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ABSTRACT
Photophysical Processes in Lead Halide Perovskite Solar Cells
Revealed by Ultrafast Spectroscopy
Esma Ugur

Metal halide perovskites have emerged as photoactive materials in solution-processed
devices thanks to their unique properties such as high absorption coefficient, sharp
absorption edge, long carrier diffusion lengths, and tunable bandgap, together with ease
of fabrication. The single-junction perovskite solar cells have reached power
conversion efficiencies of more than 25%. Although the efficiency of perovskite
devices has increased tremendously in a very short time, the efficiency is still limited
by carrier recombination at defects and interfaces. Thus, understanding these losses and
how to reduce them is the way forward towards the Shockley-Queisser limit. This thesis
aims to apply ultrafast optical spectroscopy techniques to investigate the recombination
pathways in halide perovskites, and understand the charge extraction from perovskite
to transport layers and nonradiative losses at the interface.
The first part focuses on perovskite solar cells with planar n–i–p device architecture
which offers significant advantages in terms of large scale processing, the potential use
of flexible substrates, and applicability to tandems. In addition to the optimization of
MAPbI3 solar cell fabrication using a modified sequential interdiffusion protocol, the
photophysics of perovskites exposed to humid air and illumination are discussed. The
MAPbI3 film processed with the addition of glycol ethers to the methylammonium
iodide solution results in the control of PbI2 to perovskite conversion dynamics, thus
enhanced morphology and crystallinity. For samples exposed to humid air and
illumination, the formation of sub-bandgap states and increased trap-assisted
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recombination are observed, using highly-sensitive absorption and time-resolved
photoluminescence measurements, respectively. It appears that such exposure primarily
affects the perovskite surface.
The second part discusses the hole extraction from Cs0.07Rb0.03FA0.765MA0.135PbI2.55Br0.45
to the polymeric hole transport layer and interfacial recombination using ultrafast
transient absorption spectroscopy technique. To illustrate this, PDPP-3T was used as
HTL, since its ground state absorption is red-shifted compared to the perovskite’s
photobleach, thereby allowing direct probing of the interfacial hole extraction and
recombination. Moreover, carrier diffusion is investigated by varying the perovskite
film thickness, and carrier mobility is found to be 39 cm2V-1s-1. Finally, hole extraction
is found to be one order of magnitude faster than the recombination at the interface.
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Chapter 1: Introduction
Photovoltaics is the conversion of light into electricity using semiconducting materials.
An ideal photovoltaic (PV) device should meet with the following requirements: a
suitable direct bandgap, which means between 1.1 and 1.7 eV according to ShockleyQueisser limit,1 non-toxicity, reproducible deposition techniques and adaptability for
the large area applications, and good power conversion efficiency (PCE) with longterm stability. After the single crystalline silicon-based solar cells, second generation
photovoltaic devices emerged as thin film technology due to the high absorption
coefficient of these materials, which reduces the amount of used material. The common
absorber layers in second generation solar cells are copper indium gallium
sulfide/selenide (CIGS), cadmium telluride (CdTe), amorphous silicon (a-Si) and
nanocrystalline silicon (nc-Si).2 Lastly, to achieve high efficiency with low-cost
fabrication techniques, third generation photovoltaics emerged, such as dye-sensitized
solar cells (DSSCs), quantum dot-sensitized solar cells (QDSSCs), organic
photovoltaics and now perovskite solar cells (PSCs).
Metal halide perovskites have gained enormous attention as an absorber layer in
solution-processed photovoltaic devices due to their ease of fabrication with high
efficiency output. Before its discovery as a photoactive layer, the first reports were of
the electronic properties of halide perovskites, and their potential for electronic device
applications, since these materials combine the superior carrier mobility of inorganic
semiconductors and processing easiness of organic materials.3-5 As a light absorber
material, the first study in 2009 reported a 3.8% PCE for perovskite-sensitized solar
cells.6 The next milestone was the report of lead halide perovskite sensitized all-solidstate thin film solar cell, exceeding 9% PCE.7 In a decade, the PCE of the PSCs has
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skyrocketed and reached over 25%.8 This rapid efficiency increase is remarkable and
puts PSCs at the forefront of emerging PV technologies, which promise to be low-cost
and able to advance existing PV technologies or even partially substitute them in the
near future.9 The highest solar cell efficiencies as a function of the bandgap are shown
in AMOLF’s revised plots in Figure 1, to visualize the position of PSCs in the state-ofthe-art PV technologies.10-11

Figure 1. (a) AMOLF highest solar cell efficiencies plot as a function of the bandgap.
Theoretical Shockley-Queisser efficiency limit as a function of the bandgap is represented by
the black line, and 75% and 50% of the limit by the gray lines. (b) The fraction of ShockleyQueisser limit for voltage and current achieved by record cells. Reprinted from the reference.11

A perovskite is any material with the same type of crystal structure as calcium titanate
(CaTiO3).12 The general chemical formula for perovskite is ABX3, where A and B are
monovalent and divalent cations, respectively, and X is an anion that bonds to both A
and B, as shown in Figure 2. Crystal structure of metal halide perovskite. (BX6)4octahedra involves Pb2+ in the core and halide ions at the corners for lead-based halide
perovskites. B cation in 6-fold coordination forms an octahedron with the surrounding
anions, (BX6)4-. In metal halide perovskites, the one monovalent cation A is in the
center of the crystal cage, which can be methylammonium (MA+), formamidinium
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(FA+), cesium (Cs+) and/or rubidium (Rb+), while the B cation is either lead (Pb2+) or
tin (Sn2+), and X is the halide anion which can be iodide (I-), bromide (Br-) and/or
chloride (Cl-). The Goldschmidt geometric tolerance factor (𝑡) is the indicator to form
a stable and non-distorted perovskite crystal structure:13

𝑡=

(𝑟𝐴 + 𝑟𝑋 )
√2(𝑟𝐵 + 𝑟𝑋 )

The effective ionic radii of monovalent cation, 𝑟𝐴 , in lead halide perovskite was
calculated as 0.8 ≤ 𝑡 ≤ 1.14 Incorporating larger monovalent cations into lead halide
perovskite cage resulted in several lower-symmetry distorted versions, so the
coordination numbers of A cations, B cations or both are reduced, which results in the
lower-dimensional halide perovskites.15-16

Figure 2. Crystal structure of metal halide perovskite. (BX6)4- octahedra involves Pb2+ in the
core and halide ions at the corners for lead-based halide perovskites.

The high efficiency of PSCs is attributed to the unique optoelectronic properties of
perovskite absorbers, which will be discussed in detail in this chapter. Before going into
details of the material’s properties, different device architectures and processing
protocols will also be addressed. In PSCs, several different device architectures have
been successfully implemented to fabricate efficiently working devices, for instance,
mesoporous scaffold structures as previously used for dye-sensitized solar cells and
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planar heterojunction structures with either n–i–p (TCO/ETL/perovskite/HTL/metal)
or p–i–n (TCO/HTL/perovskite/ETL/metal) architectures as shown in Figure 3.17-21 To
date, both n–i–p and p–i–n planar architectures work quite efficiently although the stateof-the-art solar cell has n–i–p device stack.22-23

Thus, flexibility on the device

polarization is beneficial, especially for multi-junction device applications. Planar
device architectures in particular, which can be prepared at low temperatures, are said
to be more practical for the large-scale production of flexible devices and tandem solar
cells. 18, 24-27

Figure 3. The device architecture types in PSCs. n–i–p device structure means
TCO/ETL/perovskite/HTL/metal stack where p–i–n device has the opposite order:
TCO/HTL/perovskite/ETL/metal.

Amelioration of the perovskite film quality is one of the key parameters for highly
efficient PSCs, and several deposition protocols have been implemented to get highquality crystalline perovskite films. The most well-known process is solution-based
spin coating which can be divided into one-step and two-step sequential depositions. In
the one-step process, all the precursor materials are mixed in a solvent, and processed
on the substrate using anti-solvent quenching to initiate the crystallization process. To
enhance the film quality, different solvent engineering approaches, additives, and
modified annealing processes have been studied.17,

28-31

Additionally, in-depth

structural studies have shown that controlling the perovskite formation and grain

26

growth is strongly dependent on the solvation states in the precursor.32 In two-step
processed Pb-based perovskite films, the organic cation can be introduced either via the
vapor of an organic cation precursor or solution deposition to start the interdiffusion
and conversion process from lead halide to perovskite, after the deposition of lead
halide film.33-35 This method is expected to allow better control during the fabrication
of the perovskite active layer.36 However, controlling the conversion from lead halide
to high-quality perovskite is complex since the formation of the lead halide film itself
is rather complicated. Although the easy-to-process solution-based spin coating of
perovskite films creates highly-efficient working devices, this technique is not directly
compatible with large-area fabrication. Thus, intensive research in the perovskite field
has been done on solution based slot-die and blade-coating processes as well as
vacuum-based evaporation techniques.37-41
The ease of fabrication and high performance mainly due to low voltage losses of PCSs
(open circuit voltage deficit, 𝑊𝑂𝐶 =

𝐸𝑔
⁄𝑞 − 𝑉𝑂𝐶 ) are already highlighted as the most

important motivation for this device technology. Irrespective of the deposition method,
perovskite semiconductors show superior electronic quality which can be easily
extracted from the edge of the optical band and sub-bandgap absorption (more detailed
information can be found in Appendix 1).42 Urbach energy, EU, is basically the measure
of the disorder in the film network. Highly sensitive absorption techniques such as
photothermal

deflection

spectroscopy (PDS),

Fourier-transform

photocurrent

spectroscopy (FTPS) with sensitivities down to 10-4 and 10-6, respectively, can be used
to calculate the EU values.42-43 More accurately, Urbach energy can be extracted from
the low energy tail of the photoluminescence (PL) spectra using reciprocity relation.44
Figure 4a compares the Urbach tails of methylammonium lead iodide (MAPbI3) with
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the well-established PV materials. Metal halide perovskite semiconductors show a
similar sharp band edge with high-quality GaAs which makes them very attractive
absorber layers.

Figure 4. (a) Absorption coefficient, and (b) absorption depth of perovskite thin films compared
with other typical PV materials. The slope shown in (a) for each material corresponds to the
Urbach tail. (c) Replotted PL spectra using Gaussian functions to show the colloidal PL data,
illustrating the shifting of the PL position from CsPbCl3 (3.06 eV) to MASn0.8Pb0.2I3 (1.15 eV).
Reprinted with permission from De Wolf et al.42 Copyright (2014) American Chemical Society.
Reprinted with permission from Aydin et al.22 Copyright (2019) WILEY‐VCH. Reprinted with
permission from Saliba et al.45 Copyright (2018) WILEY‐VCH.

The absorption of the material depends on the bandgap of the semiconductor and the
photon energy. In direct bandgap semiconductors, crystal momentum increases directly
with photon energy since the conduction band minimum (CBM) and valance band
maximum (VBM) are aligned in k-space. The direct bandgap p–p transition of the
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perovskite is mainly due to the full occupation of lone‐pair s orbitals below the VBM.4647

Moreover, the strong s–p coupling in perovskites increases the dispersion of the upper

