (hv) below Eg. Above
Eg, the absorption coefficient increases with increasing Eg whereas this increase is
proportional to (hv-Eg)®® for direct semiconductors 7. HOIPs are direct semiconductors
with a very steep increase of the absorption coefficient [28, In Figure 2.5, the absorption

spectrum of MAPDIs is compared with the absorption spectra of c-Si and GaAs. On the
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logarithmic scale, the onset of absorption of MAPDI3 is nearly as steep as for GaAs. At 100
meV above Eg, the absorption coefficients are about 20, 1x10%, 3x10* cm™ for c-Si, GaAs
and MAPDIs, respectively. Therefore, the thickness of absorber films for HOIPs based solar

cells is of the order of only several hundred nanometers.

Incidentally, the absorption coefficient of MAPbIs is about 1 cm™ at photon energy of about
1.45 eV. The very low absorption coefficient is caused by absorption due to exponentially
distributed tail states near the conduction and valence band edges. The value of the
exponential parameter of the so-called Urbach tail (Et) is about 14-24 meV for MAPbI3
which is significantly larger than for GaAs but much smaller than for disordered
semiconductors such as intrinsic amorphous silicon (50-60 meV [“%). As remark, at room
temperature, the value of E: can depend on the substrate, deposition conditions and ion

mixing 1. In general, HOIPs have a nearly ideal transparency for photon energies below

Eq.
S10°k
T A4t -
10 F .-
B A
uq:, 10 3 )A.J”
(@] C 1@
c10°F /¢
c = /e —o— CH3NH3F’b|3
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210 r/ T7T——GaAs
[ E '!' ’ .
§ 100 ;-I’ R .I _'T-_-lc-s.l 1 .
< 1.0 1.5 2.0 25 3.0

Photon energy (eV)
Figure 2.5. Effective absorption coefficient of a CH3NHsPbls perovskite thin film compared
with other typical photovoltaic materials including GaAs and crystalline silicon (c-Si), all
measured at room temperature. Reprinted with permission from ref [42]. Copyright (2014)

American Chemical Society.
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2.3.2 Diffusion length of HOIPs

In semiconductors, charge carriers can be driven by diffusion (driving force: concentration
gradient) or drift (driving force: electric field). Diffusion and drift are characterized by the
parameters of the diffusion constant (D) and mobility (|0, respectively whereas the mobility
is the proportionality factor between the electric field and the velocity of the charge carrier.

D and pare connected via the so-called Einstein relation:
kgT
D=puy—-= (2.3)

whereas ks, q and T denote the Boltzmann constant (1.38064852x102% m? kg s K1),
elementary charge (1.60217662x102° C) and the absolute temperature, respectively.

The diffusion length is defined as the average distance that an excess charge carrier can
move between its generation and recombination. Therefore, the diffusion length limits the
collection of photo-generated charge carriers in most solar cells. L depends on the D and

the carrier lifetime:
L=+vVD-1 (2.4)

For MAPbIs layers, L was measured directly by using the steady-state photocarrier grating
method and amounted to about 350 nm [“3l. For MAPbI3(Cl) layers, L was about 1.5-1.9
Lm as shown by electron beam induced current measurements 4. By using the Goodman
method 1, it was shown that L is limited by the grain size in MAPbIs 6] and that L can
achieve values larger than 10 pm in crystalline powders of MAPbIz 471, Incidentally, in a
MAPbIs single crystal, a diffusion length as large as 175 um has been shown 481, Therefore,
MAPbIs can be prepared with very low densities of recombination active defects. This is

unique for solution based deposition technology.

The diffusion length is limited by the crystal size, i.e. the grain size shall be of the order or
larger than the thickness of MAPDI3 layers in solar cells (several hundred nm). As an
example, Figure 2.6 shows a cross section across a MAPbIs layer with different grain sizes.

It indicates the importance of reducing the number of grain boundaries on the transport path
17



which can increase the transport length of charge carriers (or effective diffusion length) and

reduce non-radiative recombination in the bulk.

Figure 2.6. Diffusion lengths limited by grain size in crystalline MAPbI; layer.

2.3.3 Doping of HOIPs and formation of charge-selective contacts

The splitting of the Fermi-energies of electrons and holes in an illuminated photovoltaic
(PV) absorber is the first prerequisite for getting a photovoltage in a solar cell. The second
prerequisite is the ability to extract photo-generated electrons from an illuminated PV
absorber at a high chemical potential (Fermi-energy of electrons, Ern) and to transfer the
electrons back to the PV absorber at a reduced chemical potential (Fermi-energy of holes,
Erp) after passing an external load. The electrons transferred back to the PV absorber

recombine with holes.

Solar cells based on crystalline silicon, 111-V semiconductors (such as GaAs) can be doped
by purpose and charge-selective p-n homo-junctions can be formed. For perovskite, Wang
et al. % reported that the change of composition in precursor solutions led to variations of
p- (excess of MAI) and n- (excess of Pblz2) type. Naikaew et al. 5% observed that the
MAPDI3 changed from p- to n-type semiconductor with the appearance of Pbl2 after 90 min
annealing at 100<C. As so far, the controlled doping for perovskite is impossible. Therefore,
in perovskite solar cells, the extraction of electrons at Ern is realized by electron separation

with charge-selective electron contacts, where holes are extracted by separation with
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charge-selective hole contacts at Erp.

Charge separation in a perovskite solar cell is a directed transfer of photo-generated charge
carriers from a perovksite absorber across an interface into electronic states of a contacting
material (Figure 2.7). The driving force for a directed charge transfer is given by the
decrease of the potential energy of transferred mobile charge carriers in their final state, i.e.
transferred photo-generated charge have a lower potential energy after the charge transfer

than before.

Transferred photo-generated electrons or holes should remain mobile in the contacting
material for getting them out to external loads. Mobile electrons and holes in the contacting
material are characterized by their Fermi-energies (Erce and Erch). Charge-selective
electron or hole contacts act as sinks for photo-generated electrons or holes. In contrast, the
transfer of photo-generated holes or electrons should be blocked from the PV absorber into
contacting materials of charge-selective electron or hole contacts, respectively. The transfer

of photo-generated holes or electrons is blocked by energetic barriers.

In ideal charge-selective contacts, the potential energy of transferred photo-generated
electrons (holes) is reduced, transfer of photo-generated holes (electrons) is blocked and

Erce (Ercn) is aligned with Ern (Erp).

For solar cells based on HOIPs, for example, TiO2 1, SnO2 54, ZnO 531 or Ceo 54 have
been applied for electron selective contacts and  spiro-OMeTAD Bl
poly(3,4-ethylenedioxythiophene) (PEDOT) %1, PTAA B34, or NiOx [%¢] have been applied

for hole-selective contacts.
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Figure 2.7. Schematic band diagrams of ideal charge-selective electron (a) and hole (b)
contacts acting as sinks for photo-generated electrons and holes, respectively. The
Fermi-energies Er, and Erce (a) and Erp and Egch (b) are aligned at charge-selective electron
and hole contacts. The transfer of photo-generated holes or electrons is blocked from entering

contacting material of charge-selective electron or hole contacts, respectively.

2.4 Stability of HOIPs

2.4.1 Stability in air (H20 and O>)

In ambient air, there are two components, water (H20) and oxygen (O2), affecting the
chemical stability of HOIPs. H20 can be the catalyst for irreversible degradation. For
example, Frost et al. 571 proposed a simple acid—base reaction shown in Figure 2.10. The
combination of H20 and n[(CHsNH3")Pbls] will lead to the formation of
[(CH3NH3s")a-1(CH3NH2)(Pbls)n] [H30] degrading afterwards into HI, CHsNH2, Pblz, H20
and n-1[(CHsNHs")Pbls]. Since both HI and CHsNH: are gases at room temperature, their

escape drives continuous degradation. At the end, MAPbIs is converted into Pbl>.
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Figure 2.10. Proposed decomposition pathway of CHs;NHsPbls, in the presence of water.

Reprinted with permission from ref [31]. Copyright (2014) American Chemical Society.

Niu et al. 8 studied the degradation mechanism of CHsNHsPbls by comparing XRD

patterns before and after exposure to H20 and proposed the following reactions:

H,O
CH3;NH;Pbl,(s) «—— Pbl,(s) + CH;NH;I (aq)
CH;NH;I (aq) «— CH3NH, (aq) + HI (aq)
4HI (aq) + 0,(g) « 2I,(s) + 2H,0(1)

2HI (aq) < Hj(g) + 1;(s)
At first, the CHsNH3sPbls degrades into Pblz (s) and CHsNHsl (aqg) in presence of H20.
Then the CH3sNHal further decomposes into CHsNH2 (aq) and HI (aq). HI can be oxidized
forming 12 and H20. It can also produce Hz and l2 under photodecomposition. The

consumption of HI drives the whole decomposition process.

The role of O2 in the degradation of CH3NHsPbls was studied by Aristidou et al. 591, They

proposed a possible reaction scheme for the degradation shown as follows:

light
no moisture

CH;NH;Pbl, CH3NH,Pbl;"

CH3;NH3PbI3"
0, ———0;

deprotonation
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Firstly, optical excitation results in the formation of CH3NHsPbls*, which carries both
photo-generated electrons and holes. Secondly, superoxide (O2) is generated through
electron transfer from CH3NHsPbls* to Oz. Finally, under the attack of the resulting Oz, the
deprotonated CH3NH3sPbls decomposes into CHsNHz, Pblz, I2 and Hz0. It is noteworthy

that the generated H20 can further accelerated the degradation.

2.4.2 Photo stability

As with some other solar cells such as organic solar cells, dye sensitized solar cells and c-Si
solar cells 160621 degradation can happen in perovskite solar cells under illumination. In
perovskite solar cells, TiO2 is one of the most commonly used electron transporting
materials. However, it is also a photocatalyst sensitive to UV light. Leijtens et al. [l
showed a degradation of CH3sNH3sPDbls in TiO2 based solar cells, which was most likely
caused by the UV light. In this research, part of devices were encapsulated to get rid of the

impact from ambient air and were compared with the devices without encapsulation.

1.25

1.00 F
0.75 ¢

PCE

0.50 |
0.25 |

*0 1 2 3 a

Time (h)
Figure 2.11. Power conversion efficiency (PCE) degradation curves of TiO; based
CH3NHsPbl; solar cells which are non-encapsulated (blue open circles) and encapsulated with

(filled black squares) and without a<435 nm cutoff filter (open red squares). Reprinted with

permission from ref [37]. Copyright (2017) Springer Nature.

As shown in Figure 2.11, the PCE of the encapsulated device decreased within few hours,

when UV light was not filtered. In order to explain this, they proposed a degradation
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mechanism. At first, an electron-hole pair is formed in TiO2 upon the band gap excitation.
Then the hole in valence band recombines with the electron at the O2 adsorption site
causing desorption and leaving positively charged trap state and a free electron in the
conduction band. The excess holes from spiro-OMeTAD layer recombine with these free

electrons. The adsorbed O2 will cause a degradation of CHsNH3Pbls.

Wojciechowski et al. [®4 compared the photo stability of CHsNHsPblz on TiO2 with that on
fullerene (Ceo). It was shown that Jsc of TiO2 or C60 based device decreased by more than
50 or 10 %, respectively, after an initial small increase. It was assumed that this difference
was related to the presence or absence of Oz desorption caused by UV illumination.
Furthermore, Tang et al. [%] supposed that photo-degradation of CHsNHsPblz was heavily
influenced by defects. For example, iodine vacancies are generated in CHsNH3sPbls films
when the CH3sNHs* ions are lost in vacuum. The degradation mechanism was proposed as

follows:

CH;NH5Pbl; —— CH;NH, (g) + HI(g) + Pbl, + V"

trapped
e+ V] ——e(Vy)

e(V[) + Pb?* —— Pb* + 217 + V5!
2Pb* —— Pb° + Pb?*
trapped
h+ Vgg —— h(Vég

2h(VEH) +2I7 —— 1,
During vacuum degradation, volatile CHsNHsl was formed together with iodine vacancies

(V) which can trap photo-generated electrons. Trapped electrons caused the reduction of
neighbor Pb?* to Pb*, and two Pb* further reacted to form Pb® and Pb?*. The formed Pb
vacancies in crystals trapped photo-generated holes and then oxidized I" to I.. The whole

reaction can be written as:

2CH5NH5Pbl; —— 2CH;NH, (g) + 2HI(g) + Pbl, + Pb + I,(g)
light
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In conclusion, there are several proposed mechanisms for photo degradation. But the
degradation is usually a result of comprehensive effect of several factors. Further studies of

photo degradation mechanism need be done.

2.4.3 Thermal stability

In normal operation conditions, the temperature of solar cells will increase under
illumination. So the thermal stability of perovskite solar cells should also be considered.
The cumulative temperature can be as high as 85<C if the environmental temperature is
40 <C %81, There are two kinds of thermal degradation in device, one is from the perovskite
material and another comes from other unstable layers. Here we only talk about the intrinsic
thermal stability of perovskite itself. Conings et al. 7] studied the thermal stability of
CH3sNHsPDbls«xClx and found that the perovskite degraded at 85<C in N2. The calculated
formation energy of unit cell in CHsNH3sPbls-xClx was 0.11-0.14 eV and the thermal energy
(0.093 eV) calculated at 85<C was close to that. Thus degradation at 85<C was expected. By
using thermogravimetric analysis for CHsNHsPbX3 (X = | or Cl), Dualeh et al. [%8 found
that the organic component of perovskite was decomposed to HI and CH3NH: leading to a
subsequent degradation. Phillippe et al. [ used hard X-ray photoelectron spectroscopy to
investigate the influence of temperature on both CHsNH3sPbls and CH3NH3Pbls«xClx films.

They proposed the following reaction for thermal degradation:

heat
CH5NH,Pbl; —— CH5NH,(g) + HI(g) + Pbl,

Furthermore, Pisoni et al. [%° studied the thermal conductivity of CH3NH3Pbls. Their
research showed that thermal conductivity of MAPbXs was very low in both monocrystals
and polycrystalline layers. That led to heat accumulation inside the perovskite and resulted

in thermal degradation.

2.5 Vapor and solution based preparation of HOIPs

Hybrid organic-inorganic metal lead halide perovskites can be prepared by different
deposition routes. There are two main precursor components: an organic halide salt (such as
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MAX or FAX, X = Cl, Br, I) and a metal halide salt (such as PbX2, X = Cl, Br, 1). These
preparation methods (Figure 2.12) can be categorized into three routes of processing based

on evaporation in vacuum, deposition of precursor salt solutions, and hybrid.

In the work of Liu et al. ["Y], high performance solar cells (PCE>15%) were made by
vacuum deposition (Figure 2.12 (a)), where the organic and inorganic species were
co-evaporated to form uniform planar perovskite films. Later, Chen et al. [’2 performed a
sequential vapor deposition of PbCl. followed by CHsNHsl on the substrate with
temperatures between 65 and 85<C which enhanced the penetration of CHsNHsl into PbCl..
Besides, this method shows the advantage of preparing multi-stack thin films over large

areas [731,
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Figure 2.12. Different deposition methods for perovskite films: vacuum deposition (a), one

Substrate

step and two step spin coating solution processes (b), and vapor-assisted solution process using

organic vapors to react with pre-deposited metal halide films (c).

Solution processing technique for perovskite film preparation is the most prominent method
due to simplicity and low energy consumption for suitable mass production. With solution

process, perovskite such as MAPDbIs can be deposited on substrates via two routes. The
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most commonly used method as so far is depositing a mixed solution containing CH3sNHzsl
and Pblz, also called one step preparation method. In this route, the precursor solution can
be spread on substrates in several ways such as spin coating (Figure 2.12 (b)), doctor
blading or printing. For removing the solvent from the formed precursor solution layer,
there are also several techniques. The most commonly used one is called anti-solvent
dripping which was firstly reported by Jeon et al. [°l, In their works, toluene was used as an
anti-solvent (which cannot dissolve CHsNHsl and Pbl2) to wash away the solvent,
y-butyrolactone (GBL) and dimethylsulphoxide (DMSO), immediately during spin coating.
Then extremely uniform and dense perovskite layers formed via a CHsNHsl-Pbl>-DMSO
intermediate phase and the fabricated solar cells had a certified PCE of 16.2%. Conings et
al. [" invented the universal complex-assisted gas quenching technique, which introduces a
nitrogen gas flow to take away residue solvent to form an intermediate DMSO-complex,
and they applied this technique to many perovskite materials. Through this method, an
efficiency of 18.0% was obtained. A vacuum flash-assisted solution process (VASP) was
developed by Li et al. ["® for high-efficiency and large-area perovskite solar cells. Shiny,
smooth and crystalline perovskite films with high electronic quality formed from the
DMSO-Pbl1.7Bros-(FAl)o.ss(MABI)o.15 intermediate prepared by VASP. The fabricated
perovskite solar cells with an aperture area exceeding 1 cm? showing a maximum PCE of

20.5% and a certified PCE of 19.6% was achieved.

Another route is called two step preparation method, where a metal halide salt (such as Pbl>)
layer and an organic halide salt (such as CHsNHzsl) layer are successively deposited by spin
coating or dipping and then form a CHaNHsPbls layer via reaction. Burschka et al 51 first
developed a two-step method, in which Pbl2 was introduced onto a porous TiOz film and
subsequently converted into the perovskite by exposing it to CHsNHzsl solution, which
yielded a perovskite film with a good film quality and a PCE of 15% in a mesoporous
device. After that, an inter diffusion method was introduced by Xiao et al. '8l which
combined a sequence spin coating of Pbl2 and CH3sNHsl, then conversion into perovskite

film, which yielded a 15.4% PCE in a planar device.
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Based on these techniques, the hybrid method, which combines both solution and vapor
processes, was first proposed and developed by Chen et al. (Figure 2.12 (c)) ['"1. A Pbl.
layer was first deposited by spin coating, followed by a reaction of the pre-deposited Pbl2
film with CHsNHsl vapor. The compact layer featured a polycrystalline texture of large
grains over 1 um with small surface roughness. Leyden et al. [’® used a similar vapor
deposition method, where CHsNHsl vapor was reacted with a pre-deposited PbClz film,

resulting in a highly stable and scalable perovskite film.