VB, which is the reason for a small effective mass for holes. Therefore, direct bandgap
metal halide perovskites have a stronger light absorption as characterized by a larger
absorption coefficient in the order of 105 cm-1 (Figure 4). Additionally, one of the most
promising properties of metal halide perovskites is the tunability of bandgap. In
principle, divalent B cation and X halide part – (PbX6)4- octahedron – of the crystal
structure determines the optical and electronic properties of the perovskite. As shown
in Figure 4c, the spectral position of the respective emissions shifts with the perovskite
composition. Replacing the halide from I- to Cl- in the composition increases the
bandgap. On the other side of the spectra, Pb-Sn alloying creates low bandgap
perovskites up to 1.20 eV.48 The general trend in optical bandgaps and composition can
be correlated with pseudo-cubic lattice parameter a0.49 However, light-induced phase
segregation around 1.70 eV (1.9 eV for Cs-based) limits the tunability of the perovskite
bandgap since the Hoke effect limits the open-circuit voltage (VOC) of the device.50-51
This thesis aims to highlight the significance of ultrafast spectroscopic techniques in
the photophysical processes in PSCs. Highly sensitive steady-state and time-resolved
optical measurements such as time-resolved photoluminescence (TRPL), time-resolved
microwave conductivity (TRMC), terahertz (THz) spectroscopy, and ultrafast transient
absorption (TA) spectroscopy are powerful techniques to investigate the recombination
pathways in perovskite films and losses in the devices. In this thesis, the two-step
interdiffusion method was used to optimize the PSCs with n–i–p device architecture.
Moreover, the tools mentioned were used to identify recombination processes after the
intentional degradation of MAPbI3 films. The outcome of such studies would
emphasize the importance of morphology control and measurement conditions for
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studies that address in more depth the correlation between structural and photophysical
properties. This thesis also focuses on the carrier extraction from perovskite to
polymeric charge transport layers. Using PDPP-3T as the hole transport layer (HTL),
ultrafast TA spectroscopy allows direct observation of the hole extraction due to PDPP3T ground state absorption, which is red-shifted compared to the perovskite’s
photobleach. The study shows that hole extraction and interfacial recombination rates
were differentiated.
This thesis is composed of six chapters. Chapter 1 (Introduction) briefly describes the
emergence and relevance of perovskite solar cells with their unique properties, and the
motivation and aim of this thesis.
Chapter 2 (Physical Background) has two sub-sections. First, the photophysical
processes in perovskite semiconductors are discussed to understand the background of
loss mechanisms in PSCs. The second part of Chapter 2 gives insightful information
about defects in perovskites. This chapter mainly highlights the loss mechanism and the
origin of these losses in perovskite semiconductors.
Chapter 3 (Methodology) outlines each step of the perovskite solar cell fabrication and
device characterization. Moreover, this chapter describes the principles of the steadystate and time-resolved optical experimental techniques used for acquiring the data
presented in this thesis. This chapter also contains a detailed description of each
experimental setup employed in the research chapters.
The first research chapter (Chapter 4) is a combination of two follow-up studies. This
chapter highlights the importance of lead iodide (PbI2) to perovskite conversion
dynamics to obtain highly crystalline MAPbI3 thin films for planar PSCs. Different
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glycol ether additives are added to an organic precursor solution to modify the two-step
interdiffusion process to prepare the pinhole-free perovskite films with greatly
improved morphology. In–situ ultraviolet–visible (UV-vis) absorbance measurement is
used to unravel the impact of the glycol ethers on the perovskite film formation. The
average photovoltaic performance is shown to increase with enhanced reproducibility,
specifically when 2-methoxyethanol is used as the additive. The second part of this
chapter discusses the synergetic effect of humid air and 1 sun illumination on MAPbI3
perovskite films since these materials are very sensitive to humidity and light-soaking.
The photophysics of perovskites that have been exposed to such conditions is studied
using TRPL measurements. Moreover, the formation of sub-bandgap states is observed
for exposed samples using steady-state optical measurements. It appears that such
exposure primarily affects the perovskite surface. Consequently, the spiroOMeTAD/perovskite interface is more rapidly affected on n–i–p device level.
Chapter 5 discusses the charge carrier extraction from perovskite to charge transport
layer with the case study using PDPP-3T polymeric HTL. The PCE of the state-of-theart perovskite solar cells is limited by charge carrier recombination at defects and
interfaces. This chapter highlights how ultrafast transient absorption spectroscopy can
be used to directly monitor hole extraction and recombination dynamics at the
perovskite/PDPP-3T interface. The ground state absorption of PDPP-3T is red-shifted
compared to the perovskite’s photobleach, thereby allowing direct probing of the
interfacial hole extraction and recombination. Furthermore, carrier diffusion is
investigated by varying the perovskite film thickness, before the hole mobility of 39
cm2 V-1 s-1 is extracted. Finally, the reduced probability of carrier recombination in the
perovskite layer is observed in device-like structures (ETL/perovskite/PDPP-3T). The
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hole extraction is one order of magnitude faster than the recombination of the holes at
the interface, directly monitored from the dynamics of PDPP-3T photobleach.
In Chapter 6 and 7, the thesis concludes with a summary of all the results and an outlook
towards further developments for perovskite photovoltaics’ research and beyond. With
a remarkable understanding of voltage losses in perovskite devices and possible defects
which cause these losses, different passivation routes are discussed for the long-term
stability of the material. Low dimensional perovskites and double perovskites are also
discussed for different optoelectronic applications.
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Chapter 2: Physical Background
2.1 Photophysical Processes in Perovskites
Part of the illumination incident on a semiconductor is reflected, and part of it is
transmitted, then linear absorption takes place in the case of Ephoton > Eg. The absorbed
photon in semiconductors causes the electron to move from VB into CB, thus leaving
a hole in the VB. The reaction of the generated electron and hole pairs is described as:52
𝛾 = 𝑒 − + ℎ+
where γ is the photon excitation, and e- and h+ are the electron and hole, respectively.
The Coulombic interaction between the negatively charged electron (in CB) and the
positively charged hole (in VB) is explained by the term ‘excitonic effect’. Thus, the
bound e-h pair, which is electrically neutral quasiparticle, is called exciton. In
semiconductors, there are two types of excitons; the Wannier-Mott exciton and the
Frenkel exciton (Figure 5).53-54 The crystal with a relatively low dielectric constant has
exciton binding energy (Eb) of more than 100 meV due to a strong Coulombic
interaction, corresponding to the Frenkel exciton. This means that it is the e-h pair
localized at a position in the crystal. In contrast, the non-localized e-h pair in a crystal
is known as the Wannier-Mott exciton which has Eb in the order of 10 meV.

Figure 5. Schematics of exciton types; Wannier-Mott and Frenkel excitons.
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The relation between the exciton binding energy and the effective mass with the
dielectric constant of the material can be found in the effective Rydberg for excitons:
𝑅∗ =

𝜇
𝑅
𝑚0 𝜀𝑟2 0

where 𝜇 is the exciton reduced mass, 𝜀𝑟 is the dielectric constant of the crystal, and 𝑅0 =
13.6 eV (the Rydberg constant). The Wannier-Mott excitons, which are free to move in

the crystal, are the types of excitons present in metal halide perovskites. For example,
the exciton binding energy is less than 10 meV for MAPbI3, around 1/3 of kBT.42, 55-59
Therefore, electrons and holes are free carriers after excitation in thin films of MAPbI3
at room temperature and under 1 sun illumination intensity. On the other hand, different
techniques, such as temperature-dependent PL quenching (Arrhenius fitting),
electroabsorption, magnetooptics, and absorbance (Elliot fitting) give scattered Eb
values for metal halide perovskites.60-62 This could be mainly because of the large
difference between the static and optical dielectric constants of perovskites which is not
the case for other semiconductors.60

Figure 6. (a) Steady-state absorbance spectrum and transient absorption spectrum recorded after
at 5 ps of 387 nm fs-laser excitation. (b) Schematic of the proposed band structure of MAPbI3
based on the spectrum shown in (a). (c) The molecular orbital diagram of the PbI3 framework
in perovskite. Inset schematic shows the plots of bonding and orbitals of VBs and CBs.
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Reprinted with permission from Manser et al.63 Copyright (2014) Springer Nature. Reproduced
from Chen et al.64 with permission from The Royal Society of Chemistry.

After optical excitation, charge neutrality requires that the generation of free electrons
should be equal to the generation of free holes. The possible transitions (spatial and
temporal evolution of the photogenerated carriers) from the excited state to ground state
determine the photophysical properties of the perovskite semiconductors, which is
summarized in this chapter. Transient optical measurements show that the 1.60 eV
bandgap MAPbI3 perovskite exhibits two distinct peaks which are attributed to
transitions due to dual VB structure, VB1 and VB2, as shown in Figure 6. The origin
of the split VB structure in the perovskite is due to the interaction between the s orbitals
of Pb atoms and the p orbitals of I atoms in PbI3 framework (Figure 6c). VB1 and VB2
correspond to the antibonding state and the non-bonding state of p orbitals of I due to
the off-axis p orbitals of I atoms without hybridization with Pb atoms, respectively.64
Moreover, Xing et al. have reported faster ground-state recovery of the CB1-VB1
transition but no change in CB1-VB2 transition for MAPbI3/spiro-OMeTAD sample.65
These findings suggest that holes in VB1 have a crucial role for device applications
where VB2 is mainly for charge carrier cooling.63, 65
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Figure 7. Schematic of the cooling for electrons and holes and the charge carrier distribution in
CB and VB of a semiconductor. Reproduced from Kahmann et al.66 with permission from The
Royal Society of Chemistry.

Understanding the hot carriers in perovskites is essential since these carriers have the
potential to be efficiently collected before the cooling down, which means relaxing to
the band edges.65-67 Hot carrier cooling dynamics can be validated by changing the
excitation energy. This cooling process in perovskites and the change in the charge
carrier distribution in CB and VB are shown in Figure 7. Schematic of the cooling for
electrons and holes and the charge carrier distribution in CB and VB of a semiconductor.
Reproduced from Kahmann et al.66 with permission from The Royal Society of Chemistry.In

equilibrium, the carriers have the same temperature as the lattice (Te = Th = Tlattice).
Following the intense short-wavelength excitation, an excess amount of carriers,
generated in a small volume in the semiconductor, are located above the CB and below
the VB. Due to the ultrafast (time range: 10-15 – 10-12 s) elastic carrier-carrier scattering,
the non-equilibrium carrier distribution transforms to a thermal distribution of hot
carriers in the CB and VB (Te, Th > Tlattice).68 Eventually, the relaxation of carriers (the
hot carrier cooling process) to the band edges occurs to equilibrate the charge carrier
and lattice temperature.
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Figure 8. All recombination mechanisms in the bandgap of perovskite semiconductors after
photoexcitation.

As the transitions from CB1 to VB1 have a key role for device applications, it is vital
to understand the recombination pathways to push the device performances towards the
Shockley−Queisser limit. Figure 8 shows all the characteristic recombination processes
within the bandgap of the inorganic semiconductors. Basically, recombination refers to
the removal of mobile electrons (or holes) in the semiconductor due to any type of loss
mechanism. Typically, recombination occurs via radiative or non-radiative ways
(Figure 8). Radiative recombination is basically the inverse process of absorption,
meaning the reaction of a hole with an electron, generating a photon:52
𝑒 − + ℎ+ → 𝛾
e-h radiative recombination is a spontaneous process in which both carriers annihilate
each other within the material. In 100% radiative process, the generation rate (Gγ) and
recombination rate of electrons (Re) and holes (Rh) should be equal:52
𝐺𝛾 = 𝑅𝑒 = 𝑅ℎ = 𝐵𝑛𝑒 𝑛ℎ
Here, ne and nh are the electron and hole density, respectively. B is the radiative
recombination rate constant with unit cm3 s-1. In literature, second-order recombination
coefficients for MAPbI3 and mixed-cation lead mixed-halide perovskites have been
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reported in the order of 10-10 – 10-11 cm3 s-1 which is typical for direct bandgap
semiconductors.69 These constants were extracted using the TRPL spectroscopy
technique.69-71 The PL emission intensity and decay dynamics give information about
the material defect density, as can be seen in Figure 9. At low excitation densities, which
means the photogenerated carrier density Δn is much lower than the trap density NT in
perovskites, the radiative recombination probability of the remaining electrons in CB
and the holes in VB reduces, thus the results in low PL intensity and longer effective
lifetime. When the traps are filled (Δn > NT), the radiative recombination probability
increases, thus the PL intensity. After this point, e-h radiative recombination process
becomes dominant and, carrier lifetime reduces. The excitation intensity-dependent
radiative recombination rate can be written as:72
𝑅𝑟𝑎𝑑 = 𝐵(𝑛0 + 𝑝0 ) + 𝐵∆𝑛2
Here, n0 and p0 are the equilibrium electron and hole densities, respectively. The first
part of the equation reflects the low excitation density decay, and the second part shows
the high excitation density regime.

Figure 9. Schematics of the radiative recombination process in perovskites for different
excitation densities, Δn. At lower excitation densities, the SRH recombination is dominant;
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therefore affecting the photogenerated carrier lifetime. At higher excitation densities, band-toband e-h recombination becomes dominant. Adapted with permission from Stranks et al.73
Copyright (2014) American Physical Society.