2.6 Solar cells based on HOIP absorbers

2.6.1 Architectures of single-junction perovskite solar cells

The widely used architectures of single junction perovskite solar cells can be catalogued
into mesoporous scaffold and planar heterojunction structures. In the mesoporous scaffold
structure which inherited from DSSCs (Figure 2.13 (a)), metal oxide nanoparticles, such as
titanium oxide (TiO2) or aluminium oxide, (Al203) are applied to form mesoporous scaffold,
into which the perovskites are infiltrated. It is noticeable that different nanoparticles have
different functions in the structure. For mesoporous TiO2 layer, it assists the electron
transporting between the perovskite and electrode 1. The perovksite solar cells based on
the mesoporous TiO: structure has reached an efficiency of 23.2% [, A further intriguing
advancement in mesoporous scaffold structure has been achieved by Lee et al. 2 when
they replaced the mesoporous TiO2 with inert mesoporous Al20s. Although Al2Os was not
directly involved in electron transporting mechanism, the incorporation of Al203 imparted
surpassing optoelectronic features to the perovskite ¥21. One more advantage associated
with the replacement of TiO2 with Al20s3 is that one can improve the stability under UV

illumination (631,

On the other hand, benefitting from the high charge carrier mobilities and long diffusion
lengths, perovskite solar cells can also afford a planar heterojunction configuration. Liu et
al. [l established that mesoporous scaffold is not a requisite to achieve high efficiencies for

perovskite solar cells. The planar devices include regular (n-i-p) (Figure 2.13 (b)) and
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inverted (p-i-n) (Figure 2.13 (c)) devices, depending on which charge-selective contact is
used atop of the transparent electrode. Yu et al. [l applied a TiO2/Ceo-SAM double-layer as
ETL in a regular planar structure, a PCE of 19.7% was obtained. The efficiencies of
pervoskite solar cells with inverted structures are already over 21% 84, It is worth noting
that the current best performing devices usually reported involve mesoporous scaffold

devices; albeit, recently, the efficiencies of planar devices have also improved over 23% [,

and also the fabrication of planer devices is relatively easier compared to the mesoporous

devices.

ETL

ETL ETL

(a) (b) (c)
Figure 2.13. Device architectures of mesoporous scaffold, regular (n-i-p) and inverted (p-i-n)
planar heterojunction perovskite solar cells. Electron transporting layer (ETL) is used to form
electron-selective contact with perovskite and hole transporting layer (HTL) is used to form
hole-selective contact with perovskite. The light is incident on the transparent conductive

oxide (TCO).

2.6.2 Architectures of multi-junction perovskite solar cells

Except the researches on single-junction perovskite solar cells, the studies of
multiple-junction (tandem) solar cells, is believed to be an effective strategy for reaching
higher efficiencies as it theoretically allows the Shockley—Queisser limit in single junction
devices. In tandem solar cells, photons with high or low energies can be selectively
harvested by the front or rear cells with different band gaps which also reduce the thermal
loss. Because of the tunable band gaps between 1.17 and 2.3 eV [33. 861 perovskites can be
used in constructing tandem devices with themselves, or with a variety of semiconductors,

such as silicon, CIGS and organic semiconductors. Theoretical predictions suggest that the

28



peak efficiency for the mechanically stacked tandem is 37.2% and for the monolithic

tandem when combed with a 1.6 eV perovskite solar cell and a Si solar cell is 29.4% [87],

The tandem solar cells containing perovskites can be fabricated in two types of
configuration based on how the junctions are electrically coupled between the top and
bottom cell. The mechanically stacked solar cell is called as 4-terminal (4T) tandem and the
monolithic tandem solar cell is called as 2-terminal (2T) tandem. Their structures are shown
in Figure 2.14. In 4T tandems, the top and bottom cells are fabricated independently and are
then mechanically stacked upon each other (Figure. 4(a)), this kind of structure offers more
flexibility during processing. However, when comparing with 2T tandems, the extra
transparent electrodes in 4T devices result in additional absorption losses. In monolithic 2T
tandems, two sub-cells are electrically connected through a transparent internal electrode
(Figure 4(b)). The 2T architecture requires only one external circuit and only one substrate
support which reduces the production cost. The challenges of the 2T tandems include the
development of a charge recombination layer and the sophisticated multi-layer fabrication,
as well as the optimization of the sub-cell thickness to ensure the current match in between

for reaching high efficiencies.

(b)

| Front subcell
(wide gap)
Transparent electrode Tunnel junction/

(a)

Front subcell

(wide gap)
Recombination layer
Rear subcell Silicon or CIGS
(narrow gap) (Bottom cell)
Transparent electrode
Rear subcell Silicon or CIGS
(narrow gap) (Bottom cell)

Figure 2.14. Schematic showing: (a) 4-terminal (4T) and (b) 2-terminal (2T) tandem

perovskite solar cells.
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As stated, perovskite tandem solar cells mainly consist of perovskite solar cells with wide
band gap and other solar cells with narrow band gap. Generally, for rear cells in perovskite
tandems, silicon is the most commonly used narrow band gap material. McMeekin et al. (34
demonstrated the feasibility of achieving PCE>25% for 4T tandem solar cells when using
Cso.17FA0.83Pb(lo.6Bro.4)s with a band gap of 1.75 eV in the top cell and combining it with a
19%-efficiency silicon bottom cell. Jost et al 8 reported perovskite/silicon 2T tandem
solar cells with PCEs>25% which employ a textured light management foil. In addition,
perovskites can also be applied in rear cells with narrow band gaps. For instance, Yang et al.
(89 developed MAo.sFA0.5Pbo.75Sno.2s13 with a band gap of 1.33 eV in a rear cell, and when it
was combined with MAPDI3 as a top cell, a 4T tandem device with a PCE of 19.08% could
be achieved. Eperon et al. [ developed an infrared absorbing perovskite,
Cso.25FA0.75PbosSnosls, which had a band gap of 1.2 eV and was applied in a rear cell.
When combining it with a top cell which contained Cso.17FA0.83Pb(lo.sBro.s)s with a band
gap of 1.6 eV, the PCEs of 17% and 20.3% were obtained from 2T and 4T tandem solar

cells respectively.

2.7 Conclusions

In summary, this chapter has presented a basic introduction of HOIPs especially MAPbIs.
Due to the crystal structure and mixing ions, the band gap of HOIPs can be varied at the
range of 1.2-2.8 eV, which including a range of band gaps for achieving high efficiencies in
solar cells. HOIPs have high absorption coefficients and long carrier diffusion lengths
which are crucial for reaching high efficiencies. Furthermore, the grain size of
polycrystalline HOIPs layers shall be of the order or larger than the thickness of the HOIP
absorber layer for getting highest efficiencies. Meanwhile, the density of pinholes in HOIPs
layers should be as low as possible to avoid local shunts. Previous studies showed that long
term stability of HOIPs is still challenging, for example, due to reactions caused by H20
and Og, light (especially UV) and heat. Encapsulation of HOIP layers or solar cells is
necessary when sample are exposed, for example, to air for times longer than several hours

or days, depending on the conditions. Usually, samples without encapsulation stored in a
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glovebox can be stable, with regard to the structure, even for several months. Incidentally,
changes in electronic properties can appear faster. For relatively short measurement times,
instabilities can be ignored. Moreover, as HOIPs cannot be doped on purpose,
charge-selective contacts are required for extracting and transporting the photo-generated
charge carriers. A p-i-n charge-selective system can be formed (HTM/HOIP/ETM). In our
experiments, two organic semiconductors, PTAA and Ceo, were used for hole and electron

selective contacts, respectively.
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3. Materials and methods

In this chapter, the materials, experimental methods and setup are introduced. This includes,
(1) the preparation of MAPDIs layers, (2) the characterization of the morphology and
electronic properties, (3) the detection of residual solvent in MAPDIs layers, (4) the

fabrication and characterization of MAPbI3 based solar cells.

3.1 Film and device preparation

3.1.1 Equipment of vacuum-assisted treatment

When using the solution method to prepare perovskite films, the formation of the
intermediate phase plays an important role during the perovskite crystallization. Figure 3.1
depicts the general preparation procedure of the MAPDIs layers including the
vacuum-assisted treatment. First, a thin layer of precursor solution was formed on a
substrate by spin coating. Second, the intermediate phase layer was formed during the
vacuum-assisted treatment. Third, the multi-crystalline perovskite layer was obtained after

post annealing.

VT - - W

Spin coating Vacuum-assisted treatment Post annealing

Figure 3.1. Schematic of the general preparation procedure of perovskite films with

vacuum-assisted treatment.

The setup developed in our lab for the vacuum-assisted treatment is shown in Figure 3.2.
Unlike the equipment of reported vacuum-assisted treatment which were handled in air
environment "> 9921 our equipment allows to prepare the perovskite films in N
atmosphere protecting the perovskite from Oz and H20. The principle scheme of the setup
is given in Figure 3.2 (a). A small vacuum chamber (Figure 3.2 (b)) was integrated into a

glovebox (MBraun) where all treatments were performed. The small vacuum chamber (63
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mm inner diameter, VACOM) was based on a window flange connected with a ring and a
planar bottom flange. The total volume of the small vacuum chamber was about 56 cm3A
Peltier element (40x40 mm=<f was gently pressed on the bottom flange in order to control
the temperature at the surface of the Peltier element. The temperature was measured with a
Pt100 resistance and controlled with a Peltier controller (Thermocool, TC2812-RS232). In

the experiments, this temperature was changed between 20 and 60<C.

(a)
Glove Box
Vacuum
Gauge
P—CX —=
Repressing
pad ’—Lj Py
~ Chamber :Zj N,
Buffer
Tank

Figure 3.2. Sketch of the setup for vacuum-assisted treatment (a), small vacuum chamber for
vacuume-assisted treatment in the glovebox (b), buffer tank for the vacuum-assisted treatment

outside the glovebox (c).

The small vacuum chamber had connections to the atmosphere in the glovebox or to the
vacuum system with the buffer tank by two separate valves. The vacuum system included

the small vacuum chamber, a rotary vacuum pump (Pfeiffer, DUO 5 M), a vacuum buffer
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tank (Figure 3.2 (c)) with a volume of 1.06x10° cm3and a vacuum gauge (Pfeiffer Balzers
TPG 251 single gauge). The base pressure of the buffer tank was 1.8 Pa. Then, in ideal
condition, a low pressure value of about 54 Pa will be reached in the small vacuum

chamber after connecting it with the evacuated buffer tank following the equation:
Pl'V1+P2'V2=P3'(V1+V2) (31)

This equation was deduced from the ideal gas law. P1 was the initial pressure of the buffer
tank, P2 was the initial pressure of the small vacuum chamber (about normal pressure), and
P3 was the pressure in both chambers after being connected. V1 was the volume of buffer
tank and connecting pipe (about 1.08x10° cm®) and V2 was the volume of the small
chamber. The measured pressure was about 60 Pa when connecting the evacuated buffer
tank with the small vacuum chamber after 1-2 s. The pressure further decreased to about 30
Pa within one min and continued to decrease further with increasing time due to the

connected vacuum pump.

For the vacuum-assisted treatment operation, the tank was firstly pumped to the base
pressure while the valve between the tank and small chamber was kept closed. The
temperature of the Peltier element surface was controlled at a setting value. Then the
sample with a formed precursor layer was transferred into the small chamber immediately
after spin coating within 2 s and the connecting valve was opened. The whole time between
the end of spin coating and reaching 60 Pa in the small chamber was 5 — 6 s. After finishing
the treatment time in vacuum, the connecting valve to the buffer tank was closed and the
valve connecting the small chamber with the glovebox was opened for repressing. Finally,

the sample was taken out and put onto a hot plate for post annealing.

3.1.2 Preparation of MAPDbI; layers

Depending on the characterization, the substrates of MAPbI3 layers were grouped as shown
in Table 3.1. The fully covered or patterned ITO glass (SnOz:In coated on glass) substrates
(sheet resistance of 15 /sq, Automatic Research, size 2.5x2.5 cm?) were cleaned in an

ultrasonic bath by washing subsequently in soap water, deionized water, acetone and
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isopropanol for 15 min. Then the substrates were dried with a N2 flow and cleaned with
ozone for 15 min. Residual organics were removed by the ozone cleaning. For a 100 nm Au
layer deposition, Au was evaporated with a evaporation rate of 1 A/s at the vacuum degree
of 7x10° Pa. For PTAA layer deposition, PTAA (99%, Sigma Aldrich) was spin coated
(4000 rpm for 30 s) from a toluene (anhydrous, 99.8%, Sigma Aldrich) solution (2 mg/mL)

and annealed at 100<C for 10 min in N2 atmosphere (glovebox).

Table 3.1. Substrates used for the different characterization methods (HR-CSAS: high
resolution continuous source absorption spectrometry, SEM: scanning electron microscopy,
SPV: modulated surface photovoltage spectroscopy, solar cells: current-voltage characteristics

at AM1.5, IRSE: infrared spectroscopic ellipsometry).

Substrates Characterization
glass/ITO HR-CSAS
glass/ITO/PTAA SEM, SPV

glass/patterned ITO/PTAA  solar cells

glass/ITO/AU/PTAA IRSE

The 1 M precursor solution was prepared by dissolving Pbl2 (99.99%, TCI) and CHsNHsl
(99%, dyenamo) with the molar ratio of 1:1 in the mixed solvent of DMSO (anhydrous,
>99.9%, Sigma Aldrich) and DMF (anhydrous, 99.8%, Sigma Aldrich). Then the solution
was stirred at 60<C overnight. Then the precursor solution was spin coated onto the
prepared substrate at 3000 rpm for 7 s to form a precursor layer. After vacuum-assisted
treatment and post annealing, a dark-brown MAPbIs perovksite layer formed. During the
vacuume-assisted treatment and post annealing, some parameters including the solvent ratio,
the substrate temperature during vacuum-assisted treatment (Tvac, taken as the surface
temperature of the Peltier element), the time of sample exposing in vacuum (tvac), the
temperature (Tann) and the time (tann) of post annealing were varied to study their influence
on MAPbIs layers and solar cells. The post annealing was performed on a preheated hot

plate. Figure 3.3 shows the temperature calibration of the hot plate, i.e. the evolution of the
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temperature at the surface of a dummy sample for different annealing temperature. The
annealing temperature was reached in the experiments within 15-20 s. Therefore, it was

reasonable to start the experiments with the annealing time of 1 min.

(a) Temperature sensor
Ag

ITO glass \‘
PR T T

Heat

Multimeter

(b)

100 |
75

50 |

set temperature:

Temperature on sample (°C)

25|

0 5 10 15 20 25
Heating time (S)

Figure 3.3. Setup for the temperature measurement (a) and temperature calibration of a

sample on the hot plate for annealing set-temperatures of 60, 80 and 100<C (b).
Table 3.2 gives the overview of the parameter variations for the different series of

experiments. Incidentally, samples were prepared on different substrates for each series

with regard to the requirements of the given characterization techniques (Table 3.1).
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Table 3.2 Overview of varied parameters of vacuum-assisted treatment and post

annealing.
Series DMF:DMSO Tann .
. Tvac (T) tvac (5) tann (mln)
number (volume ratio) (T)
12:1
9:1
8:1
1 30 60 100 10
7:1
6:1
4:1
20
30
2 9:1 40 60 100 10
50
60
10
30
60
3 9:1 30 100 10
120
300
600
60 150
80 60
4 9:1 30 60
100 10
120 5
1
2
4
6
5 9:1 30 60 100 g
10
15
30
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3.1.3. Fabrication of perovskite solar cells

All the perovskite solar cells in this thesis were prepared with the same structure (See
Figure 3.4). In the solar cells, the PTAA layer and the Ceo layer were used as hole
transporting layer and electron transporting layer, respectively. The BCP layer played
a role of hole blocking layer. The ITO and Cu layers were used as anode and cathode,

respectively.

Perovskite

. glass

Figure 3.4. Schematic drawing of the MAPbI; perovskite solar cells.

The PTAA and MAPbDIs layers were prepared as described above. A Ceo (99.5%,
Sigma Aldrich) layer with a thickness of 23 nm was evaporated at 350<C with a rate
of 0.1 A/s. Then an 8 nm thin BCP (99.99%, Sigma Aldrich) layer was evaporated at
130<C with a rate of 0.2 A/s. Finally, a 100 nm Cu layer was evaporated with a rate of
1 AUs. For all thermal evaporation steps, the pressure in the evaporation chamber was
about 7x10° Pa. The size of the glass substrate was 25x25 mm?. The areas and shapes
of ITO layer and Cu layer are shown in Figure 3.5. Each substrate had 6 pixels of

solar cells and the active area was 4x4 mm? for each cell.
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Figure 3.5. Sketch maps of ITO layer (a) and Cu layer (b).

3.2 Modulated surface photovoltage (SPV) spectroscopy

3.2.1 Principle of SPV

A surface photovoltage (SPV) arises when photo-generated charge carriers are
separated in space. Therefore, SPV techniques are effective methods to investigate
photo-generated charge carrier separation in layers by detecting the change in the
surface dipole [3971, SPV can be used as a non-destructive, contactless and
surface-sensitive tool to analyze electronic properties of semiconductor materials such
as transition energies. Processes of charge separation, transport and recombination can
be studied by SPV. In our experiments, we applied the modulated SPV spectroscopy
to measure the band gap (Eg) and the parameter of the exponential tails close to Eq (E)

of the MAPDIs layers prepared under different conditions.