Moreover, photons generated via radiative recombination can be reabsorbed by
perovskites with probability, ρr. This phenomenon is known as photon recycling. Thus,
the external lifetime will be substantially longer than the internal lifetime where the
internal radiative recombination rate is:74

𝐵=

𝐵∗
1−𝜌𝑟

where B* is the external radiative recombination rate constant. Here, it is important to
note that the influence of photon recycling is reduced if there is nonradiative
recombination.72 On the device level, the Shockley−Queisser approach is based on the
principle of detailed balance radiative recombination as the only loss mechanism.1
𝑟𝑎𝑑
Therefore, the theoretical maximum 𝑉𝑂𝐶
is calculated to be 1.32±0.01 V for the

MAPbI3 perovskite.51, 74 Staub et al. reported the predicted VOC values (by taking into
account the additional nonradiative losses) as 1.28±0.02 V and 1.24±0.02 V for the
metal halide perovskite with and without the photon recycling effect, respectively.74
The evidence of photon recycling effect in perovskites has been studied using the
spatially-resolved photoluminescence measurements with separate microscope
objectives for excitation and collection and spatially-resolved electroluminescence
measurements.75-76
Other than radiative recombination, nonradiative recombination pathways also exist.
There are two ways to set the energy free in nonradiative recombination; Auger
recombination (energy transfer to other electrons or holes) and Shockley-Read-Hall
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recombination (energy transfer to phonons).77-79 In Auger recombination (trimolecular
recombination), which is the inverse process of impact ionization, a highly energetic
electron can recombine with a hole in VB while giving the excess energy to another
electron in the CB. After the interaction, the excited electron in the CB normally loses
its excess energy to thermal vibrations. Recombination rates for electron-electron-hole
(eeh) and electron-hole-hole (ehh) Auger processes can be written as:52
𝑅𝐴𝑢𝑔,𝑒 = 𝐶𝑒 𝑛𝑒2 𝑛ℎ
𝑅𝐴𝑢𝑔,ℎ = 𝐶ℎ 𝑛𝑒 𝑛ℎ2
where Ce and Ch are the Auger recombination coefficients (cm6 s-1) when the process
includes two electrons (eeh process) and two holes (ehh process), respectively. It is
known that Auger recombination is more dominant in indirect semiconductors. Thus,
this process is not observed in direct bandgap perovskite materials at moderate carrier
density regimes. For MAPbI3 perovskite films, Auger recombination constants are
reported in the order of 10-28 cm6 s-1 which is similar to GaAs and Si (10-30 cm6 s-1)69.
Thus, the Auger recombination rate is lower (in the order of 10 to 100) than the radiative
recombination rate at 1 sun (~1015 – 1016 cm-3),69 which means that it is not a dominant
process under the 1 sun condition for perovskite thin films. Also, it is reported in the
literature that Auger recombination in perovskite thin films is becoming dominant at
higher carrier densities (>1018 cm-3).80-81
Non-radiative recombination due to impurities, also called Shockley-Read-Hall (SRH)
recombination, is the predominant recombination process in solar cells52. SRH
recombination could be acceptor-like and/or donor-like which means trap states close
to the CBM and trap states close to the VBM, respectively. The well-known SRH
description for nonradiative recombination is:72, 78-79
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𝑅𝑆𝑅𝐻 =

𝑛𝑝 − 𝑛0 𝑝0
𝜏𝑛0 (𝑝 + 𝑝∗ ) + 𝜏𝑝0 (𝑛 + 𝑛∗ )

Here, n* and p* are the electron and hole densities when the Fermi level is on defect
level. 𝜏𝑛0 and 𝜏𝑝0 reflect the minimum SRH lifetime for electrons and holes which can
be written as:
1⁄
𝜏𝑛0 = 𝑅𝑆𝑅𝐻,𝑒 = 𝜎𝑒 𝜈𝑒 𝑛𝑒 𝑛ℎ,𝑖𝑚𝑝
1⁄
𝜏𝑝0 = 𝑅𝑆𝑅𝐻,ℎ = 𝜎ℎ 𝜈ℎ 𝑛ℎ 𝑛𝑒,𝑖𝑚𝑝
where 𝑛𝑒,𝑖𝑚𝑝 and 𝑛ℎ,𝑖𝑚𝑝 are the density of impurities not occupied by a hole (occupied
by an electron), recombination partners for holes, and vice versa. The capture crosssection for electrons 𝜎𝑒 and for holes 𝜎ℎ are reported for perovskites in the order of 1015

cm2 from deep level transient spectroscopy (DLTS).82-83 It is important to note here

that in perovskite thin films, the effect of SRH recombination is dominant in a
photogenerated charge carrier lifetime at lower excitation densities at which there are
unfilled trap states (Figure 9 and Figure 10) .73, 81 The min RSRH (trap density) with high
absorption gives the optimal absorber thickness; on the other hand, reported MAPbI3
film thicknesses are lower than the calculated thicknesses ranging between 1.27 and
1.32 µm, which is mainly due to the spin-coating processing limitation.22, 83
When all the recombination processes are taken into account, the general recombination
rate can be written as:81

−

𝑑𝑛
= 𝐴𝑛 + 𝐵𝑛2 + 𝐶𝑛3
𝑑𝑡

where A is SRH recombination (s-1), B is radiative recombination (cm3 s-1), and C is
Auger recombination coefficient (cm6 s-1). Therefore, the change in the bulk lifetime

41

with respect to excitation intensity (excess carrier concentration, Δn) follows the trend
shown in Figure 10. Here, the line between low and high injection levels refers to 1 sun
illumination.

Figure 10. The effective bulk lifetime as a function of Δn in perovskites for a p‐type doping
concentration of p0 = 3 × 1015 cm−3. Reprinted with permission from Aydin et al.22 Copyright
(2019) WILEY‐VCH.

Other than bulk recombination processes discussed previously, surface recombination
is also non-radiative recombination, which affects the total carrier lifetime of the
material. This recombination process can be dominant basically due to the lack of
neighboring atoms at the surface, which causes a different bonding process for them. It
is already known from inorganic semiconductors that poor surfaces (surface
recombination velocity, S = 105 – 106 cm s-1) can adsorb water and/or oxygen or react
with those adsorbed molecules when the material is exposed to air.52 For polycrystalline
perovskite thin films, the reported S is in the order of 102 cm s-1 using transient
reflection spectroscopy.84 Although reported surface recombination velocity is
comparable with highly efficient photovoltaic devices, Yang et al. discoursed that both
bulk and surface defect densities should be lowered for longer carrier lifetimes in
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perovskite thin films.84 Therefore, it could be concluded that the total carrier lifetime
depends on both the bulk lifetime and the surface recombination in perovskite
materials:84-85
1
𝜏𝑒𝑓𝑓

=

1
1
+
𝜏𝑏 𝜏𝑠

Here, the surface lifetime 𝜏𝑠 at each surfaces is:74, 86
𝑑
1 𝑑 2
𝜏𝑠 ≅
+ ( )
2𝑆 𝐷 𝜋
where 𝑑 is the thickness, and 𝐷 is the diffusion constant. On the other hand, the case of
equal S values for both interfaces is not always realistic since the density of interface
defects might vary due to different adjacent media at each side. If one side of the thin
film is fully passivated, meaning S = 0 cm s-1, then the surface lifetime on the second
side of the film becomes:86
𝑑 4 𝑑 2
𝜏𝑠 ≅ + ( )
𝑆 𝐷 𝜋
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Figure 11. (a) Effect of TOPO passivation on MAPbI3 perovskite film. Log-scale absolute PL
intensity with Würfel’s generalized Plank law fitting. The fitted parameter quasi-Fermi-level
splitting (QFLS, ∆𝜇 = 𝐸𝐹𝐶𝐵 − 𝐸𝐹𝑉𝐵 ) and percentage of radiative limit quasi-Fermi-level splitting
(χ) are also shown in the figure. (b) QFLS maps with 1 cm2 area and (c) corresponding
histograms for perovskite and perovskite/ charge transport layer interfaces. (d) PL intensity
mapping of PSCs with different passivation layers; PMMA:PCBM on ETL side and PMMA on
HTL side. Reprinted with permission from Braly et al.87 Copyright (2018) Springer Nature.
Reprinted with permission from Stolterfoht et al.88 Copyright (2018) Springer Nature.
Reprinted with permission from Peng et al.89 Copyright (2018) WILEY‐VCH.
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To achieve high-performance solar cells and light emitting devices, reducing the
nonradiative recombination in a semiconductor is a prerequisite. On the device level,
recombination losses could occur either in the bulk of the perovskite or at the adjacent
transport layers due to higher trap density which mainly reduces the photovoltage of
the device.22, 88 As shown in Figure 11, max achievable VOC can be extracted from the
fitting of absolute PL intensity using Würfel’s generalized Plank law:90-91

𝐼𝑃𝐿 (𝐸) =

2𝜋
𝐸 2 𝛼(𝐸)
ℎ3 𝑐 2 exp (𝐸 − ∆𝜇 ) − 1
𝑘𝐵 𝑇

Passivating the perovskite surface considerably increases the lifetime and also the PL
emission intensity.22, 87, 89, 92-94 Tri-n-octylphosphine (TOPO) as Lewis base is one of
the most successful proofs for passivation of perovskite surface which yields 90% PL
quantum efficiency (PLQE) with extracted 1.28 V max achievable VOC (Figure 11).87
As shown in Figure 11b-c, introducing charge transport layers in solar cells reduces the
potential to obtain high VOC values as nonradiative interfacial recombination becomes
dominant and reduces the QFLS ~ 75 – 80 meV. Therefore, passivating the
ETL/perovskite and HTL/perovskite interfaces with ultrathin PMMA layer enables the
high VOC values for PSCs, which is proved for different perovskite structures from
MAPbI3 to Cs0.05FA0.81MA0.14PbI2.55Br0.45 (Figure 11).89 This is because the Lewis base
nature of oxygen atoms in C=O groups of PMMA can reduce the charge state of Pb2+
defect ions at the interfaces, thus effectively reducing the nonradiative interfacial
recombination.
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Figure 12. Charge carrier dynamics in PSCs with corresponding time scales. Adapted with
permission from Shi et al.59 Copyright (2018) Elsevier Inc.

As discussed in this chapter, to achieve solar cell performances close to the
thermodynamic maximum, it is vital to understand and reduce all charge carrier loss
channels; mainly nonradiative trap-assisted recombination. Figure 12 summarizes all
the photogenerated charge carrier processes in the device with a timescale. After the
free carrier generation within the time scale of fs, carriers try to reach the corresponding
transport layers via drift and/or diffusion before recombining within the perovskite
layer. This process occurs within several ns; on the other hand, the distinction between
the extraction and interfacial recombination processes is not straightforward.59, 95-96 The
collection of the remaining carriers, which are not recombined at the interfaces, from
electrodes, takes time in the range of µs – ms which can be tracked using transient
photocurrent and photovoltage measurements.59, 97
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2.2 Defects in Perovskites
For MAPbI3 single crystals, the low trap densities of ∼1011 cm−3 have been reported;
this increases to ∼1016 cm−3 for polycrystalline thin films.98-100 In contrast to these high
trap densities, solution-processed lead halide perovskite films are well known as
inherently defect-tolerant since the dominant defects introduce only shallow traps in the
bandgap.98 There are two types of point defects in stoichiometric crystals; Schottky and
Frenkel defects, where charge neutrality is conserved in both. In addition to full
Schottky disorders in MAPbI3, which is also common in oxide perovskites like SrTiO3
and BaTiO3, it can also be a ‘partial’ disorder with respect to the MAI or PbI2 sublattices.101 In MAPbI3, the Schottky defect formation energy is calculated as 0.14 eV
per defect, and the partial Schottky disorder for loss of MAI is more favorable with
formation energy 0.08 eV per defect.101 Figure 13 shows the region of
thermodynamically stable MAPbI3 and the formation energies of intrinsic point defects
with chosen chemical potentials; A for Pb-deficient, B for stoichiometric, and C for Pbrich perovskite. The narrow region for thermodynamically stable MAPbI3 shows the
importance of controlling the growth conditions; however, it is also possible to tune the
n-type or p-type properties.100 By taking into account all possible point defects such as
MA, Pb and I vacancies (VMA, VPb, VI), MA, Pb and I interstitial (MAi, Pbi, Ii), cation
substitutions (MAPb, PbMA), and anti-site substitutions (MAI, PbI, IMA, IPb), the
formation energies of these defects in the bandgap are shown in Figure 13 for three
different cases; A, B and C. For both Pb-poor and Pb-rich perovskites, deep level
defects are PbI and IPb where shallow defects are VPb, VI, Ii and Pbi.102
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Figure 13. The plot of thermodynamically stable range for equilibrium growth of MAPbI3 with
chemical potentials (red narrow region) and the formation energies of intrinsic point defects in
MAPbI3 at chemical potentials A, B, and C. Reprinted with permission from Yin et al.100
Copyright (2017) AIP Publishing LLC.

Figure 14. The transition energy levels of intrinsic (a) acceptors and (b) donors in MAPbI3
perovskite. Reprinted with permission from Yin et al.100 Copyright (2017) AIP Publishing LLC.

The calculated transition level energies for all point defects in ideal MAPbI3 crystal are
shown in Figure 14 both for acceptors and donors. Deep level defects in ideal MAPbI3
(IPb, IMA, Pbi, and PbI), which have high defect formation energies, are mainly
responsible for nonradiative recombination.100 All the vacancies (VI, VPb, VMA) in
MAPbI3 are shallow level defects and have significant equilibrium concentration at
room temperature.101 This could produce vacancy-mediated ion transport which is the
responsible process for observed hysteresis in solar cells.103-105 In Figure 15b, the
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schematic shows the accumulation of positively charged iodide vacancies (VI+) at
interfaces for evaporated perovskite films. Sherkar et al. reported that evaporated
MAPbI3 film exhibits positively charged VI which accumulates at grain boundaries.106107

In the case of reduced accumulation of VI+ at grain boundaries and interfaces, J–V

behavior of the devices becomes hysteresis-free since the density of VI is strongly
related to mobile iodide ion density.106 Moreover, the adverse effect of ion migration in
perovskite degradation through interfaces has been reported since iodide ions can
diffuse easily in perovskite as well as in the transport layers, which changes the
electrical properties at the interface.108-112 The genesis of VI has been theorized as the
oxidation of iodide atoms via photogenerated holes in which iodide to iodine formation
reduces the ionic size of iodide allowing it to leave the lattice easily and create
interstitial and vacancy defects.108, 113
Another significant adverse effect due to the halide vacancy is the highly reactive
superoxide (O2−) formation as the reaction shows in Figure 15. Aristidou et al. reported
that the morphology and defect chemistry of the MAPbI3 films influence the oxygen
diffusion process and its susceptibility to oxidative reactions.114 In MAPbI3, the
calculated formation energies of light-induced O2− at face site neighboring four iodide
ions is –1.19 eV, at VI is –1.19 eV, VPb′′ is +0.29 eV, and VMA′ is –0.23 eV.114 These
formation energies demonstrate that vacant iodine sites are the favored location for the
reduction process. Furthermore, Yoon et al. showed that halide vacancies (VI or VBr)
are the reason for photoinduced halide segregation in I-Br mixed halide perovskites.115
By monitoring the excited state dynamics using ultrafast TA spectroscopy while
samples (with different Pb:halide ratios) were illuminated with continuous 405 nm
diode laser, it is proven that charge carrier accumulation and recombination occur at Irich domains.115-116 Figure 15c shows the schematics of the halide ion migration
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mechanism for the halide-deficient perovskite case. The photoinduced halide migration
occurs in a series of small steps between adjacent vacancies to ultimately induce I- and
Br-rich domains. Moreover, the phase segregation can be more pronounced for Br-rich
cases since the affinity of Pb2+ toward Br– and I– differs. Thus, employing excess halide
ions in a perovskite lattice decreases the density of vacancies for halide migration
transport which leads to a minimized halide ion segregation effect.115

Figure 15. (a) Schematic of the reaction steps of O2 with MAPbI3. (b) Accumulated positively
charged iodide vacancies (VI+) at interfaces for evaporated perovskite films (c) Schematic of
halide vacancies in the Pb–I plane of mixed I–Br perovskite and halide ion migration due to
illumination (dashed circles shows the I-rich and Br-rich domains). Reprinted under the terms
of the Creative Commons 4.0 License.114 Copyright (2017) Springer Nature. Reprinted with
permission from Sherkar et al.106 Copyright (2017) American Chemical Society. Reprinted with
permission from Yoon et al.115 Copyright (2017) American Chemical Society.
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The aforementioned reports point out that although the bulk of the perovskite is defect
tolerant, vacancies play a critical role in the ionic conductivity and the long-term
stability of the perovskite. Additionally, Meggiolaro et al. reported the different
ionization levels of Ii in MAPbI3.98 These +/0 and 0/– ionization levels are located at
0.57 eV below the CB, and 0.29 eV above the VB, in which both electrons and holes
can be trapped. It is concluded that iodine chemistry determines the defect physics of
the perovskite since potential deep traps for holes, Ii, can be converted to kinetically
inactive electron traps by controlling the perovskite processing.98

Figure 16. Schematics of possible defects on the perovskite surface and the effect of various
passivation routes. Reprinted with permission from Chen et al.117 Copyright (2019) The Royal
Society of Chemistry.

As discussed in this chapter, the shallow level defects in MAPbI3 with low formation
energy is the main reason behind the reported high VOC values in devices, and the long
electron-hole diffusion length, which can be attributed to strong Pb lone-pair s orbital
and I p orbital antibonding coupling and the highly ionic nature of perovskites.100
Finally, all possible (including deep and shallow level) defects on perovskite surfaces
and grain boundaries are summarized in Figure 16. As an example, Lewis acid can
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accept a pair of nonbonding electrons, and Lewis base can donate a pair of nonbonding
electrons, which have been used as an effective methodology for the passivation of
perovskites. Lewis acids – fullerene (C60) and its derivatives (PCBM, ICBA, etc.),
iodopentafluorobenzene via halogen bonding, molecular oxygen, etc. – coordinate the
undercoordinated I– and/or antisite PbI3– where Lewis bases – molecules containing
nitrogen (N), sulphur (S), oxygen (O) or phosphorus (P) functionalities, reduced
graphene oxide with oxygen-based hydroxyl (–OH) groups or π-conjugated small
molecules, etc. – coordinate the undercoordinated Pb2+ or Pb clusters.89, 118-131 Different
from the Lewis acid-base method, anionic and cationic point defects as well as
undercoordinated Pb2+ can also be passivated via cationic/anionic species and
zwitterions which are possessed with positively and negatively charged functional
groups.34, 94, 132-136 All these passivation routes reduce the trap densities both in the bulk
crystal and the surface of the perovskite, thus the nonradiative recombination, yielding
higher-performing devices with reduced hysteresis.
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Chapter 3: Methodology
3.1 Perovskite Device Fabrication and Characterization
Patterned indium tin oxide (ITO) substrates were cleaned with detergent, deionized
water, acetone, and IPA using sonication, followed by UV-O3 cleaning for 10 min.
Electron Transport Layers (ETLs)
Zinc Oxide (ZnO). We used compact ZnO (Avantama, N-10) as an electron transport
layer (ETL). The ZnO layer was deposited by spin coating at 5000 rpm using a 2.5 wt%
ZnO nanoparticle suspension in an IPA solution. The annealing of the ZnO was done
at 100 °C for 10 min.
Tin Oxide (SnO2). The compact SnO2 layer was deposited on cleaned ITO substrates by
spin coating at 3000 rpm for 30 s using a diluted SnO2 nanoparticle suspension in water
(Alfa Aesar, 15% in H2O colloidal dispersion). After annealing the SnO2 layer at 150
°C, samples were directly moved to an N2-filled glovebox to deposit a C60-based selfassembled monolayer (C60-COOH-SAM, Luminescence Technology Corp.). The C60SAM stock solution was prepared via dissolving in CB (1 mg/mL) and filtering using
a 0.2 µm PTFE filter. Then, C60-SAM was spun on SnO2 at 3000 rpm for 60 s with a
3000 rpm/s ramp rate.
Titanium Dioxide (TiO2). The compact TiO2 thin film was spun at 5000 rpm on the precleaned FTO (TEC 8) substrates (de-ionized water, acetone, isopropanol, and ethanol,
respectively). After the annealing of the c-TiO2 layer at 500 °C in air, ~100 nm-thick
m-TiO2 was deposited by spin-casting the TiO2 precursor solution at 5000 rpm with a
ramp of 5000 rpm/s for 30 s, then sintered at 500 °C in air, where the TiO2 precursor
solution was prepared from the TiO2 paste (30 NR-T, GreatCell Solar) diluted in
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anhydrous Ethanol (1:9, w/w). Before depositing the perovskite films, ultra-thin
PMMA:PCBM passivation layers were deposited on top of the FTO/c-TiO2/m-TiO2
substrates through spin coating using 4mg PMMA:PCBM (1:3, w/w) blend solution in
1ml CB.
MAPbI3 perovskite layer
The MAPbI3 absorber layer was deposited on top of ETL by using sequential
interdiffusion protocol. The PbI2 layer was spun at 3500 rpm for 15 s, using 1M
PbI2/DMF solution at 70 °C, and then 40 mg/ml MAI in IPA solution at 70 °C was
loaded on the PbI2 layer. After a color change was observed, the MAI layer was spun
at 3500 rpm for 15 s. The MAPbI3 absorber layer was then washed with IPA using spincoating prior to annealing at 100 °C.

Figure 17. Schematic of MAPbI3 deposition. Adapted with permission from Ugur et al.137
Copyright (2017) American Chemical Society.

FAMAPbI3 perovskite layer
The FAMAPbI3 absorber layer was deposited on top of ETL by using sequential
interdiffusion protocol. The PbI2 layer was spun at 3500 rpm for 19 s using 1.5M PbI2
in DMF:DMSO mixture solution with volume ratio 9:1 at 75 °C. Then, 0.5M FAI:MAI
(1:1 molar ratio) solution, which was in IPA with 44 µl 2ME additive at room
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temperature, was loaded on the PbI2 layer with a 3 s delay. The FAI:MAI layer was
spun immediately at 3500 rpm for 19 s. The FAMAPbI3 perovskite film was then
annealed at 108 °C for 35 min.

Figure 18. Schematic of FAMAPbI3 deposition.

Mixed-cation lead mixed-halide perovskite layer
The 1.2M mixed-cation lead mixed-halide perovskite solution was prepared using CsI
(0.05M), FAI (0.81M), MABr (0.14M), PbI2 (1.25M) and PbBr2 (0.15M) precursors
dissolved in anhydrous DMF:DMSO mixture solution with volume ratio 4:1.
Cs0.05FA0.81MA0.14PbI2.55Br0.45 absorber layer was deposited on top of ETL by using the
1-step solvent dripping method using CB as a dripping solvent. The deposited
perovskite absorber layer was annealed at 100 °C for 10 mins.

Figure 19. Schematic of Cs0.05FA0.81MA0.14PbI2.55Br0.45 deposition.

55

Hole Transport Layers (HTLs)
A Spiro-OMeTAD hole transport layer was spun on perovskite absorber layers using a
precursor solution prepared by dissolving 72.5 mg Spiro-OMeTAD (Luminescence
Technology Corp.), 28.5 µl 4-tert-butylpyridine (Sigma Aldrich) and 17.5 µl of lithium
bis(trifluoromethanesulfonyl)imide stock solution in 1 ml CB.138 After spin-coating the
HTL, the samples were placed in dry air using a humidity-control cabinet overnight to
ensure sufficient oxidation of the Spiro-OMeTAD film. To finalize the device
fabrication, 90 nm Au contacts were thermally evaporated with a deposition rate of 0.2
Å/s for the initial 15 nm and finalized with a rate of 1.00 Å/s.
5 mg PDPP-3T dissolved in 1 ml CB was spun at 1300 rpm for 30 s for desired HTL
thickness. To finalize the device fabrication, 3 nm MoOx (0.2 Å/s) and 100 nm Ag (3.00
Å/s with 0.3 Å/s for the initial 10 nm) was thermally evaporated through a shadow
mask.
Photovoltaic Device Characterization
The current density-voltage (J–V) characteristics of perovskite solar cells were
measured in an N2-purged glovebox under standard simulated AM1.5 illumination
using a solar simulator (Abet Technologies Sun 3000 Solar Simulator) equipped with
Autolab Potentiostat/Galvanostat. The light intensity was calibrated using a certified
reference cell (RERA Solutions, calibrated at Radboud University Nijmegen). All J–V
curves were tested at 50 mV/s scan rate both in the reverse (VOC to JSC, 1.2 V→-0.1V)
and forward scan (JSC to VOC, -0.1 V→1.2 V) unless otherwise stated. No
preconditioning protocol was used before the measurement.
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Figure 20. Typical I-V curve of a solar cell. MPP refers to the maximum power point, meaning
the PCE, which is the multiplication of max current density J max (= Imax/active area, cm2) and
voltage Vmax. Thus, the fill factor is 𝐹𝐹 =

𝐽𝑚𝑎𝑥 × 𝑉𝑚𝑎𝑥
⁄𝐽 × 𝑉
𝑆𝐶
𝑂𝐶

The external quantum efficiency (EQE) measurements were conducted in the air using
commercial an EQE system (Newport) under dark conditions and without any bias or
preconditioning. Note that the calibration of the EQE was performed by a silicon diode
before the measurement. The current density from the EQE was obtained by integrating
the IPCE (EQE) spectra over the AM1.5G solar spectrum from NREL Excel
spreadsheet:
𝐽𝑆𝐶 (𝐴 𝑐𝑚−2 )
𝐼𝑃𝐶𝐸 (%) = 1240 ×
𝜆 (𝑛𝑚) × 𝐼𝑖𝑛𝑐 (𝑊 𝑐𝑚−2 )
The sensitive EQE spectra were collected at short-circuit under focused monochromatic
illumination from a Xenon arc lamp (lamp intensity was calibrated with Ge and Si
photo-diodes). The light beam was modulated by an optical chopper (275 Hz), and the
device output current was measured as a function of incident photon energy using a
lock-in amplifier (Stanford Instruments SR 830).
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3.2 Steady-state and Ultrafast Time-resolved Spectroscopy Studies
Sample Preparation
We used quartz substrates to perform TRPL, PDS, and TA spectroscopy studies. For
PDS and TRPL measurements, perovskite thin films were prepared using the same
protocol with the device fabrication. Conversely, some TA samples were prepared
using diluted solutions to get 150-200 nm-thick perovskite thin films.
Steady-State Ultraviolet-Visible Absorption Spectroscopy
The transmittance (T) and reflectance (R) of the perovskite samples were obtained
between 300 and 900 nm using a Perkin Elmer Lambda 950 UV-vis-NIR
spectrophotometer equipped with an integrated sphere. Absorptance of the films was
calculated by 𝐴 = 1 − (𝑇 + 𝑅).
Photothermal Deflection Spectroscopy (PDS)
PDS is a highly-sensitive absorption technique that allows detection of sub-bandgap
features, for example, Urbach tails in inorganic semiconductors. We used a home-built
system to perform a PDS measurement. 250 W QTH lamp (Newport 66996-250Q-R1)
was used as a pump source to excite the sample across the UV to NIR spectral region.
The pump light was sent through a monochromator (LOT MSH-300) and was
modulated by a chopper operating at a constant frequency of 4 Hz. A CW-laser with a
wavelength of 633 nm (Thorlabs HR S015 HeNe) was used as the probe beam source.
The probe beam was focused near the surface of the sample. The deviation of the probe
beam was detected by a pyro-electric detector (Newport DET-L-PYC5-R-P) using
lock-in detection (Stanford Research Systems SR830 lock-in amplifier). During the
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measurement, the sample was immersed in a chemically inert thermosensitive liquid
(Sigma-Aldrich Perfluorohexane C6F14).
Time Resolved Photoluminescence Spectroscopy (TRPL)