As shown in Figure 3.6 (a), SPV signals are measured between the sample and the
reference electrodes. Both electrodes are connected with a measurement resistance
(Rm). Therefore the Fermi levels of these two electrodes can be aligned via electrons
flow. The difference between the work functions of the sample electrode (Ws) and the
reference electrode (Wrer) is defined as the contact potential difference (CPD). Under
illumination, the incident light causes a change in surface dipole and therefore work
function of the sample electrode results in a change of CPD (ACPD, see Figure 3.6

(b)). The light induced voltage between the electrodes (Vs) is equal to -ACPD and is
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the surface photovoltage signal.

reference reference

i sample

sample {cPD T {CPD
ACPD
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(a) (b)

Figure 3.6. Energy schemes of a sample electrode with a surface layer and reference
electrode in the dark (a) and under illumination (b). Both the electrodes are connected
by a measurement resistance. The reference electrode is connected to a high impedance
buffer. The work functions of the sample and reference electrodes are W; and W,
respectively. The contact potential difference (CPD), the light induced change of the

CPD (ACPD) and the light induced voltage between the electrodes (Vs) are indicated.

The SPV signal Vs is equivalent to the potential at a charged parallel plate capacitor

[98] which can be written by the following equation:

=Q'ds
80'8

v, (3.2)

As shown, Vs is proportional to the distance between the centers of positive and
negative charge carriers (ds). Q is the amount of separated charge carriers in space
obtained by integration of photo-generated charge carriers of the same sign over the
thickness of the investigated layer. The two constants are vacuum permittivity (eo=

8.85x1012 F/cm) and permittivity () respectively.
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Figure 3.7. lllustration of mechanisms of charge separation [charge separation in a
space charge region of a doped semiconductor (a), preferential trapping at surface states
in the cases of a space charge region (b) and absence of a space charge region (c), surface
sensitization with dye molecules and injection of charge carriers (d), light induced
change of polarization of molecules (e), light induced change of orientation disorder (f),
and light induced reconfiguration of molecular structures (g)]. Reprinted from ref [99],

with the permission of AIP Publishing.

Figure 3.7 gives an overview of processes leading to charge separation. The most
frequent process is the charge separation in a surface space charge region of a
semiconductor with a width of the space charge region (W) which can change from
the nanometer to the micrometer ranges. Depending on the measurement conditions,

the value of ds is close to W (a). Charge can be trapped at semiconductor surface
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states, for example, at a crystalline Si surface, leading to a charge separation in space
(b). Furthermore, asymmetric trapping and different diffusion coefficients of mobile
positive and negative charge carriers can cause SPV signals (c). The value of ds is
usually much smaller than the layer thickness D. The injection of charge carriers
causes a SPV signal when insulators are sensitized, for example, with dye molecules
(d). The value of ds is limited by the thickness of the blocking layer. The polarization
of adsorbed molecules changes under illumination and can be detected as a SPV
signal (e). The value of ds depends on the size of a molecule and on internal charge
transfer. The orientation disorder (f) or restructuring of adsorbed molecules (g) caused

by a change in polarization may also affect the behavior of ds.

For the SPV measurements on MAPDIs layers, (a) is the dominating mechanism.
There are few defects at the MAPDIs surface. And considering the sample structure
(glass/ITO/PTAA/MAPDI3), charge transfer (injection or internal photoemission) via
excitation from PTAA can be neglected as there is very small (nearly no) hysteresis

[100-101] jn the prepared solar cells.

3.22 Band gap and exponential tails analysis by low signal

modulated SPV spectroscopy

The SPV spectroscopy performed with examining modulated illumination at low light
intensities (usually the order of tens of uW/cm?) is called low signal modulated SPV
spectroscopy. The sign of modulated SPV signals gives the direction of modulated
charge separation. A positive SPV signal is measured for separation of electrons
towards the sample electrode whereas a negative SPV signal is obtained when

electrons are separated towards the sample surface.

In modulated SPV measurements with a double phase lock-in amplifier, the in-phase
signals (x signals) and phase-shifted by 90<signals (y signals) are distinguished. The

x and y signals correspond to the sine or cosine of the modulated signals, respectively.
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The amplitude of modulated SPV signals (R) is defined as:
R =x?+ y? (3.3)
The phase angel (¢) is defined as:
(p = arc tan% (3.4)

Analysis can be made for x, y and R signals.

As mentioned before, the SPV signal is proportional to the charge separation length.
For MAPDIs layers with built-in electric fields, the width of the space charge region
will be disturbed due to the modulated photo-generation. But if this disturbance is
much smaller than the width, the error can be ignored, and the charge separation
distance can be assumed as a constant. Besides, the SPV signal is also proportional to
the amount of separated charge carriers. For the analysis of the Eq and E:, the amount
of separated charge carriers shall be proportional to the amount of absorbed photons
when meeting the following conditions: (1) Low signals depend linearly on the light
intensity. (2) Charge separation length and/or diffusion length are (much) smaller than
the absorption length which is the case near Eg. (3) No change of SPV sign, i.e. the

phase angle is nearly constant (no change of the charge separation mechanism).

For Eq analysis, the nature of Eg is considered in the analysis of the so-called Tauc
plot. This method of determining Eq was introduced by Tauc who demonstrated that
amorphous germanium has an indirect transition in its optical absorption spectrum
[1921 For a semiconductor with a direct band gap, the Tauc plot is found from the
extrapolation of the linear region of the squared spectrum normalized to the photon
flux to the axis of the photon energy (see Figure 3.8 (a)). If there is only one
mechanism of charge separation and relaxation, the distribution of exponential defect
states below the band gap can be analyzed by dividing the SPV amplitude by the
photon flux (®). The value of Et was obtained by fitting the leading edge of the SPV

amplitude normalized ® with an exponential function also called Urbach plot 1% (see
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Figure 3.8 (b)).

R—B hv — E, 35

Where B is a proportionality factor, hv is the photon energy.

(R / ®@)?
(arb.un.)
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Figure 3.8. Analysis of the band gap with Tauc plot (a) and of the exponential tails with

Urbach plot (b) for a direct semiconductor.

3.2.3 Setup for modulated SPV spectroscopy

Figure 3.9 shows a schematic of the setup for SPV measurement in the fixed capacitor
arrangement 1%, The change of the surface potential is measured with a capacitor.
The sample is one of the electrodes of the capacitor, and the other electrode is
composed of a quartz cylinder coated by SnO2:F. A mica sheet (30 pm) is placed
between these two electrodes as a dielectric layer. The light of a halogen lamp (100 W)
is directed into a monochromator. The photon energies are adjusted with a quartz
prism monochromator (SPM2). The exciting light is modulated with a mechanical

44



chopper (modulation frequency 16 Hz) resulting in alternating variation of the SPV
signals. The SPV signals were coupled with a high impedance buffer (input resistance

50 GQ) and measured with a double phase lock-in amplifier (EG&G 5210).

monochromator

parabolic lamp

mirrorr- chopper
oM ®

reference
signal

N, repressing

electrode
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sample >

lock-in

vacuum

Figure 3.9. Schematic of the setup configuration for surface photovoltage measurements

in the fixed capacitor arrangement.

The measurement capacitor with the sample and the high-impedance buffer with the
powering battery were placed into a homemade SPV chamber in order to reduce the
noise level (100 — 300 nV). For SPV measurements, a certain series of samples was
monolithically prepared in the glovebox where each sample was enclosed into a
separate sample box (closed). After the depositions, the modulated SPV
measurements were performed on each sample of the given series within the same day.
After taking out a sample box from the glovebox, the given sample was placed
immediately into the SPV chamber, which was then evacuated to vacuum and filled

with nitrogen atmosphere (base pressure 7x10* Pa).
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3.3 High-resolution continuum source absorption spectrom-
etry (HR-CSAYS)

3.3.1 Principle of HR-CSAS

High-resolution continuum source atomic/molecular absorption spectrometry uses the
basic principle of atomic absorption spectrometry (AAS). It makes use of the
atomic/molecular absorption spectrum of a sample in order to assess the concentration
of specific analytes within it. It requires standards with known analyte content to
establish the relation between the measured absorbance and the analyte concentration

and relies therefore on the Lambert — Beer Law 193],

In brief, the electrons of the atoms/molecules can be promoted to higher orbitals
(excited state) for a short period of time (nanoseconds) by absorbing a defined
quantity of energy (radiation of a given wavelength). This amount of energy is
specific for a particular electron transition in a particular element. The width of an
absorption line is only of the order of a few picometers (pm), which gives the
technique its elemental selectivity. Incidentally, a very high spectral resolution can be
reached by combining a pre-monochromator with an echelle monochromator [1%l, The
radiation flux without and with a sample in the atomizer is measured using a CCD
detector, and the ratio between the two values (the absorbance) is converted to the

analyte concentration or mass using the Lambert — Beer Law.

In HR-CSAS, a continuum radiation source with high intensity in the ultraviolet
region (Xe lamp) was used instead of an element-specific line radiation source in
traditional AAS [97 The high light intensity allowed for highly sensitive
measurements at high resolution without the need for minimizing the sample dilution
[198], The main advantages of such methodology are: (1) real simultaneous registration
of analyte absorption and background; (2) extended dynamic range; (3) improved
detection limits; (4) determination of non-metals and halogens; (5) simultaneous

element detection during one atomization step.
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An example of a HR-CSAS spectrum is shown in Fig. 3.10 illustrating the molecular
spectrum of carbon monosulfide (CS). The peak at 258.055 nm belongs to CS
molecules. The specific peak at 258.055 nm is integrated for HR-CSAS analysis.

Figure 3.10. Time- and wavelength resolved CS molecular absorption spectrum around

258.055 nm.

3.3.2 Measurement of HR-CSAS

The instrumental concept of HR-CSAS is shown schematically in Figure 3.11. The
atomic/molecular absorption measurements were performed in a high-resolution
spectrometer system, model contrAA 700 (Analytik Jena AG, Jena, Germany) with a
transversely heated graphite furnace. The instrument was equipped with a 300 W
xenon short-arc lamp operating in a hot-spot mode as a continuum source for
wavelengths from 190 nm to 900 nm, a high resolution double monochromator,
consisting of a prism pre-monochromator and an echelle grating monochromator, and
a linear CCD-array detector. Pyrolytically coated standard graphite tubes with
Pin-platform (Analytik Jena. Part no. 407-A81.025) were used for heating the analyte

solution.
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The quantification of DMSO is based on the fact the one DMSO molecule contains
one sulfur atom (S), and the DMSO is the only S-containing ingredient of the
perovskite layer. The determination of S was accomplished by using the CS molecular
absorption [10%-1191 To reduce the experimental errors caused by the difference

between the samples, the Pb in the perovskite layer was also detected by HR-CSAS.

Graphite furnace

Xenon short-arc lamp

High-resolution
monochromator

Figure 3.11. Instrumental concept for HR-CSAS. Reprinted from ref [106] with the

permission of John Wiley & Sons.

For sample preparation, a MAPbIs layer on the substrate was washed into a 1.5 ml
microcentrifuge tube with acetonitrile. To do this, the substrate was kept inclined for
about 45°so that the pipetted solvent is slowly spreading on the thin film. For one
piece sample (2.5 cm x 2.5 cm) the washing procedure was performed three times
using 100 A acetonitrile each time. After washing, additional 200 | pure water was
added into the microcentrifuge tube. The tube was shortly vortex mixed, and then the
total volume of the solution was evaporated to 200 | at about 35 <C heated under a
halogen lamp. Finally, 3-5 mg zinc powder was added, and vortex mixed again. The
top solution was used for the determination of S. The precipitate was dissolved by
using 100 i nitric acid and diluted to 5 ml with water. This solution was used for the

determination of Pb.
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For the determination of the amount of S, 20 I sample solution together with 5 i
palladium modifier solution were charged into the graphite tube. The optimized
temperature program used for the S determination is given in Table 3.3. At the high
temperature, the DMSO molecules decompose and CS molecules are formed. The CS
molecular absorption line at 258.056 nm was used for the determination and
quantification of S. Peak volume selected absorbance (PVSA), i.e., integrated
absorbance summated over three pixels has been used for signal evaluation. The
calibration was accomplished using a calibration curve recorded with aqueous S

standard solution made of DMSO.

For the determination of the amount of Pb, 5 I sample solution were charged into the
graphite tube. The optimized temperature program used for the Pb determination is
given in Table 3.3. Due to the high concentration of Pb, a weak Pb atomic absorption
at 261.418 nm (only 2.1% sensitivity of the Pb line at 217.000 nm) was used for the
determination and quantification of Pb. Peak volume selected absorbance (PVSA), i.e.,
integrated absorbance summated over three pixels has been used for signal evaluation.
The calibration was accomplished using a calibration curve recorded with aqueous Pb

standard solution.

Table 3.3. Temperature programs used for the generation of CS absorption spectra and
for the atomization of Pb in the graphite furnace. S standard solution was made of

DMSO. Wavelengths 258.056 nm for CS and 261.418 nm for Pb.

Step Temperature (<C) Heating rate (<C/s) Hold time (s)
Drying 1 90 4 20
Drying 2 110 4 30
Pyrolysis 160 (for CS) 200 10

400 (for Pb)
Vaporization 2500 (for CS) 3000 4
Atomization 1900 (for Pb)
Cleaning 2600 1000 3
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The S standard solution was prepared by dissolving high-purity DMSO (Sigma
Aldrich) in deionized water. Zinc powder with particle size less than 45 pm (pro
analysi, Merck, Darmstadt, Germany) was used for reducing and separating the Pb
matrix. Nitric acid (65%) of “pro analysi” quality, and palladium matrix modifier
were provided by Merck (Darmstadt, Germany). Acetonitrile for ULC/MS was
provided by the Biosolv (Valkenswaard, Netherlands). Argon for spectrometry

(99.998 % vol.) was supplied by Air Liquid (Berlin, Germany).

3.4 Infrared spectroscopic ellipsometry (IRSE)

3.4.1 Principle of IRSE

Ellipsometry is a robust technique which helps us to accomplish contact free,
non-destructive and in-situ studies of surfaces or layers. When combining a Fourier
transform spectrometer with a photometric ellipsometer, more information such as

electronic band structure and chemical bonds could be obtained [111-112],

As shown in Figure 3.12, when linearly polarized light with a known orientation is
reflected at oblique incidence from an interface, it generally becomes elliptically
polarized. The new orientation and shape of the ellipse depend on the direction of the
polarization of the incident light, the angle of incidence, and the optical properties of
the interface. And the light can be classified as two orthogonally polarized
components: the paralleled (p) and the perpendicular (s). We assume that the
amplitudes of p- and s-components of the incident and reflected light are Epi, Esi, Epr,

Esr, respectively. Define the reflection coefficients:
R, =2, Ry=—" (3.6)

Then the ration of the reflectance is:

& _ Ep‘r‘/Epi _ (Ep/Es)r ei(Br=P0) (3.7)
Rs Esr/Esi (Ep/Es)i
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Where Bi= (Bp-Ps)i is the phase difference in the incident light, and Br= (Bp-Bs)r is the

phase difference in the reflected light. Define the amplitude ratio:

E,/E
tan¥ = % (3.8)
and phase difference change:
4=p - (3.9)
then
};—IS’ =tany -e* (3.10)

The ¥ and A are called ellipsometric parameters, both of them can be measured
independently and experimentally. The availability can help to assign bands by

identification of the Kramers—Kronig relations in the corresponding spectrum.
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Figure 3.12. Principle of measurement: upon reflection at the sample, the polarization of
the light is changed, i.e. the linearly polarized incident light becomes elliptically

polarized after reflection.

3.4.2 Measurement of IRSE

The infrared spectroscopic ellipsometry measurements were carried out in the

300-5000 cm™ spectral range at room temperature. Infrared ellipsometry is only
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practicable in combination with Fourier transform spectrometer (FTS). The optical
layout of the photometric ellipsometric measurement is shown in Figure 3.13.

In our measurement, The IRSE setup is a custom-built infrared spectroscopic
ellipsometer attached to a FTIR (Vertex 70 from BRUKER, Germany) equipped with
a liquid nitrogen cooled photovoltaic mercury cadmium telluride (MCT) detector and
permanently purged with dry air. The ellipsometric parameter tan'¥, defined as the
amplitude ratio of the reflected p- and s-polarized components, was measured at a
spectral resolution of 4 cm™, an incidence angle of 80°for 4 cycles of 64 scans.

Further details on the ellipsometric method can be found in ref.[114].
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Figure 3.13. General procedure of infrared spectroscopic ellipsometry. Reprinted from

ref [113] with the permission of Elsevier.

Compared to a dense DMSO layer, the vibrational absorption of DMSO molecules
diluted in the perovskite layer is much smaller because of the relatively low density of
vibrational dipole moments. For an isotropic thin layer on a metallic substrate then the
bands in a tan¥ spectrum would correlate almost linearly with the vibrational

absorption. The relative accuracy of the linear correlation between the integrated
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density of DMSO molecules homogeneously diluted in MAPbIs and the IRSE signals
at the S=0 vibrational mode better than 5% was estimated by using the Briggemann
effective medium approximation, a layer thickness is about 400 nm and a refractive

index of the MAPDI3 equals to 2.

3.5 Scanning electron microscopy (SEM)

3.5.1 Principle of SEM

Electron microscopy (EM) is a technique that is often used for imaging
nanometer-scale objects. It works in a similar way to traditional light microscope,
however, a beam of electrons with a well-defined de Broglie wavelength replaces the
visible light 151, And magnetic fields are used to focus the electron beams instead of
lenses. There are mainly two types of electron microscopy: the transmission electron

microscopy (TEM) and the scanning electron microscopy (SEM).

The working mechanism of SEM is based on the interactions of the electrons and
atoms at various depths in the sample. In SEM, when the focused electron beam of
high energy collides on the sample surface, various kinds of signals are produced (see
Figure 3.14), detected and sent to a video screen. These signals include secondary
electrons (SE), Auger electron, characteristic X-rays, continuous X-rays,
back-scattered electrons (BSE), transmitted electrons and electromagnetic radiations
in ultraviolet, visible and infrared regions. Besides, electron-hole pairs, phonons
(lattice vibrations) and plasmas (electron oscillation) can also be produced. By
analyzing these signals, various physical and chemical properties of the samples such
as morphology, composition, crystal structure and electronic structure can be

obtained.
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_____________
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Backscattered electrons
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Figure 3.14. Different types of signals produced from different regions

3.5.2 Composition and application of SEM

Scanning electron microscope consists of three major components: a vacuum system,
an electron beam system, and an imaging system. Figure 3.15 shows a brief schematic
of the basic SEM components. The vacuum system mainly includes a vacuum pump
and a vacuum column. And the main reason to use a vacuum system is that the
filament in the electron beam system will be rapidly oxidized and disabled in
atmosphere. The other reason is to increase the electron mean-free-path, then more

electrons can be collected for imaging.

Electron source

— 1 Anode

Condenser lens

Secondary
electron detector / b

Figure 3.15. Brief schematic of the basic SEM components.

Sample

54



The electron beam system is composed of an electron gun and electromagnetic lenses.
It is mainly used to generate an electron beam with a narrow energy distribution and
certain energy for scanning image. At last, different detectors such as SE detector and

BSE detector are used for the imaging system to analysis the generated signals.

The most common mode of scanning electron microscope is to detect secondary
electrons emitted by exited atoms at the sample surface. The intensity of SE signal is
affected by the included angle between the incident electron beam and surface, so an
image of surface morphology can be obtained by detecting the generated SE signals.
As the intensity of BSE signal is strongly related to the atomic number, BSE images
can provide information about the elements distribution in the sample. Moreover, the
characteristic X-rays can be used to identify the abundance of elements in the sample.
In our experiment, SEM is used analysis the surface morphologies of perovskite film

from top view and cross section.

3.6 Characterization of solar cells

Under illumination, a solar cell can provide a certain photovoltage at a given
photocurrent. The combination of these two operation parameters for the solar cell is
called a working point. According to Ohm’s law, a particular working point of a solar
cell is fixed with a load resistance (RL). The short circuit current (Isc) and the open
circuit voltage (Voc) are measured at R which is, under idealized conditions, equal to
zero or infinitely high, respectively. The Isc normalized to the area of the solar cell is
called the short circuit current density (Jsc). A current-voltage characteristic (J-V
characteristic) is a plot of all working points in a considered range. Figure 3.16 shows

schematically the J-V characteristic of a solar cell under illumination.

The working point at maximum power is called the maximum power point (mpp). The
corresponding photovoltage and photocurrent density are called Vmp and Jmp,

respectively.
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Figure 3.16. Example of a current-voltage characteristic (a) and of the corresponding
power-voltage characteristic (b) of a solar cell under illumination. The open circuit
voltage, the short circuit current density, the maximum power point and the voltage and
current density at the maximum power point are denoted by Voc, Jsc, mpp, Vmp and Imp,

respectively.

The values of Jsc and Voc can be measured directly. Thus, it is easier to characterize
the maximum power with the Jsc, Voc and an additional parameter. This parameter is
described as the proportion of the maximum power and the product of Jsc and Voc. It

is therefore called the fill factor (FF).

p = Jmp e (3.11)
Jsc *Voc
The power conversion efficiency (PCE) of a solar cell is defined as the ratio between
the maximum output power of the solar cell and the incident power from the sunlight
(Pin).

Voc * FF
PCE =]SC+ (3.12)
i
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In the equivalent circuit of a solar cell (Figure 3.17), there are two fundamental
functions expressed by a current source driven by illumination, i.e. the photo current
(Iph) generator, and a diode describing the condition of charge separation, i.e. the

current can only pass through the element in one direction.

Figure 3.17. Equivalent circuit of a solar cell containing a photocurrent generator, a
diode describing charge separation, a load resistance (RL), a shunt resistance (Rsn) and a

series resistance (Rs).

A current across a diode (Ip) is described by the diode equation.
q-U
T

Ip=1I" [exp (kB : ) - 1] 3.13

The diode equation contains the proportionality factor which is called the diode
saturation current (lo) or diode saturation current density (Jo, in a unit area). The diode
saturation current is a specific characteristic of each solar cell depending on the

absorber and contact materials as well on their geometry.

The resistance of an ideal diode is very low in forward direction and very large in
reverse direction. So the photo current is not shunted by the diode. Therefore the
photo current is a reverse current and has to be subtracted from the diode current. For
I-V characteristics, the Iph corresponds to Isc as a convention. This results in the diode

equation of the ideal solar cell.

q-U
T

[=1Ic—1p- [exp (ks : ) — 1] (3.14)

The Voc of an ideal solar cell can be obtained from equation 3.14 when setting the

current to zero.
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kg-T Isc kg-T Isc
Voc = *In (—+ 1) ~ *In (—) 3.15
oc p I, p I, (3.15)

The value of lo depends on the materials and on interfaces between materials forming
the diode and can change over many orders of magnitude. The importance of lo for the
performance of a solar cell follows from the limitation of Voc by lo. The minimization
of lo is crucial for the optimization of the performance of solar cells in general. Based

on equation 3.15, lo can be roughly estimated from the measured Isc and Voc.

I
= — (3.16)

e (T-5)
In practice, solar cells have losses due to ohmic resistances. For example, contact
resistances or material resistances are responsible for series resistances (Rs) and local
shunts or other factors cause shunt resistances (Rsn). As depicted in Figure 3.17, Rs

and Rsn have to be considered in the equivalent circuit of a real solar cell.

When the Rs and Rsh are taken into account, the diode equation is

_ q'(U‘I’I'Rs) U+I'RS
[ = ISC IO [eXp( kB T 1 RSH (317)

The values of Rs and Rsn can strongly influence the I-V characteristics of a solar cell.
Figure 3.18 shows the principal influence of Rs and Rsu on the J-V curves of solar

cells.

As known, a part of the photon flux from the sun (®sun) is absorbed and converted
into the photocurrent of the solar cell. The photons have different energy (Eph) and the
photons with energy below the Eg don not participate the process of photoelectric
conversion. The maximum photo current can be obtained if all photons with energy
equal or above Eq are absorbed and each absorbed photon generates one electron-hole

pair (quantum efficiency equal to 1).
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[1ax = q - f Dyn(Epn) * dEpn (3.18)

Eg
Solar cells are characterized under standard test conditions (STC, ref [116]). Under
STC for AM1.5G (global radiation at air mass 1.5), the temperature is 25<C, Pin is
equal to 100 mW/cm? and the sun spectrum is equal to the spectrum given, for
example, in ref [117]. The band gap of MAPDIs is of the order of 1.55 eV. The
maximum photocurrent density for a solar cell based on MAPbDIs is of the order of

25-28 mA/cm=see ref [118]).

(a)

— low Rq

(b)

Current Density

high Rqy

Voltage

Figure 3.18. J-V characteristics for a solar cell with negligible Rsy (a) or Rs (b) for

different values of Rs (a) and Rsn (b).

Moreover, as described above, when a photon is absorbed by the absorber in a solar
cell it can produce an electron-hole pair. The photo-generated electrons may reach the
p-n junction and contribute to the current produced by the solar cell; such an electron

is said to be collected. Or, the electrons recombine with no contribution to the current.
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The ratio between the number of collected photo-generated electrons (Ne) and of

incident photons (Npn) is called quantum efficiency (QE) of a solar cell.

Ne()
Nph (}\)

QE() = (3.19)

The external quantum efficiency (EQE) of a solar cell includes the effect of optical
losses such as transmission and reflection. The Jsc of a solar cell can be calculated if
the EQE spectrum of a solar cell is known. For this purpose, the product of the EQE
spectrum and the photon flux spectrum of the sun (esun(X)) are integrated over the

wavelength.

Jso =a- [ BQEO)- ®an@-dh  (320)
0

The values of the Jsc obtained from the J-V characterization with a sun simulator and
obtained from the EQE spectrum should be equal if the sun simulator and the
reference solar cell for the analysis are well calibrated. In practice, however, there is a

deviation due to the experimental errors.

In our experiments, J-V characterization under 1 sun equivalent illumination were
performed by using an Oriel LCS-100 class ABB sun simulator in a Nz-filled
glovebox. The sun simulation was calibrated with a c-Si reference solar cell from
Fraunhofer ISE. J-V scans were performed with a Keithley 2400 SMU, controlled by
a program written in LabView. The voltage values were swept in 20 mV steps with an
integration time of 40 ms per point and settling time of 40 mV after voltage
application, corresponding to a scan speed of 250 mV/s. This fast scan speed was
chosen to emphasize possible current-voltage hysteresis. Forward and reverse scan

were swept subsequently without interruption.

EQE spectra were recorded with an Oriel Instruments QEPVSI-b system with a
Newport 300 W xenon arc lamp, controlled by TracQ-Basic software. The white light

is split into monochromatic light by a Newport Cornerstone 260 monochromator and
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chopped at a frequency of 78 Hz before being conducted to the PSC surface via
optical fibers. The system is calibrated using a Si reference cell with known spectral
response before every measurement. The average short-circuit mismatch between

integrated values from EQE and values from J-V scans is 1-5%.
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4. Properties of MAPDIz layers and solar cells
with varied vacuum-assisted evaporation condi-
tions

The formation of perovskite layers from films of dissolved precursor salts depends on
numerous factors influencing evaporation, formation of intermediate phases and
formation of seeds. For a vacuum-assisted treatment, such factors can be (1) the
stoichiometry of solvents (such as DMF:DMSO), (2) the temperature during
vacuum-assisted treatment (Tvac), (3) the time of vacuum-assisted treatment (tvac), (4)
the value of the vacuum, and (5) the composition of dissolved salts. In this chapter,
we kept the values of the vacuum (60 Pa) and the composition of dissolved salts
(methylamine and Pbl2) unchanged and varied DMF: DMSO, tvac, and Tvac. The

influence of variations on MAPDI3 layers and solar cells were investigated.

4.1 The function of vacuum-assisted treatment in perovskite

preparation

Hybrid organic-inorganic metal halide perovskite absorbers for solar cells are usually
prepared from metal salt solutions. Films of metal salt solutions can be easily
deposited by spin coating, printing or dipping. Then the films of the dissolved
precursor solutions are transferred into perovskite phase by performing evaporation of
solvents and subsequent annealing at a relatively low temperature (post annealing,
usually at 90-150<C). The controlled evaporation of the solvents is important for the
formation of a homogeneous perovskite layer. As a method for rapid solvent
evaporation, vacuum-assisted evaporation of solvents (vacuum-assisted treatment) is

one of the practical way to control the morphology.

To understand the effect of vacuum-assisted evaporation on the morphology of the
perovskite film, the nucleation and growth process of the perovskite in solution

system can be described by the classical LaMer model, which is widely used to
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explain the nucleation and grain growth process 9121, In Figure 4.1 (a), the LaMer
curves show the concentration change of the perovskite precursor solution as a

function of time at a constant and isothermal evaporation rate of the solvent.

As illustrated, the LaMer model can be divided into three stages. At the first stage,
with the evaporation of the solvent, the solution concentration reaches saturation
concentration (Cs). However there are no nuclei generated because the energy barrier
needs to be overcome. Once the solution concentration exceeds a supersaturation
concentration (minimum concentration of nucleation, Cmin), in the second stage,
nuclei start to generate. With the continuous evaporation of solvent, the solution
concentration continuously increases, and as a result, the nucleation rate increases.
Afterwards, the solution concentration drops below the Cmin as the solute is
continuously consumed during the nucleation. At this point, the nucleation rate drops
down to zero. Then, in the third stage, the size of the nuclei gradually increases due to
the continuous addition of monomers. Figure 4.1 (a) also shows that, under the fast
solvent evaporation, the nucleation period of time is longer. This is because the rapid
evaporation of solvent keeps the solution concentration above the Cnmin in spite of the

solute consumption.

Figure 4.1 (b) shows the nucleation/growth model in perovskite precursor solution
under slow and fast solvent evaporation. As shown, under the slow solvent
evaporation, after the nuclei are generated, those nuclei will grow rapidly because of
the large sized colloidal particles dispersed in the precursor solution 22, leading to
fast solute consumption. Then the solution concentration drops down to Cmin quickly
but is larger than Cs. In the later stage, no more nuclei are generated on the substrate
but grains will continuously grow in the region. These grains grow too fast and too
large based on colloidal particles, leading to localized solute accumulation on the
substrate (1231241 Therefore the perovskite film contains large sized rod-shaped grains
from colloid-based growth and small grains from solution-based growth and bares the

substrate due to the reasons of the fast crystal growth rate and few nuclei generated.
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Figure 4.1. LaMer model of slow solvent evaporation (blue curve) and fast solvent
evaporation (red curve): the concentration change of the perovskite precursor solution
as a function of time at a constant evaporation rate of the solvent (a), the
nucleation/growth competition model under slow solvent evaporation and fast solvent
evaporation (b), surface morphologies of MAPDbI; films prepared by slow solvent
evaporation and fast solvent evaporation respectively (c). Cs: saturation concentration;
Cnmin: minimum concentration of nucleation; Cmnax: maximum concentration of

nucleation.
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Under the fast solvent evaporation, the solution concentration stay above Cmin longer.
Thus the nuclei are generated on the substrate until there is no place left and the
crystal growth time reduces remarkably. Finally the uniform grain size and
full-coverage perovskite film can be obtained. Based on the above analysis and the
LaMer model, if the vacuum-assisted treatment is adopted, a perovskite layer with
high quality could be produced. However, the measured surface morphologies of
MAPbDIs layers prepared via slow and fast solvent evaporation (see Figure 4.1 (c))

were consistent with the estimated result from the model.

4.2 Influence of the DMF/DMSO ratio during the

vacuum-assisted treatment

The mixed solvents of DMF and DMSO are frequently used for preparing
high-quality pervoskite layers in solution method. As they have different boiling
points and bonding abilities with Pblz, changing the DMF/DMSO ratio (below
mentioned DMF/DMSO ratios are all volume ratios) will have significant effect on
the solvent evaporation, the formation of intermediate phases and the formation of
seeds thus affecting the crystal quality, the surface morphology, the electronic and the
optical properties of these perovskite films (the temperature and the time of

vacuum-assisted treatment were kept at 30T and 60 s respectively).

4.2.1 Influence of the DMF/DMSO ratio on morphology of MAPDbI3

The SEM images of the MAPbIs films are shown in Figure 4.2.
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Figure 4.2. Surface view morphologies of the MAPDbI3 films prepared from precursor solution with the DMF/DMSO ratio of 12:1(a), 9:1(b), 8:1(c),

7:1(d), 6:1(e) and 4:1(f). The scale bars in all large images are 2 pm and the scale bars in all small images are 1 pm.
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From the top-view images, we can observe that the grain size gradually increased
when the DMF/DMSO ratio decreased from 12:1 to 7:1. From the grain size
distributions (Figure 4.3), we found that the mean size increased from 241 to 316 nm,
and more crystals larger than 300 nm formed with increasing DMSO proportion. But
when the DMSO proportion continued to increase (6:1 and 4:1), many small crystals
(smaller than 200 nm) appeared and large clusters without clear grain boundaries

formed.
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Figure 4.3 Grain size distribution of MAPbI; prepared from precursor solutions with

DMF/DMSO ratios of 12:1 (a), 9:1 (b), 8:1 (c) and 7:1 (d).

Note that more pinholes/voids existed in the MAPbIs films when the proportion of
DMSO increased. The pinhole densities are shown in Figure 4.4. The pinhole density
increased by an order of magnitude when the DMF/DMSO ratio was reduced from
12:1 to 9:1. Hereafter, although the pinhole densities had a trend of increase, the

variation was small. The increasing proportion of DMSO increased the boiling point
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of the mixed solvent which led to a decline in the solvent evaporation rate.
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Figure 4.4. Pinhole densities of MAPbI; films as a function of the DMF/DMSO ratio.

The solid line is a guide for the eye.

On the basis of the above results and the qualitative nucleation/growth model, a
higher DMSO proportion caused the formation of a smaller number of nuclei and of
larger grains due to shorter nucleation and longer growth times. Therefore, the mean
size of grains increased, but the pinhole density increased as well. As the proportion
of DMSO continued to increase, larger grains no longer formed and many small
crystals and clusters appeared. This is in contradiction to the qualitative
nucleation/growth model (solution-based growth). However, one has to take into
account that increasing coordination between DMSO and Pblz can lead to a strong
increase of nuclei (colloid-based growth). A quantitative, i.e. Kinetic, model
considering both solution-based and colloid-based growth shall take into account the

competition between DMF, DMSO and iodide for adsorption sites.

4.2.2 Influence of the DMF/DMSO ratio on the band gap and

exponential tails of MAPDI3
Figure 4.5 shows in-phase and phase-shifted by 90°SPV spectra of MAPDIs prepared
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from the precursor solutions with DMF/DMSO ratio of 12:1, 9:1, 8:1, 7:1, 6:1 and 4:1.
The in-phase signals were negative for all samples. This means that photo-generated
electrons were separated preferentially toward the external surface. Furthermore, the
amplitude of in-phase signals successively increased with the increasing DMSO

proportion and the phase-shifted by 90 “signals changed a little.
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Figure 4.5. In-phase and phase-shifted by 90°SPV spectra of MAPDbI; prepared from the
precursor solutions with DMF/DMSO ratios of 12:1, 9:1, 8:1, 7:1, 6:1 and 4:1 (squares,

circles, triangles, stars, pentagons and hexagons respectively).