Figure 21. Schematic of the streak camera system. Adapted from Meister et al.139

TRPL measurements were conducted using a high-resolution streak camera system
(Hamamatsu, C10910). The excitation beam was generated by applying an optical
parametric oscillator (OPO) (Inspire OPO, Radiantis) pumped by a Mai Tai oscillator
with a wavelength of 830 nm (Spectra Physics). The generated beam from the OPO was
routed through the pulse picker (pulseSelect, A•P•E) and focused to pump the
perovskite samples mounted inside a sealed chamber. The associated PL emission was
spectrally resolved using a spectrograph and carried to the streak camera. The working
mechanism of the streak camera is basically measuring light intensity change over an
extremely short period and also spatially over the spectrum. All measurements were
performed at room temperature under an N2 environment to prevent the samples from
any environmental effects unless otherwise stated.
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The photogenerated carrier concentration at t=0 was calculated using the formula:
𝑛0 =

𝛼. 𝑓
𝐸𝑝ℎ𝑜𝑡𝑜𝑛

where α is the absorption coefficient at the excitation wavelength, f is the fluence of
the laser and Ephoton is the photon energy.
Transient Absorption (TA) Spectroscopy
Ultrafast time-resolved TA measurements were performed with a home-built pumpprobe setup to reveal the charge carrier dynamics of various samples. Initially, the
fundamental output of a Ti:sapphire amplifier (Coherent Legend Duo) operating at 800
nm with a repetition rate of 3 kHz and 3.5 mJ energy was split into three segments, two
of them were utilized to pump two optical parametric amplifiers (Light conversion
TOPAS Prime). One OPA was used to generate the tunable excitation pulses in the
visible region, while the second OPA generated a signal (1300 nm) and idler (2000 nm)
only. 1300 nm output from a TOPAS OPA was focused into a calcium fluoride (CaF2)
crystal to generate a white-light supercontinuum from 350 to 1000 nm. For a long delay
- time range between 1 ns and 1 ms with a resolution of 600 ps - TA measurement, the
excitation (pump pulse) was provided by an actively Q-switched Nd:YVO4 laser
(INNOLAS picolo AOT) frequency-doubled to provide pulses at 532 nm, and triggered
by an electronic delay generator (Stanford Research Systems DG535), itself triggered
by the TTL sync from the Legend DUO, allowing control of the delay between pump
and probe with a jitter of roughly 100 ps.
Pump and probe beams were focused on the sample to overlap spatially. The
transmitted fraction of the white light was guided to a custom-made prism spectrograph
(Entwicklungsbüro Stresing). The transmitted light was dispersed by a prism onto a 512
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pixel NMOS linear image sensor (HAMAMATSU S8381-512). Adjacent diode
readings corresponding to the transmission (T) of the sample after excitation and in the
absence of an excitation pulse were used to calculate ΔT/T. Note that the measurements
were averaged over several thousand shots to obtain a good signal-to-noise ratio.
Finally, the chirp induced by the transmissive optics was corrected with a home-built
MATLAB code by revaluating for each wavelength the delay at which pump and probe
simultaneously arrive on the sample as the time of the signal amplitude. During the
measurements, the perovskite samples were kept in a sealed chamber in an N2
atmosphere in order to prevent any environmental effects.
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Chapter 4: Optimization of MAPbI3 devices and change in
photophysical properties after exposure to humidity and light
The article “Improved Morphology and Efficiency of n–i–p Planar Perovskite Solar
Cells by Processing with Glycol Ether Additives" was published in ACS Energy
Letters and has been available online since August 8, 2017. The article is adopted with
permission from Ugur et al.137 Copyright (2017) American Chemical Society.
The article “How Humidity and Light Exposure Change the Photophysics of Metal
Halide Perovskite Solar Cells" was published in Solar RRL and has been available
online since September 11, 2020. The article is adopted with permission from Ugur et
al.140 Copyright (2020) WILEY‐VCH.

4.1 Optimization of MAPbI3 perovskite solar cells
In this part, the optimization of MAPbI3 perovskite device fabrication using the twostep interdiffusion technique will be discussed.141-142 This technique is expected to
allow better control during the fabrication of the perovskite active layer.36 However,
the formation of the PbI2 film itself is rather complex, involving the formation of
disordered and crystalline PbI2DMF solvate complexes143. Therefore, the precise
timing of the two-step protocol matters to the overall conversion process. Here, we have
used the sequential interdiffusion protocol shown in Figure 22 to fabricate the
perovskite thin films. Note that the as-cast PbI2 film was spin-cast from DMF solution
for a duration of 15 s and immediately after exposed to the MAI solution in IPA without
prior thermal annealing. This ensures the as-cast PbI2 film consists in fact of PbI2DMF
complexes at the time of MAI loading, as evidenced from in–situ GIWAXS and optical
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absorption measurements (Figure 31). To tune the perovskite layer’s conversion
process, a small amount of a glycol ether, either 2-methoxyethanol (ME), 2ethoxyethanol (EE) or 2-propoxyethanol (PE), was added to the MAI solutions used in
the preparation of the second stack layer.
Scanning electron microscopy (SEM) images of the perovskite samples are shown in
Figure 22. Clearly, the addition of a glycol ether to the MAI precursor solution in IPA
affected the morphology of the perovskite layers obtained after IPA washing and
thermal annealing. In fact, more compact and uniform perovskite thin films were
obtained for each additive compared to the reference sample (Figure 32). Particularly,
the use of ME as an additive resulted in enlarged average grain sizes of up to 1 µm and,
in addition, led to uniform crystal growth all across the vertical axis of the thin
perovskite film. Moreover, the surface roughness of the perovskite thin films was
investigated by atomic force microscopy (AFM) shown in Figure 22. As expected, the
addition of 2-methoxyethanol reduced the surface roughness of the perovskite thin films
to about 20 nm, while the reference sample (the one without an additive) had an average
surface roughness of 30 nm.
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Figure 22. (a) Schematic representation of the perovskite layer deposition process used in this
work, starting with spin-coating PbI2 from DMF solution, followed by MAI loading, IPA
washing, and thermal annealing. The glycol ethers are: 2-methoxyethanol (ME), 2ethoxyethanol (EE), and 2-propoxyethanol (PE). (b) SEM micrographs (scale bar: 1 µm) and
(c) AFM images (scale bar: 2 µm) of the final CH3NH3PbI3 perovskite absorber layers
processed with different glycol ether additives in MAI solution. Adapted with permission from
Ugur et al.137 Copyright (2017) American Chemical Society.

Steady-state UV-vis measurements were performed after the annealing of the
perovskite thin films (Figure 23 and Figure 33). These experiments showed a
remarkable increase of the absorbance in the visible region for perovskite films
prepared with glycol ethers. We attribute this effect to the high quality of perovskite
crystals in the layer and confirmed that the thickness of the perovskite layers was not
altered due to the addition of the glycol ether, being in all cases 300±30 nm, as measured
by cross-sectional SEM (Figure 23). The bandgap of all perovskite layers was
determined to be 1.60±0.02 eV using a Tauc plot, confirming that the glycol ether
addition did not alter the bandgap either (Figure 34).
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Figure 23. (a) UV-vis absorption spectra of MAPbI3 perovskite absorber layers prepared with
different glycol ether additives, (b) J−V characteristics of planar MAPbI3 perovskite solar cells
measured in reverse sweep mode, (c) histogram of PCEs for reference devices and ME devices
based on reverse J−V sweeps, (d) EQE measurements of reference device and devices prepared
with glycol ethers, and (e) cross-sectional SEM images of all MAPbI3 perovskite photovoltaic
devices (scale bar: 500 nm). Reprinted with permission from Ugur et al.137 Copyright (2017)
American Chemical Society.

Planar perovskite solar cells of the structure ITO/ZnO/MAPbI3/spiro-OMeTAD/
MoOx/Ag (n-i-p structure) were prepared to investigate the impact of glycol ethers and
improved perovskite thin film morphology on device performance (Figure 23 and Table
1). Interestingly, the short circuit current densities (JSC) were similar across the series
of devices, between 21–22 mA cm-2, despite the increased absorbance. However, a
slight improvement in VOC from 1.11 to 1.13 V was observed, when ME was used. More
importantly, the FF increased from 62% to 68% resulting in an overall enhancement of
the average PCE from 13.5% for the reference sample to 15.9% for the device prepared
with ME (Table 1). Furthermore, the highest efficiency obtained for the sample
prepared with ME was 16.7%, while it was 14.3% for the reference samples prepared
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without glycol ether. The distribution of efficiencies for 30 reference samples and 30
devices prepared with ME is depicted in Figure 23. Moreover, detailed device statistics
including JSC, VOC and FF of all samples can be found in Figure 35. In addition to the
increase in device performance, a narrower efficiency distribution for ME samples can
be seen. The external quantum efficiency (EQE) spectra for representative reference
and devices prepared with additives are presented in Figure 23. Furthermore, we note
that the addition of glycol ether has a positive impact on the hysteresis typically
associated with planar n–i–p device structures when using ZnO ETLs. In fact, the
hysteresis was significantly reduced in the sample prepared with ME compared to the
reference sample, as can be seen from Figure 36; yet, we did not manage to completely
suppress the hysteresis, which has to be addressed in future work.
Table 1. Figures of merit of MAPbI3 perovskite solar cells prepared with different glycol ether
additives. Shown here are average values of 30 devices and the highest device efficiency
obtained.

JSC

VOC

FF



Champion

(mAcm-2)

(V)

(%)

(%)

(%)