The values of Eg were determined from the SPV amplitude spectra by analyzing the
Tauc plots (Figure 4.6 (a)). For the samples prepared from the precursor solutions
with DMF/DMSO ratio of 12:1, 9:1, 8:1, 7:1, 6:1 and 4:1, the values of Eg were 1.564,
1.559, 1.551, 1.547, 1.545 and 1.543 eV, respectively (Figure 4.6 (b)). Therefore, the
increase of the DMSO proportion in the precursor solution led to a decrease of the
band gap of MAPDIs. Therefore, the band gap of MAPDIs layers is not constant but
depends on preparation conditions. This shall be caused by tiny distortions in the local

crystal structure.
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Figure 4.6. Tauc plots of the SPV amplitude spectra of MAPbI; layers prepared with

DMF/DMSO ratios of 12:1, 9:1, 8:1, 7:1, 6:1 and 4:1 (squares, circles, triangles, stars,
pentagons and hexagons, respectively) (a) and band gaps as a function of the

DMF/DMSO ratio (b).

Figure 4.7 (a) shows the quotient of the SPV amplitude and the photon flux spectra on
a logarithmic scale. The exponential increase close to Eg was described by the
characteristic energy of exponentially distributed defect states below the band gap (Ev).
As shown, the corresponding values of E: were low and amounted to 22.5, 20.5, 20.5,
20, 18.8 and 19.5 meV for the DMF/DMSO ratio of 12:1, 9:1, 8:1, 7:1, 6:1 and 4:1,
respectively (Figure 4.7 (b)). Furthermore, Et showed a trend of decrease with

increasing DMSO proportion. For comparison, the exponential tails were of the order
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of 80—140 meV for In2S3 layers deposited from a solution-based process [125],
Therefore, the disorder in MAPbI3 layers was relatively low and did only slightly

change as a function of the DMF/DMSO ratio.
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Figure 4.7. Spectra of the quotient of SPV amplitude and the photon flux on a
logarithmic scale near the band gap of MAPbI; layers prepared with DMF/DMSO ratios
of 12:1, 9:1, 8:1, 7:1, 6:1 and 4:1 (squares, circles, triangles, stars, pentagons and

hexagons respectively) (a) and exponential tails as a function of the DMF/DMSO ratio

(b).

4.2.3 Influence of DMF/DMSO ratio on MAPDbI3 based solar cells

Typical J-V characteristics in forward and backward scans for a MAPDI3 based solar
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cell from our experiments are shown in Figure 4.8. In the forward scan, the values of
Jsc, Voc, FF were 20.77 mA/cm?, 1.09 V, 77.68%, respectively, and corresponded to
an efficiency of 17.54%. In the backward scan, the values of Jsc, Voc, FF were 20.66
mA/cm?, 1.09 V, 78.06%, respectively, and corresponded to an efficiency of 17.53%.
All values were very close, even the fill factors. The hysteresis index between the

forward and backward scans can be defined as [126I:

s o) AV = [ Jyor (V)Y

4.1
[ Jrew(V)AV *U

H

Where Jror(V) and Jrev(V) are the current densities during forward and reverse scan
respectively. The absolute value of hysteresis index was 0.002 for the given example.
Since the hysteresis index was comparable to this very small value also for other solar
cells, only the forward characteristics were considered for the variation of parameters

and statistics in the following analysis.
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Figure 4.8. Typical J-V characteristics in forward and backward scans (red and blue
lines, respectively) for a solar cell based on a MAPDbI; layer prepared by

vacuum-assisted treatment.

Figure 4.9 shows the measured values of Jsc, Voc, FF and PCE for the solar cells
based on the MAPDI3 prepared from the precursor solution with DMF/DMSO ratios of

12:1,9:1, 8:1, 7:1, 6:1 and 4:1, respectively. There were about 12 solar cells measured
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for each DMF/DMSO ratio.

As shown in Figure 4.9 (a), the highest PCE of 17.43% was obtained from the solar
cells based on the MAPDIs prepared from the precursor solution with the
DMF/DMSO ratio of 9:1. The average value of the PCE was 17.27%. For comparison,
the average PCE was 17.00% for DMF/DMSO ratio equal to 12:1. Furthermore, the
values of the average PCE decreased with decreasing DMF/DMSO ratios to 16.20%,
15.60%, 15.50% and 13.48% for DMF/DMSO ratios of 8:1, 7:1, 6:1 and 4:1,
respectively. The solar cells prepared for a DMF/DMSO ratio of 9:1 also had the
highest values of Voc (Figure 4.9 (b)) and Jsc (Figure 4.9 (c)). With the increasing
DMSO proportion, the values of the average Jsc were 20.60, 21.04, 20.31, 19.78,
19.99 and 18.11 mA/cm? in turn. There was a decline trend when DMSO proportion
kept increasing. But it was not monotonous at the DMF/DMSO ratio of 6:1. For the
values of the average Voc, the trend was the same. In contrast, there was no clear
trend for FF which scattered between about 73 and 78% (Figure 4.9 (d)). The
maximum values of FF for DMF/DMSO ratios of 12:1, 9:1, 8:1, 7:1 were about
77.5%, but for DMF/DMSO ratios of 6:1 and 4:1, the maximum values were 76.5%
and 74.5% respectively.

According to the results, we speculate that when the DMF/DMSO ratio declined from
12:1 to 9:1, the grain size was the main factor which affected the solar cell
performance. The diffusion length in MAPDIs layers is limited by the size of the
grains 61, Therefore, larger grain size helped to increase the diffusion length of
photo-generated charge carriers [, Furthermore, an increase of the mean grain size
also meant a decrease of the region around grain boundaries available for

recombination which reduced the recombination loss.

As the DMSO proportion kept increasing, the performance of solar cells showed
descend trend with a decrease in all parameters. The decline of Voc in solar cells was

larger than that of band gap by a factor of the order of 3. Therefore, the increased
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recombination rate with increasing DMSO proportion was not only caused by a
reduction of Eg (limitation by radiative recombination) but also influenced by other

recombination processes.
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Figure 4.9. (a) power conversion efficiency (PCE), (b) short-circuit current density (Jsc),
(c) open-circuit voltage (Voc) and (d) fill factor (FF) of the solar cells based on the
MAPDI; prepared from the precursor solution with DMF/DMSO ratios of 12:1, 9:1, 8:1,

7:1, 6:1 and 4:1, respectively.

Moreover, we also compared the average values of the measured short-circuit current
densities (Jsc) and the maximum values of the ideal short-circuit current densities
(JS&*, see the calculation of Jg&* in Chapter 3) from the MAPbDIs solar cells with
different measured band gap. As shown in Figure 4.10 (a), the Jsc increased when the
Js&* decreased with the increased band gap. It could be that the change of

morphologies of MAPbIs reduced the optical loss. Besides comparing the difference
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between Jg&* and Jsc, the diode saturation current density (Jo) was also studied
(Figure 4.10 (b), see the diode equation of the ideal solar cells in Chapter 3). The
importance of Jo for the performance of a solar cell follows from the limitation of Voc
by Jo. The minimization of Jo is crucial for the optimization of the performance of
solar cells in general. As shown, there was a downtrend of Jo when the band gap
increased. Combined with the previous result, the solar cells which showed better

performance were based on the MAPbIs prepared with less DMSO.
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Figure 4.10. The average values of the measured short-circuit current densities (Jsc), the
maximum values of the ideal short-circuit current densities (J3&*) and the diode
saturation current density (Jo) of MAPDI; solar cells based on MAPbI; prepared from

solution with different DMF/DMSO ratio.

4.3 Role of the temperature during the vacuum-assisted

treatment

Except the boiling point and bonding ability, the temperature is also a main factor
which has effect on the solvent evaporation and crystallization. Therefore, the surface
morphology, electronic properties and optical properties of MAPbI3 prepared with
different temperature during vacuum were investigated (the DMF/DMSO ratio and

the time of vacuum-assisted treatment were kept at 9:1 and 60 s respectively).

4.3.1 Role of the temperature for the morphology of MAPDI3 layers

The SEM images of the MAPDIs films are shown in Figure 4.11.
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Figure 4.11. Surface view morphologies of the MAPbI; films prepared by vacuum-assisted treatment with the temperature of 20<C (a), 30<C (b),

40<C (c), 50T (d) and 60<C (e). The scale bars in all large images are 2 pm and the scale bars in all small images are 1 pm.
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From the top-view images, we can observe that, more and more small crystals

appeared while the amount of crystal over 400 nm dropped off when the temperature

increased from 20<C to 60<C.

40

500

£ °
c 3 m
0 [
g <
N
Nm o .
N s N
. £ ¢ £
c
% o & 1] =
g = ] =
£ @ £ @
N N
) n
g £ £
® '® ©
o o
o (U]
o
o
o~
— [=4 —
o
<) )
o o s w o
© © - © «
£ S £
m c 3 c
~ -}
2 3 o
o N o~
™ .. ° ..
o %
N N & N
0 \mr 0 \ml ("]
c c c Z
(1] [ M g £ % 1
£ o | B TS| B 7%
N N 7
] n vz
£ g £ /
© ® © 7
o o
O (U]
(=]
o
o~
— — e —
© O = [
— - -
o e w o ° =
© © - © o« o w

Grain size (nm)

Figure 4.12. Grain size distribution of MAPDbI; prepared by vacuum-assisted treatment

with the temperature of 20<C (a), 30<C (b), 40<C (c), 50<C (d) and 60<CT (e).

And the mean size (Figure 4.12) decreased from 273 to 209 nm. The higher

temperature not only increased the rate of solvent evaporation but also supplied more
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heat for crystallization. From the LaMer model, we know that there is a competition
between the nucleation and crystal growth. When the rate of solvent evaporation
increased by higher temperature, the solution concentration had more time to keep
above the minimum concentration of nucleation. It is known that the solubility of
MAPbIs increases with the increasing temperature when it’s below 60°C [1?7], So the
crystal growth was inhibited with the increasing temperature and the nucleation
dominated. This helps explain the formation of more small crystals. But there were no

dense films obtained when the temperature increased.

Instead, as shown in Figure 4.13, the pinhole densities of the MAPDIs films increased.
This is not accord with the crystallization model of MAPDIs that we created before. In
the experiments, it is important to note that the color of the films changed from
transparent to light brown with the increasing temperature. This indicated that only
MAI2 Pbl2 DMSO intermediate phase formed after vacuum-assisted treatment at low
temperature and more MAPDbI3 formed as the DMSO was removed from the
intermediate phase after vacuum-assisted treatment at high temperature. This
happened slowly when comparing with the post annealing at higher temperature, and
caused an inhomogeneous crystallization. It might be the reason of pinholes

formation.
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Figure 4.13. Pinhole densities of MAPDI; films as a function of temperature. The solid

line is a guide for the eye.
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4.3.2 Role of the temperature for the band gap and exponential tails of

MAPDI;

As before, we investigated the Eq and E: of the MAPbIs layers prepared by
vacuum-assisted treatment with different temperatures. Figure 4.14 shows in-phase
and phase-shifted by 90° SPV spectra of MAPbIs prepared by vacuum-assisted
treatment with the temperature of 20C, 30C, 40<C, 50<C and 60<C. The amplitude

of in-phase signals increased with the increasing temperature (except 50 <C).
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Figure 4.14. In-phase and phase-shifted by 90 overview surface photovoltage spectra of
MAPDI; prepared by vacuum-assisted treatment with the temperature of 20<C, 30C,

40<C, 50<C and 60<C (squares, circles, triangles, stars and pentagons respectively).

As shown in Figure 4.15, for the samples prepared with the temperature of 20<C,
30C, 40<C, 50<C and 60T, the values of Eg were 1.571, 1.574, 1.56, 1.554 and
1.558 eV respectively. The overall trend of the band gap was decreasing when the
temperature of vacuum-assisted treatment increasing and the maximum difference

was 20 meV.
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Figure 4.15. Tauc plots of the SPV amplitude spectra of MAPbDI; layers prepared at

temperature of 20<C, 30C, 40<C, 50C and 60<C (squares, circles, triangles, stars and

pentagons respectively) (a) and band gaps as a function of the temperature (b).

The exponential tails of the MAPbIs layers prepared by vacuum-assisted treatment

with different temperature were shown in Figure 4.16 (b). The corresponding values

of Et were amounted to 22, 20, 19, 18.5 and 17.5 meV for the temperature of 20<C,

30C, 40C, 50C and 60T, respectively. This means the disorder of MAPDIs slightly

decreased when the temperature of vacuum-assisted treatment increased.
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respectively) (a) and exponential tails as a function of the temperature (b).

4.3.3 Role of the temperature for MAPDI; based solar cells

Figure 4.17 shows the Jsc, Voc, FF and PCE of the solar cells based on the MAPbDIs
prepared by vacuum-assisted treatment with the temperature of 20<C, 30<C, 40T,
50<C and 60T, respectively. As shown in Figure 4.17 (a), the highest PCE of 17.79%
were obtained from the solar cells based on the MAPDbIs prepared by vacuum-assisted

treatment at 20<C. The values of average PCE for 20<C and 30<C were very close
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(17.12% and 17.15% respectively). Then the values of average PCE decreased from
16.13% to 15.10%, when the temperature increased from 40<C to 60<C. The solar
cells for 30T also had the highest value of Jsc (21.24 mA/cm?). And the value of
average Jsc for 30T (20.86 mA/cm?) was higher than that for 20<C (20.69 mA/cmy).
For 40, 50 and 60<C, the values of average Jsc decreased to 19.96, 19.73 and 19.70

mA/cm?, respectively.
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Figure 4.17. (a) power conversion efficiency (PCE), (b) short-circuit current density (Jsc),
(c) open-circuit voltage (Voc) and (d) fill factor (FF) of the solar cells based on the
MAPDI; prepared by vacuum-assisted treatment with the temperature of 20<C, 30C,

40<C, 50<C and 60<C, respectively.

The maximum values of Voc (Figure 4.17 (c)) for each temperature had little
difference, which were between 1.07 and 1.08 V. The values of average Voc had a

trend of decline. The values of average FF for 20, 30 and 40<C were also very close
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(about 78%, Figure 4.17(d)). When the temperature increased to 50 and 60<C, the
values of average FF decreased to 75.87% and 74.50%, respectively. And the
deviation became much larger. The decline of the performance of MAPDI3 solar cells
could be attributed to two reasons. On one hand, the amount of grain boundaries
increased as more small crystals formed, this created more obstruction for the charge
carrier transporting and increased the recombination loss causing decrease of Jsc and
Voc. On the other hand, the shunt resistance was decreased by the formed pinholes

and that led poor FF.

Then, we also compared the average values of the Jsc and Jg&* from the MAPbDIs
solar cells with different measured band gap. As shown in Figure 4.18 (a), the Jscc
increased when the Jg&* decreased with the increasing band gap. It also suggested

that MAPDI3 layer with less pinholes provided reduced the optical loss.
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Figure 4.18. The average values of the measured short-circuit current densities (Jsc), the
maximum values of the ideal short-circuit current densities (J3&*) and the diode
saturation current density (Jo) of MAPbDI; solar cells based on MAPDI; prepared by

vacuume-assisted method with different temperature.

At last, the diode saturation current density (Jo) was studied. As shown in Figure 4.18
(b), Jo decreased when the band gap increased. Combined with the previous result, the
solar cells which showed better performance based on the MAPbIs were prepared at

lower temperature.
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4.4 Effect of the vacuum-assisted treatment time

More solvent will be removed in vacuum for a longer time. In this section, we expose
the precursor solution layers to vacuum for different time, and studied the surface
morphology, electronic properties and optical properties of MAPbI3 prepared with
different vacuum-assisted treatment time (the DMF/DMSO ratio and the temperature

of vacuum-assisted treatment were kept at 9:1 and 30 <C respectively).

4.4.1 Effect of the vacuum-assisted treatment time for the morphology

of MAPDI 3z layers

Figure 4.19 shows the SEM images of the MAPblIs films prepared by vacuum-assisted
treatment with different time. From the top-view images, we can observe that, more
and more small crystals appeared while the amount of crystal over 400 nm dropped
off when the vacuum-assisted treatment time increased from 10 s to 600 s. And the
mean size (Figure 4.20) decreased from 298 to 202 nm. In the experiments, we could
observe that the color of precursor solution layer changed from transparent to light
brown while the vacuum-assisted treatment time increasing. At longer time, more
DMSO was removed from the rest solution, even from the MAI Pbl2 DMSO

intermediate phase. And that led a formation of MAPDIs.
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Figure 4.19. Surface view morphologies of the MAPDI3 films prepared by vacuum-assisted treatment with the time of 10 s (a), 30 s (b), 60 s (c), 300 s

(d) and 600 s (e). The scale bars in all large images are 2 pm and the scale bars in all small images are 1 pm.

85



600

£
c E
~
© P s
(3] o~ 0
E .-a
N 8
n —_ m - =
c £ c g E
© c © c
m £ P £
@ o
N E N
) g 0
£ - £
s g
o O
(=]
(=]
~N
—_— —_ 48
o o =
= =
0 e :
o~ < “
(=]
=]
w
E £ £
c c c
© < - o
o
& S a «
v P )
N & 8
n _ ) o = "
c £ c 48 E c
o c [ c «
] = @ = m
@ o
E N E N
fr o !
£ s £
i g
(0] O
Qo
=}
o~
(=]
—_— — =3 _
T Q A Q
-~ s =

204

400

Grain size (nm)

600

Figure 4.20. The grain size distribution of MAPbI; prepared by vacuum-assisted

treatment with the time of 10 s (a), 30 s (b), 60 s (¢), 300 s (d) and 600 s (e).