Ref

21.5±0.7

1.09±0.02

58±3.8

13.5±1.3

14.3

ME

21.9±0.4

1.12±0.02

65±3.0

15.9±0.8

16.7

EE

21.1±0.4

1.07±0.03

54±4.8

11.8±1.2

13.2

PE

21.2±0.5

1.08±0.02

62±2.9

13.9±1.2

15.1

Sample

We believe the efficiency improvement is primarily linked to morphological
improvements, specifically the enlarged perovskite grain size, especially in the vertical
orientation across the photoactive layer, when using ME, as confirmed by cross-
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sectional SEM images (Figure 23). The formation of larger grains in the vertical
direction reduces the number of grain boundaries which could potentially hinder charge
transport and act as traps, as photogenerated electrons and holes must diffuse across the
layer to reach the charge collection electrodes. This effect is well-known to improve
device performance144-145. Similarly, the use of PE also enhanced device performance,
however, only moderately up to a PCE of 15.1%. In stark contrast, no improvement in
device performance was observed when EE was used in any quantity. In fact, we
visually observed that the color of the perovskite layer with EE changed from brown to
fawn after annealing of the perovskite on ZnO/ITO. We believe this is a consequence
of the instability of the ZnO/perovskite interface also witnessed earlier146-147.
The morphological and device data clearly demonstrated that adding glycol ethers in
the conversion from PbI2 to perovskite affects significantly the grain growth and quality
of the perovskite absorber layer. To shed more light on the mechanism of the two-step
perovskite formation process and to better understand the influence of the additive
during the conversion of the PbI2 to MAPbI3 perovskite film, we performed multi probe
in-situ diagnostics during PbI2 spin-coating, MAI loading of the PbI2·DMF complex
precursor film, as well as during the subsequent spin-off of the excess MAI, IPA wash,
and subsequent thermal annealing (see also scheme in Figure 22 and Figure 24). The
time-resolved ground state absorption spectra were calculated from the respective
transmittance spectra using the following equation: 𝐴𝜆 = −𝑙𝑜𝑔10 (𝑇) where 𝐴𝜆 is the
absorbance at a certain wavelength λ and T is the intensity of the calibrated transmitted
light148.
In Figure 24a, we show false-colour plots of the temporal evolution of the UV-vis
absorption spectra for all four conversion conditions (i.e. reference and three different
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glycol ether additives) during each of the aforementioned steps. In the first step, the
formation of a PbI2DMF complex precursor film was observed during spin coating
within 15 s. The conversion of the as-cast precursor film started immediately upon
drop-casting of the MAI solution, as indicated by the increasing absorbance and gradual
red-shift of the absorption edge from that of solvated PbI2 towards that of solid state
MAPbI3. To monitor the perovskite layer formation and reaction progress, we plot in
Figure 24 the absorbance at  = 630 nm as a function of the process time, as primarily
at that wavelength, the perovskite absorbs. This analysis ignores any non-idealities from
light scattering and light coupling distortion which may be present due to the curved
liquid droplet, especially during loading periods. The absorbance at this wavelength
increases steadily in time for both the reference and ME sample during MAI loading.
In contrast, in the presence of EE we saw a pronounced rapid rise of the absorbance due
to an apparently fast conversion during the loading stage. We suspect the excessively
rapid process prevents completion of the conversion of the precursor film and may be
the primary reason for its instability and color change observed upon annealing.
Subsequent spin-off of the excess solution causes stabilization in the case of ME, while
EE and PE exhibit a further slow rise of the absorbance. During IPA cleaning, no further
change of the absorbance was observed for the reference and EE samples, while a
significant increase in absorbance occurred for the ME and PE sample. The in-situ
absorption measurements also reveal that the samples exhibited different PbI2 to
MAPbI3 conversion dynamics. In particular, the ME sample showed largely altered
conversion characteristics compared to the reference sample, converting significantly
during the IPA washing step as opposed to the reference.
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Figure 24. (a) 2D color maps showing the spectral evolution of the UV–vis absorption of the
reference and glycol ether samples during spin-coating. The subsections of the plot show (from
left to right) sequential deposition of the PbI2 layer, MAI loading, spin coating of the MAI layer,
and IPA cleaning. Temporal evolution of the UV–vis absorption at λ = 630 nm (b) during the
different stages of PbI2 deposition, MAI loading using different additives, and various spin
coating stages and (c) during thermal annealing following the solution-phase conversion of the
as-cast PbI2 film using different additives. Reprinted with permission from Ugur et al.137
Copyright (2017) American Chemical Society.
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In situ UV–vis absorption measurements performed during the annealing step of the
perovskite thin films are shown in Figure 24 on a semi-logarithmic scale. We observed
significant differences in the change of normalized absorbance. The reference sample
exhibited a rapid increase of absorbance with annealing, increasing to 95% of its final
absorbance within 60 s. In contrast, the glycol ether addition slowed down the
perovskite formation during annealing, except for PE. The absorbance in the presence
of ME increased to 72% within the first minute. Changes in absorbance were found to
be comparably slow in case of EE during annealing. These results indicate that
conversion to the tetragonal perovskite phase is more controlled in the annealing step,
when using ME as an additive during the MAI loading. In order to further understand
the grain growth mechanism, we took SEM images of the reference and ME samples at
increasing annealing times (t = 0, 10, 90, and 300 s) as shown in Figure 37. The SEM
micrographs of the reference and ME samples prior to annealing are clearly different in
terms of nucleation of grains and thin-film structure, which implies different solid-solid
reaction dynamics between MAI and PbI2 during spin coating and at different stages in
annealing process149-150.
Static GIWAXS measurements performed on the annealed samples immediately after
the conversion are presented in Figure 25. The data reveals a powder ring associated to
the (110) reflection of the perovskite phase, indicating that in all cases it is
predominantly formed with random orientation, with a more prominent preference for
out-of-plane orientation when additives are used, as indicated by the azimuthal intensity
distribution of the perovskite powder ring in Figure 25. The reference sample appears
to have undergone incomplete conversion as indicated by the presence of a rather sharp
PbI2 peak. The peak is highly textured in the out-of-plane direction, indicating that the
PbI2 phase is probably templated either at the top surface or the bottom interface. Static
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GIWAXS measurements were also performed at different angles of incidence, both
above and below the critical angle of the perovskite. The relative intensity of the PbI2
peak decreases with respect to the perovskite ring in shallower angle conditions,
suggesting the PbI2 phase is predominantly found at the buried interface. All other
samples prepared with glycol ether additives showed complete conversion to
perovskite.
In Figure 38, we compare the ex-situ X-ray diffraction (XRD) spectra in the BraggBrentano configuration (longitudinal) for the reference perovskite thin films with those
prepared with different glycol ether additives and with a neat PbI2 film. The
longitudinal section of the perovskite main peak is at around 2 = 14.7° for (110) and
its intensity increased upon the use of glycol ethers, in agreement with the GIWAXS
pole-figures. All perovskite thin films have additional diffraction peaks around 28.7°
and 32.4° assigned to the (220) and (310) perovskite crystal planes, respectively151.
Another important feature seen in the XRD spectra is the PbI2 peak at around 2 =
13.2°, which was present in all samples, unlike in GIWAXS measurements performed
ex-situ on samples that were rigorously kept under nitrogen, as XRD measurements
were typically performed several hours after sample preparation and tend to be more
sensitive to the bulk of the film. The peak intensity was clearly reduced when glycol
ethers were used during film formation. The ME sample exhibited the lowest PbI2 peak
intensity, indicating perovskite conversion from PbI2 is more complete upon addition
of ME. We note that several studies have indicated that the presence of PbI2 has an
impact on device performance152-153. Therefore, better control over the PbI2 content, as
shown through the use of glycol ether additives is also likely to help achieve improved
solar cell performance. We also investigated whether any residual glycol ether
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molecules remained in the perovskite absorber layers by performing Fourier transform
infrared (FTIR) spectroscopy (Figure 39), and found that after annealing of the
perovskite layer, the main peaks from glycol ether molecules had disappeared.

Figure 25. (a) 2D-GIWAXS spectra of CH3NH3PbI3 perovskite absorber layers prepared with
different glycol ether additives, (b) azimuthally integrated 1D-plots showing the signal intensity
versus q (nm-1), and (c) the azimuthal-angle intensity of the q = 10 nm−1 peak from GIWAXS
for MAPbI3 perovskite absorber layers after annealing. Reprinted with permission from Ugur
et al.137 Copyright (2017) American Chemical Society.

In summary, the addition of glycol ether molecules to the MAI solution in a two-step
perovskite thin film preparation alters the lead iodide to perovskite conversion
dynamics and thin film morphology, ultimately resulting in enlarged grain sizes of up
to 1 µm across the entire perovskite film. We observed that glycol ethers affect the
dynamics of grain growth during the sequential interdiffusion deposition protocol,
slowing it down and promoting slower, but more complete conversion. In-depth studies
performed by in-situ absorption spectroscopy were used to confirm the impact of
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additives on the conversion dynamics of PbI2 to perovskite. Furthermore, we observed
that glycol ether addition increases the absorbance of as-converted perovskite thin films
as demonstrated by UV–vis absorption spectroscopy measurements. Enhanced
absorbance of perovskite thin films at similar film thicknesses is attributed to improved
lead iodide to perovskite conversion and perovskite crystal quality. Moreover, both the
XRD and GIWAXS results demonstrated an increased conversion yield of PbI2 to
MAPbI3 when using glycol ether molecules as additives. Furthermore, verticallyaligned perovskite crystals with fewer grain boundaries were observed in crosssectional SEM imaging. The addition of glycol ethers thus induced not only improved
perovskite film morphology but also a remarkable change in device performance with
maximum efficiencies up to 16.7% and an overall narrower efficiency distribution, in
other words, better reproducibility of the device performances. The narrower
distribution at higher efficiency is attributed to better control of the thin film growth,
when using glycol ether molecules as additives. In short, adding a small amount of ME
during the preparation of the perovskite absorber layer appears to be a promising route
to achieve higher quality perovskite polycrystalline films, and it paves the way towards
more efficient planar perovskite photovoltaic devices when applying a two-step
deposition protocol.
Finally, we emphasize that better morphology control is very important for studies that
address in more depth the correlation between perovskite composition, processing
conditions, film morphology, and photophysical properties, which ultimately determine
the device performance154. For instance, advanced spectroscopic and imaging
techniques such as Kelvin probe force microscopy (KPFM), photocurrent AFM
(pcAFM), piezoresponse force microscopy (PFM), and electron beam-induced current
(EBIC) experiments are extremely valuable tools that can probe the electrical response
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of individual grains of the MAPbI3 perovskite films prepared with glycol ether
additives154-156. Spatially-resolved transient micro-photoluminescence (µ-PL) imaging
is one of the key techniques to probe the carrier dynamics locally within grains, close
to the grain boundaries, and across the grain boundaries157-158. Lastly, light-induced
degradation and the effect of atmospheric conditions can be investigated using in-situ
structural analysis techniques159.
4.2 Change in photophysical properties after exposure to humidity and light
The photophysical properties of perovskites, and therefore the performance of PSCs,
and their long-term stability are susceptible to extrinsic effects such as humidity, lightsoaking, and thermal stress.22, 160-165 Of the aforementioned extrinsic parameters, the
precise effects of humidity and light exposure are still under debate; some studies claim
both to be beneficial, while others report them to be detrimental. For instance, Pathak
et al. reported that annealing perovskite films in humid air resulted in improved
crystallinity and larger perovskite grain domains, yielding a higher PLQE.166 Eperon et
al. showed that exposure to humidity either in the precursor solution or from the
atmosphere during film formation results in significantly improved VOC due to partial
solvation of the methylammonium (MA+) and “self-healing” of the perovskite lattice.122
On the contrary, Yang et al. reported that humidity accelerates the device degradation
by the formation of a hydrated intermediate containing isolated (PbI6)4– octahedra.167
Furthermore, Christians et al. observed via ultrafast transient spectroscopy that the
reaction with water molecules at the surface of the films creates shallow trap states.168
Overall, a consensus of the effect of humidity on the performance of PSCs has yet to
be reached.
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To understand the interaction of oxygen with metal halide perovskites, Aristidou et al.
performed ab initio simulations and demonstrated photoinduced O2- formation in
MAPbI3 films.164 They found that the formation of this highly-diffusive oxygen species
is mainly facilitated by VI in the perovskite film, which reduces stability, especially in
the case of smaller perovskite crystallites. Furthermore, Brenes et al. reported that
molecular oxygen (O2) adsorbed on the surface of the perovskite after photoexcitation
can act as an electron scavenger and form O2-, which enhances the PL yield of the
perovskite by passivating sub-bandgap electron trap states associated with VI.162
Meggiolaro et al. studied the interaction between O2 and perovskite and found a
reversible PLQY enhancement upon exposure to O2 due to deep trap passivation effect
of oxidized interstitial iodine.169 Furthermore, He et al. recently showed that O2 has
negligible influence on the perovskite stability, while the formation of superoxide and
peroxide accelerates the degradation due to Pb–I bond cleavage.170 To validate the
combined effect of humidity and oxygen, Brenes et al. exposed perovskite films to
ambient air under continuous illumination by 532 nm laser light. They found that
MAPbI3 films show a longer PL lifetime, suggesting passivation of surface defects. 171
In addition, they showed that these changes are reversible on a timescale of hours when
samples are kept in the dark. However, from the device perspective, considering the
significant effort of the PSC community to make solar cells robust against humidity,
complementary characterization techniques, including structural and optoelectronic
analysis, are imperative to reveal the consequences of the synergistic effects of
humidity and oxygen.
Hence, we investigated the excited-state dynamics of prototypic lead halide perovskite
MAPbI3 films used in state-of-the-art PSC devices after exposure to ambient conditions
(RH = 45−55%) under 1 sun (AM 1.5G, 100 mW cm-2) illumination, which mimics the
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irradiation under device operating conditions. Henceforth, when referring to exposed
samples, they are labelled with the prefix ‘D-’. Furthermore, we studied MAPbI3 films
containing excess PbI2 and reveal the photophysical changes that govern the device
performance of non-stoichiometric MAPbI3. More precisely, we correlate device
performance with photophysical and structural changes of the perovskite after exposure
to humid air under continuous illumination. Overall, we demonstrate that degradation
of MAPbI3 films starts at the grain boundaries and smaller grains, independent of excess
PbI2. Finally, we demonstrate that the open-circuit voltage deficit (WOC) is increased in
devices, while PL lifetimes are reduced due to increased trap-assisted nonradiative
recombination.
First, to evaluate the change in device performance after exposing the perovskite layer
to humid air under constant illumination, we fabricated reference PSCs using the n−i−p
device architecture; device layout and cross-sectional SEM are shown in Figure 26. We
investigated two types of MAPbI3: stoichiometric, that is MAPbI3, and MAPbI3 with
excess PbI2. The 2-step interdiffusion method with 2-methoxyethanol additive assists
in controlling grain growth and excess PbI2 content. The excess of PbI2 was varied by
changing the annealing temperature from 105 to 135 °C (Figure 29c,f) as reported
previously, using the same deposition protocol.172-175
The MAPbI3 solar cells showed 18.73% PCE with negligible hysteresis (Figure 26),
1136 mV VOC, and 22.64 mA cm-2 JSC. We note that these PCE values are close to the
state-of-the-art for MAPbI3-based PSCs. We found that the performance of MAPbI3
devices slightly decreased to 18.17% (Figure 26 and Figure 47) after excess PbI2
formation, mainly due to a VOC decrease to 1109 mV without a significant change in
JSC and FF as shown in Figure 1b, c and e. Integrated current density values (~ 21.3
mA cm-2) derived from EQE spectra are also in line with the J−V characteristics of
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these devices (Figure 26). Furthermore, we performed stabilized power output
measurements to test the PCE evolution over time (Figure 26). Both MAPbI3 and
MAPbI3 with excess PbI2 devices showed stable current responses and constant PCEs,
without any evidence of degradation.

Figure 26. a) Schematic of n–i–p perovskite photovoltaic device used in this study, b) and c) J–
V characteristics of MAPbI3 solar cells without excess PbI2 and with excess PbI2, respectively,
d) Cross-sectional SEM image of MAPbI3 device without excess PbI2 (Scale bar: 500 nm), e)
EQE spectra and f) stabilized efficiency of the MAPbI3 solar cells shown in b and c. Reprinted
with permission from Ugur et al.140 Copyright (2020) WILEY‐VCH.

To evaluate the optical properties of perovskite films before and after the degradation
by exposure of the perovskite films to humid air with RH = 45–55% under 1 sun
illumination for 60 min, steady-state UV–vis absorption measurements were performed
(Figure 27). While the absorptance and the bandgap had not changed after degradation,
we observed a prominent tail in the absorption spectrum below the band-edge of the
perovskite films, as shown in Figure 27. The reflectance spectra presented in Figure 27.
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a) Absorptance, b) reflectance, c) PDS spectra of MAPbI3, D-MAPbI3, MAPbI3 with
excess PbI2, and D-MAPbI3 with excess PbI2 perovskite films (highlighted area in the
absorptance spectra denotes the tail at the band edge for degraded samples in log scale), and d)
Urbach energies of perovskite films. demonstrate a significant red-shift of MAPbI3

absorption with excess PbI2, which is in line with the observed shift in the EQE spectra
(700 to 750 nm) of these samples (in Figure 26). Contrarily, the degradation process
left the reflectance of the samples virtually unaltered, implying similar absorption
properties regardless of the adsorbed molecules. Furthermore, we performed PDS to
reveal the absorption of sub-bandgap features in the perovskite films, as shown in
Figure 27. Here, we observed an additional sub-bandgap absorption for the samples
exposed to humid air under illumination, consistent with the tail at the band-edge
observed by steady-state UV-vis absorptance spectra. Furthermore, to confirm the
presence of sub-bandgap absorption in degraded samples, PDS measurements were
conducted, scanning from low energy to high photon energy and vice versa (Figure 40),
which ignores the fact that the absorption signal in the sub-bandgap region is an artifact
induced by the scan direction. In fact, the sub-bandgap absorption is clearly induced by
illumination, as confirmed by reference measurements on films kept for 48 hours in
humid air but in the dark, which did not lead to any sub-bandgap features (Figure 40ef). The origin of the sub-bandgap absorption is indicative of secondary phases or
substitutional atoms created by degradation, activated under illumination.176
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Figure 27. a) Absorptance, b) reflectance, c) PDS spectra of MAPbI3, D-MAPbI3, MAPbI3 with
excess PbI2, and D-MAPbI3 with excess PbI2 perovskite films (highlighted area in the
absorptance spectra denotes the tail at the band edge for degraded samples in log scale), and d)
Urbach energies of perovskite films. Reprinted with permission from Ugur et al.140 Copyright
(2020) WILEY‐VCH.

To confirm the relation of sub-bandgap absorption and device photocurrent, we
conducted Fourier-transform photocurrent spectroscopy (FTPS), as shown in Figure 41.
Here, we excited the samples both from the bare surface of the perovskite film and from
the glass substrate side. No significant change in the low energy photon region of the
FTPS spectra was observed in the case of excitation from the substrate side after the
degradation process. Contrary to the PDS results, the samples exposed to humid air
under illumination show a passivation effect of the surface of the perovskite. We note
that PDS and FTPS are highly sensitive measurement techniques.177 Yet, they differ in
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the way ‘absorption’ is measured. While PDS responds to photons absorbed by the
sample, including those absorbed in the substrate, FTPS measures the photocurrent
response of the sample; that is, only photons that generate photocurrent in the
semiconductor layer are detected. Thus, photons absorbed by the substrate or by the
sample, not leading to current, do not contribute to the photocurrent spectra.
In the case of MAPbI3, the maximum VOC reported is 1.19 V and thus 140 mV lower
than its radiative limit of 1.33 V (1.60 eV bandgap, considering 100% radiative
recombination).69, 178 The voltage losses are related to the electronic quality of the
perovskite, which is usually characterized by its Urbach energy (EU). Recent studies
have revealed that the high VOC values of PSCs are linked to low EU values.22 Thus, the
EU of the perovskite samples after exposure to humid air under illumination was
determined. Here, we calculated the EU from PL microspectroscopy (Figure 42) using
the reciprocity theorem, since the dynamic range is more than 10 orders allowing for a
more precise evaluation of EU:177, 179
𝑃𝐿(𝐸)~𝐴𝐵 (𝐸)𝐸 2 exp(−

𝐸
)
𝑘𝐵 𝑇

where 𝐴𝐵 (𝐸) is the absorptance spectrum (Figure 42), 𝑃𝐿(𝐸) is the photoluminescence
spectrum, 𝐸 the photon energy, 𝑘𝐵 the Boltzmann constant, and 𝑇 the absolute
temperature. Figure 27 shows the EU change of the perovskite thin films after exposure
to humid air and illumination. We found that exposing the MAPbI3 perovskite to
atmospheric conditions under 1 sun conditions slightly lowered the EU from 13.73±0.02
to 13.57±0.02 meV; however, this value increased for the perovskite with excess PbI2.
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Figure 28. a) 2D pseudo color TRPL plots of MAPbI3 perovskite films (without and with excess
PbI2), b) PL spectra of perovskite films extracted at t = 1 ns from streak camera images for
fluence 49 and 194 nJ cm-2, respectively. TRPL decay of c) MAPbI3 and D-MAPbI3 perovskite
films, d) MAPbI3 and D-MAPbI3 with excess PbI2 perovskite films and e) 3 days stored
perovskite films (with and without excess PbI2) in humid air (RH: 40-50 %) under dark. All the
PL decays were probed at 773 nm with ~29 meV range. The samples were excited using 650
nm wavelength with laser fluence 49 nJ cm-2 and frequency 250 kHz. Reprinted with permission
from Ugur et al.140 Copyright (2020) WILEY‐VCH.

To reveal the excited state dynamics of the perovskite films, we conducted TRPL
spectroscopy; results are shown in Figure 28. All measurements were done in nitrogen
atmosphere to avoid environmental impact on the PL lifetime, as the PL lifetime can
change when excitied in atmospheric conditions (Figure 43). 2D pseudocolour TRPL
plots of MAPbI3 and MAPbI3 with excess PbI2 films are presented in Figure 28,
respectively. The PL spectra (𝑡𝑑𝑒𝑙𝑎𝑦 = 1 ns) of the reference samples at different
injection levels, 𝑛0 , change with increased excitation intensity; however, PL spectra of
degraded perovskite films are similar (Figure 28). Interestingly, spectral narrowing is
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observed only at the red part of the PL spectrum. We hypothesize that this is a
consequence of trap state filling close to the band edge occurring at higher carrier
concentrations (Figure 44). We observed an additional 8-10 meV blue shift of the PL
spectra at low excitation intensity (carrier density) in samples exposed to humid air
under one-sun illumination. This blue shift can be explained by Pb–I bond elongation
since photogenerated carriers weaken the covalent bond and cause lattice expansion,
which is caused by either elongation of the Pb–I bonds (blue-shift in PL) or lessdistorted Pb–I–Pb bonds (red-shift in PL) after the illumination of the perovskite (650
nm excitation).180
Furthermore, we examined the PL dynamics of the samples before and after exposure
to humid air under one-sun illumination (Figure 28). The PL dynamics were fitted by
the general rate equation, however, excluding Auger recombination, since this process
becomes relevant only at high injection levels, 𝑛0 > 1018 cm-3, in perovskite
semiconductors:69, 80

−

𝑑𝑛
= 𝐴𝑛 + 𝐵𝑛2
𝑑𝑡

Here, 𝐴 and 𝐵 represent the trap-assisted nonradiative (monomolecular) and the bandto-band radiative recombination rate constants, respectively. The extracted rate
constants of the reference and degraded perovskite films are listed in Table 2. We found
that 𝐴 is increased by degradation in both perovskite films with and without excess
PbI2. While several recent studies have reported passivation by excess PbI2,152, 181-182
here the excess PbI2 present in the film reduced the PL lifetime from 171 ns to 144 ns,
consistent with the lowered VOC of devices (Figure 26 and Figure 47). Furthermore, to
investigate the uniformity of the degradation effect across the perovskite absorber layer,
we changed the incident angle of the excitation.95 We note that the penetration depth of
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the laser beam is ~ 200 nm for MAPbI3, whereas the sample thickness is 400 nm. We
found a more pronounced reduction in PL lifetime by exciting a larger portion of the
surface of the perovskite for the samples exposed to humid air under illumination,
especially in the case of MAPbI3 with excess PbI2 (Figure 28). Conversely, excitation
from the quartz glass substrate side of the sample showed no difference in the PL
lifetime compared to as-deposited perovskite films. This indicates that adsorption of
molecules on the surface distorted the perovskite structure of the thin film.
Moreover, we stored the perovskite films in dark under atmospheric conditions (RH =
45−55%) for three days to investigate the effect of illumination. Under this condition,
the PL dynamics of the perovskite films did not show faster recombination (Figure 28).
This, in turn, indicates that not only the steady-state sub-bandgap optical properties
change, but also that the charge carrier dynamics strongly depend on light exposure. As
mentioned, sub-bandgap absorption was not observed for the samples stored in dark for
three days in the humid air. Therefore, we hypothesize that illumination is one of the
critical external stimuli for defect formation, which also leads to sub-bandgap
absorption features.
Table 2. Rate constants of PL dynamics of perovskite samples determined by fits to the TR-PL
dynamics.

Sample

A (s-1)

B (cm3 s-1)

MAPbI3

5.2 × 106

1.0 × 10-9

D-MAPbI3

8.3 × 106

1.5 × 10-9

MAPbI3 w/excess PbI2

1.1 × 107

1.0 × 10-10

D-MAPbI3 w/excess PbI2

1.6 × 107

1.0 × 10-10
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Both steady-state and transient optical measurements revealed noticeable changes after
exposure to humid air under illumination. However, revealing the structural changes is
crucial to understand the degradation effect. SEM top-view images were taken to
examine the surface morphology of the perovskite films, as shown in Figure 29 and
Figure 50. SEM micrographs of the related perovskite films (Scale bar: 5 µm).The
decomposition of perovskite creating PbI2 occurs first at the grain boundaries but does
not start at the surface, as previously reported.183-184 Moreover, we found that smaller
grains have a larger tendency to decompose, as shown in Figure 29b,e. This can be
understood since grain boundaries act as pathways for diffusion of ionic defects and/or
mobile ions.184 Moreover, ab initio molecular dynamics simulations showed that
MAPbI3 perovskite is prone to a rapid solvation process, in which iodine atoms are
released by the interaction of water molecules with Pb atoms within MAI-terminated
surfaces.185
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Figure 29. SEM micrographs of a) MAPbI3, b) D-MAPbI3, d) MAPbI3 with excess PbI2, and e)
D-MAPbI3 with excess PbI2 perovskite thin films (Scale bar: 1 µm). Circles highlight excess
PbI2 in perovskite film shown in d). Arrows in b) and e) indicate the degraded parts in MAPbI3
films which mainly occur between the grains. c), and f) XRD pattern of respective films. Star
shows the PbI2 peak around 2θ = 13°. g) FTIR spectra of perovskite samples (with and without
excess PbI2) as-deposited and after degradation process. h) Highlighted areas in FTIR spectra
in g). Reprinted with permission from Ugur et al.140 Copyright (2020) WILEY‐VCH.

In Figure 29c and f, we compare the XRD pattern in the Bragg–Brentano configuration
(longitudinal) for the perovskite films before and after exposure to humid air under
illumination. An increase in the PbI2 peak intensity around 2θ = 13° was observed for
MAPbI3 film after the degradation process consistent with SEM micrographs. Although
the interaction of water molecules with PbI2-terminated surfaces does not accelerate the
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degradation due to stronger Pb–I bonds, PbI2 defects on the PbI2-terminated surface
promote the rapid dissolution of the exposed facet.185 This phenomenon could explain
the formation of excess PbI2 that we observed in SEM, XRD, and Raman spectroscopy
measurements after exposure to humid air under illumination (Figure 29 and Figure
45). For further investigation, we performed FTIR spectroscopy before and after the
degradation process; results are shown in Figure 29. SEM micrographs of a)

MAPbI3, b) D-MAPbI3, d) MAPbI3 with excess PbI2, and e) D-MAPbI3 with excess
PbI2 perovskite thin films (Scale bar: 1 µm). Circles highlight excess PbI2 in perovskite film
shown in d). Arrows in b) and e) indicate the degraded parts in MAPbI3 films which mainly
occur between the grains. c), and f) XRD pattern of respective films. Star shows the PbI2 peak
around 2θ = 13°. g) FTIR spectra of perovskite samples (with and without excess PbI2) asdeposited and after degradation process. h) Highlighted areas in FTIR spectra in g). Excess

PbI2 in MAPbI3 films did not change the perovskite-associated vibrational peaks in the
FTIR spectra, which are mainly the vibrational modes of the organic cations: CH 3–
NH3+ rocking (906 and 1248 cm-1), C–N stretching (960 cm-1), CH3 bending (1422 cm1