The precursor film became darker meant more MAPDI3 formed and less intermediate

layers prepared

phase left. After post annealing, more pinholes formed in the MAPbI3

with a longer vacuum-assisted treatment time (Figure 4.21). From the morphologies

we can speculate the formation of MAPDbI3 before post

of prepared MAPbIs film

annealing was not good for obtaining MAPbIs film with high quality.
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Figure 4.21. Pinhole densities of MAPDI; films as a function of time. The solid line is a

guide for the eye.

4.4.2 Effect of the vacuum-assisted treatment time for the band gap

and exponential tails of MAPbI3

Finally, we investigated the band gap and exponential tails of MAPDIs layers prepared

by vacuum-assisted treatment with different vacuum-assisted treatment time. Figure

4.22 shows in-phase and phase-shifted by 90°SPV spectra of MAPbIs prepared by

vacuume-assisted treatment with the time of 10 s, 30 s, 60 s, 300 s and 600 s. And the

amplitude of in-phase signals increased with the decreasing time.
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Figure 4.22. In-phase and phase-shifted by 90 “overview surface photovoltage spectra of

MAPDI; prepared by vacuum-assisted treatment with the time of 10 s, 30 s, 60 s, 300 s

and 600 s (squares, circles, triangles, stars and pentagons respectively).
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As shown in Figure 4.23 (b), for the samples prepared with the time of 10 s, 30 s, 60 s,
300 s and 600 s, the values of Eg were 1.563, 1.563, 1.562, 1.560 and 1.566 eV
respectively. The band gap remained about the same. This indicated that the
vacuum-assisted treatment time didn’t have obvious impact on the band gap of the

formed MAPDIs layers.
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Figure 4.23. Tauc plots of the SPV amplitude spectra of MAPbDI; layers prepared with
the time of 10 s, 30 s, 60 s, 300 s and 600 s (squares, circles, triangles, stars, pentagons

and hexagons respectively) (a) and band gaps as a function of the time (b).

The exponential tails of the MAPDIs layers prepared with different time of
vacuum-assisted treatment were shown in Figure 4.24 (b). The corresponding values

of Et were amounted to 20.5, 20.5, 20.5, 20.5 and 21 meV for the time of 10 s, 30 s,
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60 s, 300 s and 600 s, respectively. Similarly, the vacuum-assisted treatment time had

a negligible effect on the disorder of the formed MAPDI3 layers.
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Figure 4.24. Spectra of the quotient of SPV amplitude and the photon flux on a
logarithmic scale near the band gap of MAPbDI; layers prepared with the time of 10 s, 30
s, 60 s, 300 s and 600 s (squares, circles, triangles, stars, pentagons and hexagons

respectively) (a) and exponential tails as a function of the time (b).

4.4.3 Effect of the vacuum-assisted treatment time on MAPbI; based

solar cells
Figure 4.25 shows the measured Jsc, Voc, FF and PCE of the solar cells based on the

MAPbIs prepared by vacuum-assisted treatment with the time of 10's, 30 s, 60 s, 300 s
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and 600 s, respectively. As shown in Figure 4.25 (a), the highest PCE of 17.80% was
obtained from the solar cell based on the MAPDbIs prepared by vacuum-assisted
treatment at the time of 10 s. With the increasing time, the values of the average PCE
were 17.45%, 17.17%, 17.26%, 16.43% and 14.99%, respectively. The highest Jsc of
21.48 mA/cm2 was also obtained at the time of 10 s. The average values were 21.10,
20.77, 20.86, 20.47 and 19.38 mA/cm?, respectively. And the average values of Voc
were 1.07, 1.07, 1.06, 1.05, and 1.02 V, respectively. There were decline trends in
both of average values of Jsc and Voc. In contrast, the highest FF of 78.89% and the
highest average FF of 77.94% were both obtained from the solar cells prepared at the
time of 60 s. The average values of FF increased when the vacuum-assisted treatment
time increased from 10 s to 60 s. Then it decreased at a longer vacuum-assisted
treatment time. Considering the little change of band gap, the decrease of Voc could
be attributed to more defects formed at the surface when the vacuum-assisted
treatment increasing which affected the recombination rate. And the increased region

around grain boundaries also could lead a decline of Jsc.

Then, we also compared the average values of the Jsc and Jg&* from the MAPbDIs
solar cells with different measured band gap. As shown in Figure 4.26 (a), the Jsc
increased when the Jg&* decreased with the increasing band gap then turned to
decreased at the band gap of 1.566 eV (It belonged to the MAPbIs layer prepared with
a vacuum-assisted treatment time of 600 s). It also suggested that the optical loss
increased again when the MAPbDIs layer prepared with a long vacuum-assisted

treatment time.
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Figure 4.25. (a) power conversion efficiency (PCE), (b) short-circuit current density (Jsc),
(c) open-circuit voltage (Voc) and (d) fill factor (FF) of the solar cells based on the
MAPDbI; prepared by vacuum-assisted treatment with the time of 10 s, 30 s, 60 s, 300 s

and 600 s, respectively.

At last, the diode saturation current density (Jo) was studied. As shown in Figure 4.26
(b), Jo decreased when the band gap increased then increased at the band gap of 1.566
eV. Combined with the previous result, the solar cells which showed better
performance based on the MAPbIs prepared at shorter vacuum-assisted treatment

time.
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Figure 4.26. The average values of the measured short-circuit current densities (Jsc), the
maximum values of the ideal short-circuit current densities (J§&*) and the diode
saturation current density (Jo) of MAPbDI; solar cells based on MAPDbI; prepared by

vacuum-assisted method with different vacuum-assisted treatment time.

4.5 Conclusions

For the vacuum-assisted method, it has been shown that the components of solvent,
the temperature of substrate during the vacuum and the time of vacuum-assisted
treatment all had influence on the morphologies and electronic bulk properties of the
prepared MAPDIs layers, which affected the performance of MAPbDIs solar cells. First,
at fixed temperature (30<C) and vacuum-assisted treatment time (60 s), the solvent
evaporation rate increased with the increasing DMSO proportion. From the LaMer
model, this led to a shorter time of nucleation and a longer time of growth, which
caused larger crystals and more pinholes formed. But the further increase of DMSO
proportion led to the formation of small crystals and large clusters, and the reason was
not clear yet. Second, at fixed solvent composition (DMF:DMSO = 9:1) and treatment
time (60 s), the solvent evaporation rate increased with the increasing substrate
temperature. However, the solubility was increased at the range of 20C to 60T,
which means the Cmin Was also increased. As a result, more small crystals formed with
the increasing temperature. It was supposed that the nucleation period increased. The
increased pinhole densities might be due to an inhomogeneous nucleation and growth

at higher temperature (40-60<C). At last, at the fixed solvent composition
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(DMF:DMSO = 9:1) and substrate temperature (30<C), a longer vacuum-assisted
treatment time increased the nucleation period and reduced the growth period which
led to the formation of more small crystals. More complete perovskite seeds formed
as the solvent was removed from the intermediate. This might result in an
inhomogeneous crystallization during post annealing which caused more pinholes

formed.

In conclusion, higher DMSO proportion, higher substrate temperature and longer
vacuume-assisted treatment time were all against the formation of high quality MAPbI3
layer. The highest PCE of 17.8% was obtained from the solar cell based on the
MAPbDIs layer prepared with the optimized factors (DMF:DMSO = 9:1, 30<C, 10 s) at

the given pressure of 60 pa.
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5. Out-diffusion of solvent molecules during the

formation of MAPDI;
5.1 The solvent residue during the MAPDI3 layer formation

Usually, y-butyrolactone (GBL), N-methyl-2-pyrrolidone (NMP), DMF and DMSO
are used as solvents for precursor solutions in solution-based deposition of
organic/inorganic lead halide (PbXz where X= Cl, Br, I) perovskites. It is well known
that lead halides can coordinate with monodentate (Y) and bidentate (YY) ligands to
form five types of adducts: PbXz <Y, PbXz 2Y, 2PbXz <Y, PbXz Y'Y, and PbX2 2YY
whereas not all halides and ligands produced each type 128129 Incidentally, these
kinds of adducts are also called Lewis acid—base adducts %%, where a base is defined
as electron-pair donor and an acid as electron-pair acceptor (see the reaction in figure
5.1 a). In the solution, lead halides act as acceptors and the solvents act as donors
(S-donors, O-donors, N-donors). DMSO, DMSF and NMP all belong to O-donors

(see the chemical structures in figure 5.1 b).

(a) A +:B — A-B

acid  base adduct
(b) DMSO DMF NMP
-
i i
H3C/S\CH3 P Tk N o
éH-:, CH;

Figure 5.1. (a) Lewis acid (A) — base (B) reaction to form an adduct (A-B) with a dative

bond, (b) Lewis bases (DMSO, DMF and NMP) with oxygen donor (O-donor).

The hard and soft acid-base concept, also known as Pearson acid-base concept, is
widely used in chemistry for explaining stability of compounds, reaction mechanisms
and pathways. It assigns the terms 'hard' or 'soft', and 'acid' or 'base' to chemical
species. 'Hard' applies to species which are small, have high charge states (the charge

criterion applies mainly to acids, to a lesser extent to bases), and are weakly
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polarizable. 'Soft' applies to species which are big, have low charge states and are
strongly polarizable 31, In this concept, Pb(ll) is classified as borderline soft, and
therefore should bind more strongly with soft S-donors than with hard O-donors. Pb(11)
is probably made even softer by symbiosis %2 with the surrounding halogen atoms,
an effect which should decrease in the order 1 > Br > Cl, and hence acceptor powers
should decrease in the order Pbl2 > PbBr2 > PbCl.. For the same O-donors, seen from
the chemical structures, DMSO is expected to have the strongest Lewis basicity due to
the electron donating supported by the nearest methyl group 1%, And NMP has the
second strongest Lewis basicity due to the support from conjugated electrons 133, As
Lewis base, their basicity also correlated with the donor number (Dn). The Gutmann’s
donor number is defined as the negative enthalpy value for the 1:1 adduct formation
between a Lewis base and the standard Lewis acid SbCls in dilute solution in the
non-coordinating solvent 1,2-dichloroethane. And the larger Dn implies the stronger
basicity. From the previous study, the Dn of DMSO, NMP and DMF are 29.8, 27.3
and 26.6 kcal/mol respectively (34, Therefore, the strength of dative bond with Pblz is

supposed to be DMSO > NMP > DMF.

Although DMF can form intermediate adducts with lead halides such as Pbl. DMF, it
is unstable due to the relative weak dative bond with Pbl.. Part of the MAI Pbl. DMF
converts into MAPbDIs before post annealing. This leads to inhomogeneous
crystallization. Finally, a dendritic perovskite film forms. The addition of DMSO can
help with improving the stability of intermediate adducts by forming
MAI Pblz DMSO. In previous reports, mixed DMF/DMSO as solvent was usually
used in precursor solution for preparing high-quality perovskite film [135-138] \When
preparing the perovskite film with one step spin coating, most of the solvent is
removed during or after the spin coating by anti-solvent dripping, hot casting, solvent
bathing or vacuum-assisted evaporation. Therefore the intermediate adduct formed

before post annealing, and it plays a crucial role in controlling the morphology.

As shown in Fig. 5.2, at the initial stage during spin coating, the film was composed
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of MAI and Pblz dissolved in the DMF/DMSO solvent mixture, whereas in the
intermediate stage, the composition of the film was concentrated by the evaporation
of DMF and DMSO. Then the vacuum-assisted evaporation led to the immediate
freezing of the constituents after spin coating via the quick removal of the excess
DMF and DMSO solvent and the rapid formation of the MAI Pbl2 DMSO adduct
(also a few amount of MAI Pbl2 DMF adduct), leaving a uniform and transparent thin
layer. The role of DMSO (DMF) in the MAI Pbl2 DMSO adduct (MAI Pbl. DMF
adduct) is to retard the rapid reaction between Pbl2 and MAI during the evaporation of
solvent in the spin coating vacuum process. Finally, a uniform, compact and pure
crystalline MAPDI3 pervoskite film was obtained after post annealing. In this process,

the key material is the film consisting of MAI Pbl. DMSO.

QOO
BLIE % e ey K
ol (KK

O MAI A DMSO [ DMF [Pblg]*

Figure 5.2 Scheme for the formation of the perovskite material via the MAI°Pbl,sDMSO
intermediate adduct. Adapted by permission from ref [9]. Copyright (2014) Springer

Nature Customer Service Centre GmbH.

During the MAPbDI3 film formation, most of the combined DMSO evaporate via post
annealing. But the evaporation of DMSO is limited by their transport through the
forming layer and a few DMSO will stay in the perovskite even after post annealing.
Periodic DFT calculations were performed to get information about the stability of
DMSO molecules trapped inside the MAPDIs structure. Figure 5.3 shows the
computational model of the perfect MAPbIs structure, the MAPDIs structure with a
MA* vacancy, and the MAPbI3z structure with a DMSO molecule trapped at the
position of the MA™ vacancy. The binding energy of DMSO molecules trapped at the
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position of the MA* vacancy was found to be -3.58 eV. Therefore, DMSO molecules

incorporated into a perovskite crystal during the crystal growth are stable.

(©) *»T )*{xﬁ) -

QP (,
$ R CHNH,' + [Pblg} oy’ y° DMSO

Figure 5.3 Ideal structure of MAPDI; (a), structure of MAPDbI; with a MA* vacancy (b),

and structure of MAPbI; with a DMSO molecule trapped at the position of the MA*

vacancy (c) as calculated by DFT simulations.

The residual quantity depends on the annealing temperature and annealing time. As so
far, only little is known about residual solvent molecules in metal halide perovskite

layers and their influence of on the electronic properties of perovskites.

5.2 Model for diffusion of solvent molecules in a MAPbI3

layer

The concentration of solvent molecules in the perovskite precursor layer can be
assumed to be homogeneous across the layer thickness (d) before annealing. During
annealing, solvent molecules disappear via the interface of the perovskite layer with
the ambient atmosphere whereas solvent molecules do not disappear via the interface
with the substrate. Therefore, the evolution of the concentration of solvent molecules
in the perovskite layer can be simulated with a simple one-dimensional diffusion
model including reflecting boundary conditions at the internal interface (x = 0) and a

sink at the external interface (x = d).
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The one-dimensional diffusion equation, also called ‘Fick’s second law of diffusion’,
which relates the rate of change of concentration at a point to the spatial variation of

the concentration at that point:

%=Da—zc, x€(0,d),te(0,T) (5.1)

ot 0x?

Where c¢ is the population density, c(x,t) is a unknown function that depends on
location x and time t, D is the diffusion coefficient and determines how fast ¢
changes in time. For our experiments, the one-dimensional diffusion equation with a

source term was simulated with the simple recursion formalism.

lation d&nsity, c

pu

o Sing

o0 bo”lld
z+1 [ . -
1 ey B 4

\

Figure 5.4 The changes of population density depend on diffusion length and time.

The first step in the discretization procedure is to replace the domain (0,d) x (0, T)

by a set of mesh points. As shown in Fig. 5.4, we apply equally spaced mesh points:
x; =iAx, i=0,..,N,,and t; =nAt, n=0,...,N;

Moreover, c;*denotes the mesh function that approximates c(x;, t,) for i =0, ..., N,
and n =0, ..., N;. Requiring equation 5.1 to be fulfilled at a mesh point (x;,t,)

leads to the equation:
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) GE
Sz c(xytn) = Do—c(x; ty) (52)

ot d0x?
The next step is to replace the derivatives by finite difference approximations. The
computationally simplest method arises from using a forward difference in time and a
central difference in space, written out:

n+1 n n n n
;. —C Ciz1—2¢; +¢4

[ —
A7 =D A2 (5.3)

C

We have turned the equation 5.1 into algebraic equations, also often called discrete
equations. The key property of the equations is that they are algebraic, which makes
them easy to solve. As usual, we anticipate that c/* is already computed such that
c*1 is the only unknown in equation 5.2. Solving with respect to this unknown is

easy:

ci’”'1 =+ F(chy —2¢] + ¢ 1) (5.4)

F = DAt/Ax? is the key parameter in the discrete diffusion equation. Note that F is a
dimensionless number that lumps the key physical parameter in the problem, D and
the discretization parameters Ax and At into a single parameter. All the properties
of the numerical method are critically dependent upon the value of F. In our

experiments, equations of the boundary conditions are:
Internal surface: b=ty + F(ch, —2c,) (5.5)
External surface: e =y, +F(cfy, 1 — 2cty,)  (5.6)

The diffusion coefficient (D) of molecules in solids is of the order of 1020 — 10° cm.
A similar range can be expected for the diffusion coefficients of solvents in perovskite.
The insert of figure 5.5 shows the depth dependencies of the concentration for a layer
thickness of 200 nm after different times of diffusion with a diffusion coefficient of

10" cm3&.

The time dependencies of the integrated concentrations are depicted in figure 5.5 for

different values of D. At longer times, the decay of the integrated concentrations can
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be well fitted with an exponential (decay time constant t). This opens the opportunity

for fast and robust analysis.
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Figure 5.5 Depth dependencies of the concentration for a layer thickness of 200 nm after
different times of diffusion (insert) and time dependencies of the concentrations
integrated over the depth for diffusion coefficients of 1-10* cm¥, 1-10? cm% and
1-10® cm=s (stars, triangles and spheres, respectively). The reflection and sink
boundary conditions at the internal interface and at the interface to the ambient are
marked the insert. At longer times, the decay of the integrated concentrations can be

well fitted with an exponential.

The ratio of the squared thickness (d<f and t is correlated with the corresponding
values of D in figure 5.6(a). There is a straight slope in the double logarithmic scale,
i.e. d¥& is proportional to D whereas the proportionality factor is about 1.64 for
analysis at longer times (D larger than 101 cm3, figure 5.6 (b)). For the given work,
the accuracy of the proportionality factor of 1.6 is sufficient with respect to the

accuracy of measurements, i.e.
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Figure 5.6 Correlations of the squared layer thickness divided by the decay time
constant (a) and of the diffusion coefficient divided by the squared layer thickness

divided by the decay time constant with the corresponding diffusion coefficient (b).

5.3 Detecting the absolute value of residual solvent (DMSO)
in MAPDIslayers by HR-CSAS

The absolute amount of residual DMSO in MAPbDIs layer was detected by the
high-resolution continuum source absorption spectrometry (HR-CSAS). As shown in
table 5.1, the amount of DMSO and Pb in each sample annealed at 100<C with
different time was measured. The similar amount of Pb indicated that each sample
contained the similar amount of MAPDIs, that is, these MAPbIs layers had good
reproducibility of thickness and area. Besides, the existence of S suggested that there
were still residual DMSO in the MAPDIs layer even after 10 min annealing. However,

the amount of S decreased with the annealing time increasing. These results showed
101



that HR-CSAS can measure the amount of residual DMSO very accurately. But
considering the complex sample preparation, more simple and straightforward method

should be used.

Table 5.1 Sulfur amount in MAPDI; layers with different annealing time.

Molar ratio (S/

Annealing time (min) S (pmol) Pb (pmol)
Pb)
1 0.021 1.52 1.38%
5 0.0065 1.48 0.44%
10 0.0037 1.58 0.23%

5.4 Infrared absorption analysis of MAPDI3 layers

The direct investigation of the diffusion of solvent molecules in forming metal halide
perovskite layers is extremely challenging due to the need for selectivity of
investigated molecules and for avoiding disturbances in the investigated samples by
the measurement technique. As some solvent molecules contain specific chemical
bonds and bond configuration with specific vibration modes (e.g. DMSO contains

S=0), which can be investigated by infrared spectroscopy.

The IRSE (infrared spectroscopic ellipsometry) spectra are sensitive to the integrated
concentrations of residual solvent molecules (such as DMSO or DMF) diluted in the
perovskite layer. Figure 5.7 shows IRSE spectra of MAPDIs layers annealed at 100C
for 1 min and for 30 min. For this annealing temperature and annealing time, some of
the lines of the IRSE spectra disappeared within the resolution of IRSE after the
annealing whereas some of the lines stayed permanent. The positions of the peaks
disappearing or staying permanent after annealing were identical for all samples, i.e.

independent of annealing temperature and annealing time.

102



/ L
77/

1.6
1.4

1.2

V= = = = = — — —

<
<C
|_
a
Z
>
c 1.00f
(1)
e
= 0.99
o
[a
S 0.98
5 O
c
® 0097
)

0.96

| M M M M | M M | M M . L | M M M M | .l/l/ M | M M |
750 1000 1250 1500 1750~ 3000 3500

Wavenumber (cm™)
Figure 5.7 IRSE spectra of MAPDI3 layers annealed at 100<C for 1 min (red line) and for 30 min (blue line), the most prominent peaks are labeled by

numbers and described in table 5.2.
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The peaks disappearing after 30 min annealing had their maxima at 945, 991, 1020,
1310, 1349, 1392, 1406, 1501 and 1642 cm™. The peaks staying permanent after 30
min annealing had their maxima at 911, 962, 1248, 1420, 1468, 1578, 3138 and 3182

cm™.

Table 5.2 Measured resonance frequencies of vibrational modes and peak assignments

for the prepared perovskite layer with residual solvents (MAPbls/DMSO/DMF).

mode label frequency (cm™) description assignment

Po 911 p(CHs-NHz") MAPbI;
Py 945 p(CHas) DMSO
P2 962 v(C-N) MAPbDI3
Ps 991 p'(CHa) DMSO
P, 1020 v(S=0) DMSO
Ps 1248 p'(CH3-NH;") MAPbI;
Ps 1310 85(CHs) DMSO
P, 1349 85(CH3)C DMF

Pg 1392 8s(CH3)N DMF

P 1406 das(CH3) DMSO
P10 1420 das’(CHs) MAPDI3
Py 1468 8s(NH3") MAPbDI3
P 1501 v(C-N) DMF

P13 1578 Sas(NH3") MAPbDI3
P 1642 v(C=0) DMF

Pis 3138 vs(N-H) MAPbDI3
P16 3182 vas(N-H) MAPDI;3

As shown in table 5.2, the peaks at 945, 991, 1020, 1310 and 1406 cm™ can be
assigned to DMSO whereas the largest peak at 1020 cm™ is related to the S=0O
stretching mode. The peak at 1349, 1392, 1501 and 1642 cm™ can be assigned to
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DMF. Among them the peak at 1642 cm™ is related to the C=0 stretching mode. The
peaks staying permanent after annealing are related to vibrations of CH3z-NHs*
(rocking modes at 911 and 1248 cm™), C-N (stretching modes at 962 cm™), CHz
(asymmetric bending modes at 1420 cm™), NHs* (symmetric and asymmetric bending
modes at 1468 and 1578 cm™) and N-H (symmetric and asymmetric stretching modes
at 3138 and 3182 cm, incidentally, due to the overlapping with the thickness

interference the band point upwards). These peaks can be assigned to MA [139-143],
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Figure 5.9 Schematic of peak integration in IRSE spectrum.

IRSE spectrum can not only be used to detect the existence of residual solvents in
MAPDI3 layer but also to quantify the relative solvent residue by calculating the
integral amplitude of peaks (seen in figure 5.9) which can be assigned to the solvents

(such as DMSO).

In figure 5.10, the DMSO residue measured by IRSE (integral amplitudes) increased
with the increase of that measured by HR-CSAS (molar ratio of S/Pb, amount of Pb is
constant), and they could be well fitted with a linear relationship. This illustrates that
describing the change of DMSO residue in MAPbIs layers by integral amplitudes

from IRSE measurement is reliable and any absolute amount of residue DMSO can be
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calculated from the IRSE analysis results by this linear relationship.

o
N
(62}
T
»

o o o
= = N
o o o
T T T

Integral amplitude (arb. un.)

1 . 1 .
0.5 1.0 15

Molar ratio of S/Pb (%)

©

=}
o
o

Figure 5.10 The Change of DMSO residue in MAPDbI; layers with increasing annealing

time, detected by HR-CSAS and IRSE respectively, the green line a linear fitting.

5.5 Analysis of solvents diffusion in MAPDIz layers

5.5.1 Analysis of DMSO diffusion in MAPbI s layers

In IRSE spectrum of MAPbIs layer, we quantify the relative DMSO residue by
calculating the integral amplitude of peaks which can be assigned to DMSO. Figure
5.11 shows IRSE spectra of MAPDI3 layers annealed at 100<C for 1, 2, 4, 6, 8 and 15
min in a reduced spectral range of 930 to 1050 cm™ and 2500 to 4000 cm™. In these
ranges, CHs rocking modes at 945 and 991 cm™* (in DMSQ), C-N stretching mode at
962 cm (in MAL), S=0 stretching mode at 1020 cm™ (in DMSO) and symmetric and
asymmetric N-H stretching modes at 3138 and 3182 cm™ are well resolved. With the
annealing time increased, the peak amplitudes related to DMSO weakened and
eventually disappeared after 15 min of annealing. In the same time, the peak
amplitudes related to MAPDbI3 were invariable. This indicates that DMSO residue
escaped from the MAPbIs layer while the MAPDI3 kept stable.
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Figure 5.11 IRSE spectra of MAPDbI; layers annealed at 100<C for 1 (grey line), 2 (red
line), 4 (blue line), 6 (green line), 8 (purple line), 10 (brown line) and 15 (cyan line) min
in the spectral range of 930 — 1050 cm™ (a) and 2500 — 4000 cm™ (b), the prominent

peaks are labeled.

Figure 5.12 makes the DMSO residue more visually change. In figure 5.12 (a), we can
observe that the peak amplitudes related to CHs and S=0O in DMSO decreased with
increasing annealing time and were below the resolution of IRSE after annealing for

15 min. Whereas in figure 5.12 (b), the peak amplitudes related to CHs and N-H in
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MAI were independent of annealing. Among these peaks related to DMSO, the peak
at 1020 cm™ (S=0 stretching mode) was usually regarded as the fingerprint peak of
DMSO in IR spectrum analysis. And because of the larger amplitude and change, it
was suitable to be applied for DMSO residue analysis. Thus, we quantify the relative

DMSO residue by integrating the amplitude of this peak.

(a) 0.25 |

0.20 |

0.15 F

Vv S=0 (DMSO
0.10 F ( )

p CH, (DMSO)

0.05 |- -

Integrated peaks (arb. un.)

0.00 | P’ CH; (DMSO)
" 1 " 1 " 1 " 1
0 4 8 12 16
Post-annealing time (min)
(b) 160
-
c 40 VgN-H & V gN-H (CH3NH3)
:? F * * x *
e * *
5 120
N—r
)
X
© 100
O
o !
© = PA
g 7
@©
5 0.04 |
7}
et
S o02}
000 1 " 1 " 1 " 1
0 4 8 12 16

Post-annealing time (min)
Figure 5.12 Integral peak amplitudes of vS=0O (triangles), pCH3s (squares) and p’
CHs (circles) in DMSO (a), vsN-H & vasN-H (stars) and pCHs (hexagons) in

MAPDI; (b) depend on different annealing time.
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In figure 5.13, this peak was integrated for the different annealing temperatures and
annealing time. For all annealing temperatures, there was a time range in which the
dependence of the integrated peak could be very well fitted with an exponential decay.
Therefore, in this time range the diffusion model in a homogeneous layer works very
well. The integrated peak measured for the as-prepared sample was much higher than
expected from the diffusion model. Therefore, a layer of DMSO molecules was still
adsorbed at the sample surface and disappeared within the first min of annealing. This
time range could not be well controlled within the given experiments (un-controlled
range). At longer times and higher annealing temperatures, the integrated peaks
decreased with increasing time faster than expected from the diffusion model. The

reason for this is the ongoing crystallization leading to a rougher surface.
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Figure 5.13 Dependence of the integrated IRSE peak of the vs[S=O] vibration mode on
the annealing time for the annealing temperatures of 60, 70, 80, 90, 100 and 110<C (filled

squares, filled circles, open triangles, open squares, open circles and filled triangles,

respectively).

The time constants of the decay of the integrated vs [S=0] peaks amounted to 125, 65,
30, 13, 4.3 and 1.3 min for the annealing temperatures of 60, 70, 80, 90, 100 and

110<C, respectively. These time constants correspond, with respect to a layer
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thickness of 400 nm, to values of d# of 2.1-10, 4.1.101%, 8.9-101%, 2.05.1012,
6.2-10"12 and 2.05-10"1* cm3, respectively.

The Arrhenius plot of the values of d<x is given in figure 5.14. The activation energy
of d%& was not constant. At the lower and higher temperatures, the activation energies
could be approximated by 0.64 and 1.48 eV, respectively. The temperature
dependence of d#t could be fitted with a diffusion coefficient having two activation
energies (Ea1 and Eaz), i.e. the out-diffusion of DMSO was limited by two different
processes. The pre-factors of the diffusion coefficients of the two processes are

denoted by Doz1 and Doz.

Epq Eyp
Dpmso = Do1 - exp | — T + Doz - exp | — T (5.8)
B B

The values of Ea1, Ea2, Do1 and Doz are 0.6 eV, 1.8 eV, 5:10 ¢cm?s and 1.8-10%*

cm3, respectively.
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Figure 5.14 Arrhenius plot of d#t (circles), plots for activation energies of 0.64 and 1.48

eV (blue and red short dashed lines, respectively) and fitted with two diffusion

coefficients with activation energies of 0.6 and 1.8 eV (green line)

Diffusion processes are limited by transport barriers. Two different activation energies
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for the diffusion of DMSO in MAPDIs give evidence for two different kinds of
barriers. We believe that the lower barrier is related to relatively weak bonding of
DMSO in complexes which may include, for example, DMSO and components of the
precursor salts such as Pb?". The higher barrier is related to a more stable
configuration of DMSO molecules in MAPbIs, for example, at a lattice position of the

perovskite.

5.5.2 Analysis of DMF diffusion in MAPDbIs layers

In the previous analysis, we noticed that although DMSO is the main residual solvent,
there was still a small amount of DMF residue in the forming MAPbI3 layer. We also

made some research on DMF diffusion during annealing.
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Figure 5.15 IRSE spectra of MAPDI; layers annealed at 100<C for 1 (black line), 2 (red
line), 4 (blue line), 6 (green line), 8 (purple line), 10 (brown line) and 15 (cyan line) min

in the spectral range of 1340 — 1700 cm, the prominent peaks are labeled

Figure 5.15 shows IRSE spectra of MAPDIs layers annealed at 100<C for 1, 2, 4, 6, 8
and 15 min in a reduced spectral range between 1340 and 1700 cm™. In this range,

except the peaks from MAPDbIs (CHz bending mode at 1420 cm™, NHs* symmetric
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and asymmetric bending modes at 1468 and 1578 cm™), there were also two peaks
assigned to DMF (C-N stretching mode at 1501 cm™ and C=0 stretching mode at
1578 cm™). That means DMF residue was also in the prepared MAPbIz layer because
of the DMF Pbl2 complex formed. When comparing with the DMSO residue, there
was much less DMF residue as the peak intensities were much weaker. The peak
amplitudes also decreased with increasing annealing time and were below the
resolution of IRSE after annealing for 15 min. For the residue analysis, we quantify

the relative amount by integrating the amplitude of peaks at 1578 cm™.
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Figure 5.16 Dependence of the integrated IRSE peak of the v[C=0] vibration mode on
the annealing time for the annealing temperatures of 60, 70, 80, 90, 100 and 110<C (filled
squares, filled circles, open triangles, open squares, open circles and filled triangles,

respectively)

As shown in figure 5.16, this peak was integrated for the different annealing
temperatures and annealing times. Unlike the results from integrated peak of DMSO,
except annealing temperature at 100<C, the dependence of other integrated peaks
could not be fitted with an exponential decay very well. Moreover, the difference of
integral values of DMF peaks was larger after 1 min annealing with different

temperature. The main reason that caused the above results was that DMF is less
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stable in the MAPDIs layer because of the lower boiling point and weaker bond with
Pb when compared with DMSO. Less DMF residue also led to weaker absorptions,
which made it more difficult to analysis. And the inconsistency of DMF residues in

samples caused larger experimental errors.

From figure 5.13, we can work out that the time constants of the decay of the
integrated v [C=0] peaks amounted to 250, 170, 50, 25, 6 and 7 min for the annealing
temperatures of 60, 70, 80, 90, 100 and 110<C, respectively. Then the values of d¥«
were 1.07-10%%, 1.57-10"% 5.33.103 1.07-10%2, 4.44.10* and 3.81-10"? cm3,

respectively.
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Figure 5.14 Arrhenius plot of d, plots are fitted with activation energies of 1 eV

The Arrhenius plots in figure 5.14 were fitted with a linear relationship. The
activation energy of 1 eV was calculated. Usually, higher temperature should have
smaller time constant of the decay because there’s more heat for solvent diffusion. But
the t is larger at 110<C than that at 100 <C which led a lower value of d%. It could be
that bad controllability of DMF in samples caused the irregular difference. Comparing
with DMSO, more work need be done to build an accurate out-diffusion model for

DMF in MAPbIs layer during the annealing.
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5.6 Influence of the content of residual solvents on MAPDbI3

layers and solar cells

The influence of residual solvent on the morphology, electronic properties of the
formed MAPDIs layer was investigated. The performance of solar cells based on

MAPbDIs layers with different level of residues was also studied.

5.6.1 Influence of the content of residual solvents on the morphology

of MAPDI3 layers

The SEM images of the MAPbIs layers treated with different post annealing time at
100<C are shown in Figure 5.15.

100°C 1 min “100°C 5 min

Figure 5.15 Surface, cross section view morphologies of the MAPbI; layers post

annealed at 100<C with the time of 1 min (a), 5 min (b), 10 min (c) and 20 min (d).
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The increasing post annealing time means there were less residual solvents in the
MAPDI3 layers. From both top-view and cross-section SEM images, we can observe

that, more and more larger crystals formed when fewer residual solvent left.
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Figure 5.16. Grain size distribution of MAPbDI; layers post annealed at 100<C with the

time of 1 min (a), 5 min (b), 10 min (c) and 20 min (d).

From the analysis of grain size distribution of MAPbI3 layers annealed at 100 <C with
different time (Figure 5.16), it was shown that the mean size increased from 234 nm
to 287 nm with longer time of post annealing. And the amount of crystals over 300
nm increased. This demonstrated that reducing the residual solvent in the formed

MAPDI3 layers was beneficial to the further growth of MAPbI3 crystals.

5.6.2 Influence of the content of residual solvents on the band gap and

exponential tails in MAPDI3

The band gaps and exponential tails of MAPbIs layers prepared by vacuum-assisted
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treatment annealed at 100<C with different post annealing time were investigated.
Figure 5.17 shows in-phase and phase-shifted by 90“overview surface photovoltage
spectra of MAPDI3 layers post annealed at 100 <C with the time of 1, 2, 4, 6, 8, 10 and
20 min. From 1 min to 6 min, the amplitude of in-phase signals increased with the
increasing post annealing time. Then the signals started to decrease with longer
annealing time. This might be due to less traps generated at external surface after 8

min or longer post annealing.
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Figure 5.17 In-phase and phase-shifted by 90<overview surface photovoltage spectra of
MAPDI; layers annealed at 100<C with post annealing time of 1, 2, 4, 6, 8, 10 and 20 min

(squares, circles, triangles, stars, pentagons, hexagons and rhombus respectively).

In Figure 5.18, for the samples post annealing with the time of 1, 2, 4, 6, 8, 10 and 20
min, the values of Eg were 1.554, 1.554, 1.558, 1.56, 1.561, 1.561 and 1.56 eV,
respectively. The band gaps increased a little bit in the first 6 min, then tended to be
stable around 1.56 eV. The exponential tails of the MAPDIs layers post annealed at
100<C with different time were shown in Figure 5.19. The corresponding values of E:
were amounted to 21.5, 22.5, 21, 22, 21.5 22.5 and 25 meV for the time of 1, 2, 4, 6, 8,
10 and 20 min, respectively. It can be seen that the exponential tails fluctuated within

a narrow range of 21 to 22.5 meV. After 20 min post annealing, the values of E:
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increased to 25 meV. This means the disorder of MAPDIs layer also slightly increased.
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Figure 5.18 Tauc plots of the SPV amplitude spectra of MAPDI; layers prepared with the

1.52

post annealing time of 1, 2, 4, 6, 8, 10 and 20 min (squares, circles, triangles, stars,
pentagons, hexagons and rhombus respectively) (a) and band gaps as a function of the

post annealing time (b).
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logarithmic scale near the band gap of MAPDI; layers prepared with the post annealing
time of 1, 2, 4, 6, 8, 10 and 20 min (squares, circles, triangles, stars, pentagons, hexagons

and rhombus respectively) (a) and exponential tails as a function of the post annealing

time (b).

5.6.3 Performance of solar cells based on MAPbIs layers prepared

with different post annealing time

Figure 5.20 shows the measured short-circuit current density (Jsc), open-circuit
voltage (Voc), fill factor (FF) and power conversion efficiency (PCE) of the solar

cells based on the MAPDIs prepared by vacuum-assisted treatment with the post
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annealing time of 1 min, 5 min, 10 min and 20 min, respectively. There were about 12
solar cells measured for each kind. As shown in Figure 5.20 (a), the highest average
PCE was obtained from the solar cells based on the MAPbIs post annealed with 20
min.
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Figure 5.20 (a) power conversion efficiency (PCE), (b) short-circuit current density (Jsc),
(c) open-circuit voltage (Voc) and (d) fill factor (FF) of the solar cells based on the

MAPDbI; post annealed with the time of 1min, 5 min, 10 min and 20 min, respectively.

The increasing post annealing time also means the content of the residual solvent in
the perovskite layers was decreasing. With the decrease of residual solvent, the Jsc of
solar cells gradually increased to more than 20 mA/cm?. But the Voc of solar cells had
a little change. The values fluctuated in a range of 1.04-1.1 V. It should be noted that
the Voc is often limited by the contact layers and not by the absorber quality when Eg
doesn’t change. The biggest change is from the FF of solar cells. The average values

had not only noticeable increase, but also less dispersion. This is the main reason that
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caused an improvement of solar cells performance.

5.6.4 Performance of solar cells based on MAPDI; layers prepared at

different post annealing temperature

By using the DMSO diffusion model, similar amounts of residual DMSO can be
adjusted for different post annealing temperatures by the annealing time. Therefore,
the influence of the out-diffusion rate of DMSO on the performance of solar cells
based on the MAPbIs can be studied. The sample were post annealed at 60<C, 80T,
100<C and 120<C for the time of 5 min, 10 min, 60 min and 150 min, respectively.
From the model, the calculated diffusion coefficients were 3.41x10%3, 1.33x107%2,
9.92x101? and 7.20x10'* cm?s for annealing at 60<C, 80<C, 100<C and 120<T,
respectively. With respect to the diffusion model, the amounts of residual DMSO can
be estimated with a S/Pb ratio and are equal to 4.5x103, 2.7x10 and 2.3x10° for
annealing at 60<C, 80C and 100<C. However, the amounts of residual DMSO is

much lower for annealing at 120<C, and the S/Pb ratio is equal to 1x10°®.

Figure 5.21 shows the measured short-circuit current density (Jsc), open-circuit
voltage (Voc), fill factor (FF) and power conversion efficiency (PCE) of the solar
cells based on the MAPDIs prepared by vacuum-assisted treatment at the post
annealing temperature of 60<C, 80<C, 100<C and 120<C, respectively. As shown in
Figure 5.21 (a), the highest PCE of 20.19% was obtained from the solar cells based on
the MAPDI3 post annealed at 120<C with the time of 5 min. The average PCE was
19.80%. For comparison, the average PCE of 60<C, 80<C and 100<C were 15.47%,
17.29% and 18.36%, respectively. The solar cells based on the MAPDI3 post annealed
at 120<C also had the highest Jsc and Voc.

The average values of Jsc were 20.9, 21.9, 22.3 and 23.7 mA/cm? for annealing at
60<C, 80T, 100C and 120<TC, respectively. There was a significant increase of Jsc

when the post annealing temperature was increased which means the out-diffusion
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rate was increased. And the deviation also decreased with the increasing temperature.
This could be because a higher out-diffusion rate of DMSO led to the formation of

larger crystals with high quality [144-1451,
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Figure 5.21 (a) power conversion efficiency (PCE), (b) short-circuit current density (Js),
(c) open-circuit voltage (Vo) and (d) fill factor (FF) of the solar cells based on the
MAPDI; post annealed at the temperature of 60<C, 80<C, 100<C and 120 <C with the time

of 5min, 10 min, 60 min and 150 min, respectively.

The change of average Voc for annealing at 60<C, 80<C and 100 <C was small (1.07,
1.08, and 1.08 V, respectively). Therefore, the variation of the diffusion rate did not
significantly influence Voc, i.e. recombination losses in the bulk and at the interfaces
did not change significantly. In contrast, Voc increased to about 1.1 V for annealing at
120<C for 5 min. Therefore, it seems that the amount of residual DMSO can influence
Voc for high diffusion rates. However, much more detailed experiments will be

needed in order to clarify the complex influence of crystallization, complex formation
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and out-diffusion of solvent molecules on the behavior of solar cells based on

MAPDI3 layers.

The values of the average FF were 69.4%, 73.5%, 76.7% and 76.1% for annealing at
60<C, 80C, 100T and 120<C, respectively. Therefore, the FF increased with the
increasing out-diffusion rate of DMSO and tended to saturate at a high out-diffusion

rate and a very low amount of residual DMSO.
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Figure 5.22 Forward (solid line) and reverse (dash line) scans of the J-V characteristic of
the solar cells with the highest efficiency under illumination at AM1.5 (a) and spectra of
the external quantum efficiency (black line) and of the integrated short circuit current

density (red line) (b).
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Figure 5.22 (a) shows the forward and reverse scans of the J-V characteristics of the
solar cell with the highest efficiency (Tann = 120<C, tann = 5 min) under illumination at
AML.5. The values of the Jsc, Voc, FF and PCE were 23.73 mA/cm=21.11V, 76.9%
and 20.2%, respectively. The spectra of the external quantum efficiency (EQE) and of
the corresponding integrated Jsc are given in Figure 5.22 (b). The value of Jsc

following from the EQE measurement was 23.3 mA/cm=

5.7. Conclusions

Methodologies for the measurement of the content of DMSO and of diffusion
coefficients of DMSO in MAPDI3 layers have been developed by applying HR-CSAS
and IRSE in combination with a diffusion model in a homogeneous layer. The amount
of DMSO was calibrated with HR-CSAS in terms of the S/Pb molar ratio for
measurements by IRSE. It was shown that diffusion coefficients of DMSO in MAPbI3
can be obtained from the dependencies of integrated peaks of specific vibration modes

such as the S=0 stretching mode on annealing time and annealing temperature.

It was found that the diffusion coefficient of DMSO in MAPDI3 is a superposition of
two thermally activated processes with Ea1, Do1, Ea2 and Doz are 0.6 eV, 10 cm,
1.8 eV and 3.6-10* cm3, respectively. Different coordination and/or binding states of
DMSO molecules are the origin for the rather different diffusion processes. It is
obvious that the lower activation energy corresponds to activation of loosely bond
molecules whereas the higher activation energy belongs to activation of DMSO
trapped in the lattice of MAPDIs. Furthermore, it was also found that out-diffusion of
DMSO can have a strong influence on the fill factor of solar cells and its standard
deviation. Incidentally, an additional influence by DMF molecules cannot be ruled

out.

A preliminary research about the influence of out-diffusion rate on the solar cells

performance was done. It has been demonstrated that efficiencies above 20% can be
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reached at a high out-diffusion rate and very low content of DMSO. Therefore, it
seems that a high out-diffusion rate of the solvent is very useful for further improving
the quality of perovskite films. However, more complex studies about the change of
morphology and electronic properties of perovskite films prepared with different
out-diffusion rates have to be performed in order to get deeper knowledge about

mechanisms behind and their relation to the performance of solar cells.
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6. Summary and outlook

In this thesis, MAPbIs perovskite films were prepared by a one-step solution based
process. Vacuum-assisted evaporation of solvent (vacuum-assisted treatment) was
used for fast removing of solvents in the precursor solutions after spin coating.
Furthermore, perovskite layers were conditioned in a post-annealing process. In
contrast to the commonly used anti-solvent dripping process, the vacuum-assisted
treatment allows for realization of practically ideal boundary conditions for studying
out-diffusion of solvents, first, and for upscaling of perovskite layer deposition,
second. In previous reports, the effect of changing the pressure during
vacuume-assisted treatment has been studied. In this thesis, another three major factors
were investigated. The three major factors of vacuum-assisted treatment are related to
solvent composition, the substrate temperature and the treatment time whereas the two
major factors of post-annealing are related to annealing temperature and annealing
time. The influence of the major factors of vacuum-assisted treatment and
post-annealing on morphology, electronic properties and performance of solar cells
was studied. The morphologies were measured by SEM, distributions of grain size
and the mean size for different MAPbIs films were obtained based on the SEM
images. The studied electronic properties included the band gaps (Eg) and exponential
tails (Et) and were measured by modulated SPV spectroscopy. The variation of the
major factors of the vacuum-assisted treatment was mainly aimed to the optimization
of conditions for reaching high efficiencies. The post-annealing experiments aimed to
the study of the role of out-diffusion of solvent molecules. For this purpose, a
methodology was developed by using HR-CSAS and IRSE for quantitative analysis
of the DMSO content in perovskite layers. In addition, the performance of solar cells

based on the MAPbI3 prepared under different post-annealing conditions was studied.

In the optimization, one factor was varied in a certain range when the other two were
fixed. First, at fixed temperature (30C) and vacuum-assisted treatment time (60 s),

the DMF/DMSOQO varied from 12:1 to 4:1. With the increasing DMSO proportion,
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larger crystals and more pinholes were formed. However, the further increase of
DMSO proportion led to the formation of small crystals and large clusters. Both Eq
and E: showed a trend of decrease with increasing DMSO proportion. The solar cells
based on the MAPDI3 layers prepared with a DMF/DMSO ratio of 9:1 showed the
highest efficiency. Second, at fixed solvent composition (DMF:DMS0=9:1) and
treatment time (60 s), the substrate temperature was varied from 20<C to 60<C. As a
result, more small crystals and pinholes were formed with increasing temperature.
Both Eg and E: showed a trend of decrease with increasing temperature. The solar
cells based on the MAPDIs layers prepared at a temperature of 20<C showed the
highest efficiency. At last, at the fixed solvent composition (DMF:DMS0O=9:1) and
substrate temperature (30<C), the vacuum-assisted treatment time was varied from 10
s to 600 s. With increasing treatment time, more small crystals and pinholes were
formed. The change of the treatment time had little effect on Eq and E:. The solar cells
with best performance was obtained based on the MAPbIs layers prepared with a
treatment time of 10 s. Above all, at the given pressure of 60 Pa, solar cells with best
performance based on the MAPbDIs layer were obtained with the optimized factors
(DMF:DMSO = 9:1, 30T, 10 s). The highest efficiency was 17.8%. In general,
higher DMSO proportion, higher temperature and longer vacuum-assisted treatment

time resulted in a reduction of the efficiency.

At first glance, results can be discussed based on the nucleation/growth LaMer model.
The solvent evaporation rate decreased with increasing DMSO proportion. Following
the LaMer model, it can be supposed that the nucleation time became shorter and the
time of growth became longer with increasing solvent evaporation rate whereas the
change of solubility with changing DMSO proportion can be ignored. The
evaporation rate and the solubility increased with increasing substrate temperature.
With respect to the experimental results, it can be concluded that the nucleation time

increased with increasing temperature.
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For studying the out-diffusion of DMSO during post annealing, the change of residual
DMSO in the formed MAPbDI3 layer was determined by two methods. The HR-CSAS
was used as the DMSO was the only S-containing ingredient, and the IRSE was used
because there was a finger print peak of DMSO (S=0 stretching mode) which was
analyzed in the IRSE spectrum. The amount of DMSO was calibrated with HR-CSAS
in terms of the S/Pb molar ratio which correlated linearly with the integrated values of
S=0 peaks from the measured IRSE spectra. Therefore, the integrated peaks of the
S=0 stretching mode could be directly used for diffusion analysis. The annealing time
and the annealing temperature were varied. A simple model was developed for
diffusion analysis correlating the ratio of the squared layer thickness and the
exponential decay time directly with the diffusion coefficient. It was found that the
diffusion coefficient of DMSO in MAPDIs is a superposition of two thermally
activated processes with Ea1, Do1, Ea2 and Doz are 0.6 eV, 10t cm3, 1.8 eV and
3.6x10™* cm3, respectively. Different coordination and/or binding states of DMSO
molecules are the origin for the rather different diffusion processes. It is obvious that
the lower activation energy corresponds to activation of loosely bond of complex
whereas the higher activation energy belongs to activation of DMSO trapped in the
lattice of MAPDIs. Incidentally, the out-diffusion of DMF could also be investigated
by analyzing C=0 (IRSE), however, the experimental error was much larger than for

DMSO out-diffusion.

Furthermore, it was found that out-diffusion of DMSO can have a strong influence on
the performance of solar cells and the standard deviations of parameters. Incidentally,
an additional influence by DMF molecules cannot be ruled out. It was shown that
efficiencies above 20% can be realized with vacuum-assisted treatment for solar cells

based on MAPDIs.

For getting a deeper understanding of the complex mechanisms of solvent evaporation
and out-diffusion and crystallization from intermediates and perovskite seeds, more

extended investigations are needed in combination with more sophisticated models.
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For the analysis of limiting mechanisms of out-diffusion of residual solvents, it will
be interesting to vary different kinds of solvents and perovskites. In future, knowledge
about vacuum-assisted treatment and out-diffusion of solvent molecules can be
transferred to other HOIP systems such as multi-cation perovksites. Although there is
a limitation for applying HR-CSAS to specific atoms, IRSE can be used for any
solvent molecules showing characteristic finger print peaks. Finally, the
vacuum-assisted treatment is a promising method for producing perovskite films in

large areas, for example, in combination with printing technologies.
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List of Symbols and abbreviations

Abbreviation  Description

Ag silver

AM15G air mass of 1.5 global

Au gold

BCP bathocuproine

CIGS copper indium gallium selenide

CdTe cadmium telluride

CPD contact potential difference

CS carbon monosulfide

Cs saturation concentration

Cmax maximum concentration of nucleation

Chmin minimum concentration of nucleation

Cu copper

CZTS copper tin zinc sulphide

Ceo0 fullerene

c-Si crystalline silicon

cm? squared centimeter

D charge carrier diffusion coefficient

DFT density functional theory

DMF N,N-dimethylformamide

DMSO dimethyl sulfoxide

Dn donor number

DSSCs dye-sensitized solar cells

d layer thickness

ds distance between the centers of positive and negative charge
carriers

Ea activation energy

Er Fermi-energy
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Ern

Erp
Erce
Erch

Eq

Et

EQE
eV
FAPDI3
FF
GaAs
GBL
HR-CSAS
h

hv

Io
IRSE
ITO

Isc

Jmp

Jsc

max

SC

Jo

ks

L
MAPDI3
MAPDBI3
MASnNIs

Fermi-energy of electrons

Fermi-energy of holes, EFp
Fermi-energy of electrons in contact material
Fermi-energy of holes in contact material
band gap

exponential tails

external quantum efficiency

electron volt

formamidinium lead iodide

fill factor

gallium arsenide

y-butyrolactone

high resolution continuous source absorption spectrometry
hour

photon energy

a current across a diode

infrared spectroscopic ellipsometry
Indium tin oxide

short circuit current

joule

corresponding photocurrent density
short circuit current density

ideal short circuit current density

diode saturation current density
Boltzmann constant

diffusion length

methylammonium lead iodide
methylammonium lead bromide

methylammonium tin iodide
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meV milli-electron volt

mg milligram

min minute

mL milliliter

mpp maximum power point

mV millivolt

Ne the number of collected photo-generated electrons
Nph the number of incident photons

NiOx nickel oxide

P pressure

Pa Pascal

Pb lead

PCE power conversion efficiency

PEDOT poly(3,4-ethylenedioxythiophene)

Pin incident power from the sunlight

PTAA poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]
Q amount of separated charge carriers in space
QE quantum efficiency

q electronic charge

RL load resistance

Rm measurement resistance

Rs series resistance

RsH shunt resistance

SEM scanning electron microscopy

SPV surface photovoltage

SnO2 stannic oxide

spiro-OMeTAD  2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobiflu
orene

T absolute temperature
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TCO transparent conducting oxide

TiO2 titanium dioxide

Tam post annealing temperature

Tvac substrate temperature during vacuum-assisted treatment
tann time of post annealing

tvac time of vacuum assisted treatment

\ volume

Vmp corresponding photovoltage

Voc open circuit voltage

Vs light induced voltage between the electrodes
W work functions of the sample electrode

Wref work functions of reference electrode

X in-phase signal

Y phase shifted by 90“signal

ZnO zinc oxide

€ permittivity

€0 vacuum permittivity

i charge carrier mobility

T 1. charge carrier lifetime, 2. decay time constant
Dph photon flux

<T degrees centigrade
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