), and NH3 bending (1467 cm-1).186-187 However, exposing perovskite films to the

atmosphere under light resulted in frequency shifts of the vibrational modes: C–H
stretching and C–H bending associated with CH3+ group of MA cations and NH3+
stretching.187-188 In this regard, the additional vibrational modes at around 2900-3000
cm-1 can be attributed to N–H vibrations of the highest frequency doubly-degenerate E
mode of free MA molecules present in MAPbI3·H2O (Figure 29h). This is the most
characteristic signature of hydrogen bonding between MA cations and water (H2O),
since the H vibration is along with the O–H–N hydrogen bond in the lowest frequency
mode at 2958 cm-1.188
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In addition to the influence of humidity, the formation of O2− is a widely-reported
phenomenon for MAPbI3 perovskite films caused by illumination in the presence of
oxygen.164 According to Aristidou et al., the O2− formation is facilitated by
illumination, since the enthalpy of the reaction is –1.40 eV per O2 molecule, while it is
+1.60 eV in the absence of light:164, 189
4CH3NH3PbI3* + O2-  4PbI2 + 2I2 + 2H2O + 4CH3NH2
Moreover, it has been concluded that ionic defects like V I sites are the preferred sites
in the crystal for the reduction due to reduced O2− formation energy. On the other hand,
the full octahedral coordination of Pb2+ is similar, since the O2− has the same ionic size
as the iodide ion.164 Most of the previous studies reported that oxidation of iodide
interstitials by exposure to oxygen deactivates deep (hole) traps;160, 169, 190 however, we
believe that our findings are better explained by the interaction between water, O2
molecules, and Pb–I bonds, consistent with a recently published study by He et al.,
indicating that interstitial charged oxygen species degrade the perovskite by breaking
Pb–I chemical bonds.170 We observed a blue shift of the PL, which can be explained by
elongation of Pb–I bonds; however, FTIR spectra did not show any additional features
related to Pb–O bonds (around 460-470 cm–1 for Pb–O stretching), since Pb–O is
formed after cleaving of Pb–I chemical bonds.191-193 Therefore, he drastic change in 94
and 100 cm-1 Raman lines in MAPbI3 with excess PbI2 after degradation can be
attributed to enhanced O2− formation compared to the reference sample (Figure 45).
The Raman activity of MAPbI3 is weak due to its structural symmetry,194 and the
degradation products change the polarizability tensor in the surrounding perovskite
structure, which in turn substantially increases the Raman signal.164, 186
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Figure 30. J−V characteristics of MAPbI3 solar cells a) without excess PbI2 and b) with excess
PbI2. Perovskite absorber layer exposed to humid air under one-sun illumination for the
degradation process before finalizing the device fabrication. c) Sensitive EQE spectra of related
photovoltaic devices, and d) light intensity vs. VOC plot of solar cells which extracted from light
intensity-dependent J−V measurements using PAIOS system. Reprinted with permission from
Ugur et al.140 Copyright (2020) WILEY‐VCH.

Finally, we reveal the effect of perovskite film exposure to humid air under illumination
on the photovoltaic device performance (Figure 47 and Figure 49). Samples with a
semi-device-like structure MAPbI3/C60-SAM/SnO2/ITO were exposed to humid air and
illumination for 1 hour before spin-casting of the HTL and evaporation of the Au.
Interestingly, we found that the PCE of devices was reduced to 17.2 % and 17.4% for
D-MAPbI3 and D-MAPbI3 with excess PbI2, respectively, as shown in Figure 30. The
device parameters of champion solar cells are listed in Table 3. The main loss in device
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performance was due to reduced VOC, consistent with our optical analysis (Figure 47
and Table 7). Hence, we conclude that exposure to humid air and illumination increases
the trap-assisted recombination rate constant, 𝐴, which results in additional loss
channels for photogenerated carriers leading to lower quasi-Fermi level splitting and
thus higher voltage losses, WOC.22, 81
Table 3. J−V characteristic of champion MAPbI3 perovskite solar cells.*
Sample

JSC (mA cm-2)

VOC (mV)

FF

η (%)

22.64

1136

0.73

18.73

Reverse

22.75

1118

0.73

18.50

Forward

22.50

1090

0.70

17.20

Reverse

22.58

1095

0.70

17.29

Forward

22.96

1109

0.71

18.17

Reverse

22.97

1104

0.70

17.67

Forward

22.49

1073

0.72

17.42

Reverse

22.56

1070

0.71

17.24

Forward

MAPbI3

D-MAPbI3

MAPbI3 w/excess PbI2

D-MAPbI3 w/excess PbI2

*

All devices were tested at 50 mV s-1 scan rate without any preconditioning.

To further characterize the losses in devices, light intensity-dependent J−V and
transient photocurrent measurements were performed (Figure 48). Here, we used the
commercial PAIOS system (Fluxim) to investigate the change in VOC upon changing
the illumination intensity. While we cannot quantify

𝑘𝐵 𝑇⁄
𝑞 due to the PAIOS spectrum,

we found that the slope of the VOC vs. light intensity increased for the samples exposed
to humid air and illumination. This indicates increased non-radiative recombination in
the degraded samples and the samples with excess PbI2 compared to pristine MAPbI3.
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Furthermore, to investigate the effect of sub-bandgap absorption, we conducted
sensitive-EQE (sEQE) measurements on devices (Figure 30). The sEQE spectra of all
samples are virtually the same, and no additional contribution was observed in the
degraded samples in the sub-bandgap region (tail region of the band-edge). Therefore,
we conclude that moisture and oxygen molecules adsorbed on the surface of the
perovskite are the reason for the sub-bandgap absorption observed by PDS.
Furthermore, the distorted perovskite lattice, inducing local strain (Figure 46), and the
presence of substitutional atoms due to the exposure to humid air and simultaneous
illumination caused enhanced non-radiative recombination, leading to lower device
performance.195
In conclusion, we demonstrated the impact of exposure to humidity and illumination of
MAPbI3 perovskite samples with and without excess PbI2 on the device performance
and photophysical properties. The device performance was reduced due to increased
VOC losses, which correlates with increased nonradiative recombination. Steady-state
absorption measurements showed enhanced sub-bandgap absorption below the band
edge of the perovskite. The structural properties of the perovskite films were
investigated. Additional vibrational modes around 2900-3000 cm-1 were observed in
FTIR spectra; they indicate hydrogen bond formation between MA+ cations and H2O
molecules. We hypothesize that the origin is the combination of adsorbed water
molecules from humid air and the product of O2− formation. Since iodide is one of the
most critical parameters that determines the defect physics in perovskite, O2− formation
appears to be the dominant process during exposure to environmental conditions under
illumination. Towards this end, we found that trap-assisted nonradiative recombination
increased in the case of excitation incident on the surface of the perovskite films.
Moreover, MAPbI3 samples with excess PbI2 showed more pronounced PL lifetime
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changes. Our study reveals that extrinsic effects change the perovskite structure, in turn
leading to reduced PL lifetimes and thus lower device performance. Finally, we found
that the device performance when using MAPbI3 as an active layer is more sensitive to
humid air and illumination, which seems to be caused by reduced quality of the
interface between perovskite and spiro-OMeTAD.
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4.3 Supporting Information
4.3.1 Results and Discussion (Part I)
This part includes supporting information of the manuscript titled as “Improved
Morphology and Efficiency of n–i–p Planar Perovskite Solar Cells by Processing with
Glycol Ether Additives".

Figure 31. (a) 2D GIWAXS measurements performed during spin-coating of a PbI2 solution in
DMF. The GIWAXS image on the left is consistent with the wet sol-gel complex during the
initial 5 s of spin coating at 3500 rpm, characterized by a liquid solvent scattering halo at high
q (> 14 nm-1) and a disordered sol-gel precursor scattering halo at low q (< 9 nm-1). The
GIWAXS image on the right shows the loss off the liquid solvent scattering halo as well as
transformation of the disordered sol-gel scattering halo into diffraction rings associated to the
PbI2DMF crystalline complex, while the PbI2 diffraction (9.1 nm-1) is absent. (b) In situ timeresolved UV-vis absorption spectra measured during spin-coating at 3500 rpm of a PbI2 solution
in DMF at different times, showing formation of the wet sol-get phase (1 s) with an absorption
onset around 420 nm red-shifting to an absorption onset 450-460 nm associated to the solidstate PbI2DMF crystalline complex (15 s and 30 s). Both intermediate phases are significantly
blue-shifted with respect to the solid-state PbI2 phase obtained upon thermal annealing.
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Figure 32. SEM micrographs of MAPbI3 absorber layers prepared with different amounts of
glycol ether additives from 10 µl to 50 µl (1-5 % v:v) (scale bar: 1 µm).
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Figure 33. Absorbance of MAPbI3 absorber layers prepared with different glycol ether
additives: (a) ME, (b) EE, and (c) PE additive.
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Figure 34. Tauc plots of MAPbI3 absorber layers prepared with different glycol ether additives.
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Table 4. Figures of merit of MAPbI3 perovskite solar cells prepared with ME additive.
VOC

FF

η

RS

(mAcm )

(V)

(%)

(%)

(Ωcm2)

ME10

21.4

1.12

64

15.2

5.8

ME20

21.6

1.13

66

16.1

6.2

ME30

21.7

1.13

68

16.7

5.3

ME40

21.8

1.12

62

15.1

8.0

ME50

10.9

0.89

33

3.3

41.0

Sample

JSC
-2

Table 5. Figures of merit of MAPbI3 perovskite solar cells prepared with EE additive.
VOC

FF

η

RS

(mAcm )

(V)

(%)

(%)

(Ωcm2)

EE10

21.3

1.07

55

12.7

13.0

EE20

20.8

1.06

46

10.2

18.3

EE30

21.2

1.11

56

13.2

11.7

EE40

13.3

0.64

28

2.4

43.8

EE50

-

-

-

-

-

Sample

JSC
-2

Table 6. Figures of merit of MAPbI3 perovskite solar cells prepared with PE additive.
JSC

VOC

FF

η

RS

(mAcm-2)

(V)

(%)

(%)

(Ωcm2)

PE10

21.2

1.06

66

14.8

5.8

PE20

21.3

1.05

64

14.4

6.1

PE30

22.1

1.03

66

15.0

5.2

PE40

21.7

1.09

63

14.9

8.0

PE50

-

-

-

-

-

Sample
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Figure 35. Histogram of (a) JSC, (b) VOC, (c) FF and (d) PCE values for the reference, ME, EE,
and PE devices based on reverse J−V sweeps. Statistics obtained from a total of 30 devices.
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Figure 36. J–V characteristics of planar MAPbI3 perovskite solar cells measured in reverse and
forward sweep mode.
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Figure 37. SEM images of reference and ME samples at different annealing times (t = 0, 10,
90, and 300 s) presented together with in situ UV-vis absorption measurements during
annealing (scale bar: 1 µm). Arrows show the grain growth direction and pin holes are marked
with circles in the image of the reference sample at t = 0 s.
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Figure 38. XRD patterns of MAPbI3 perovskite absorber layers prepared with different glycol
ether additives (PE, EE, ME), of the reference sample w/o additives, and a PbI2 film for
comparison.
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Figure 39. FT-IR spectra of MAPbI3 absorber layers prepared with different glycol ether
additives, of precursor solutions, and of the additives only. (PbI2 and MAI precursor solutions
are labelled as PbI2 in DMF and MAI, respectively. Glycol ethers are: 2-methoxyethanol, 2ethoxyethanol, and 2-propoxyethanol. Perovskite thin films after annealing are labelled as:
Reference, ME, EE, and PE, respectively.).
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4.3.2 Results and Discussion (Part II)
This part includes supporting information of the manuscript titled as “How Humidity
and Light Exposure Change the Photophysics of Metal Halide Perovskite Solar
Cells”.

Figure 40. PDS spectra of a) MAPbI3, b) MAPbI3 with excess PbI2, c) D-MAPbI3, and d) DMAPbI3 with excess PbI2 perovskite films. e) and f) show the PDS spectra of MAPbI3 and
MAPbI3 with excess PbI2 films stored in dark for 48 hours, respectively. PDS spectra of the
films collected with different scan directions which are from low energy (1.2 eV) to high energy
(2.5 eV) and vice versa.
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Figure 41. FTPS spectra of perovskite films excitation from a) the surface of the perovskite
and, b) the glass substrate side. The shaded area in the spectrum shows the sub-bandgap
region of the perovskite samples.
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Figure 42. PL spectra of perovskite films excitation from a) the surface of the perovskite and,
b) the glass substrate side. c) shows the absorptance spectra of the films extracted from PL
spectra using reciprocity relation.
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Figure 43. a) 2D pseudo color TR-PL plots of MAPbI3 perovskite films measured in nitrogen
and air, b) TR-PL kinetics, and c) normalized PL spectra of perovskite samples extracted from
2D plots. Samples were excited at 500 nm using fluence 2 nJ cm-2.
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Figure 44. Normalized PL spectra of perovskite samples a) MAPbI3, b) D-MAPbI3, c) MAPbI3
with excess PbI2 and d) D-MAPbI3 with excess PbI2. Samples were excited at 650 nm using
fluences; 29, 49, 98, 194, 388 and 776 nJ cm-2, respectively. The excess carrier concentration
𝑛0 is written in the graphs for respective excitation fluence. The repetition rate of the laser was
250 kHz.
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Figure 45. Raman spectra of a) MAPbI3 and b) MAPbI3 with excess PbI2 samples as-deposited
and after exposure to humid air under illumination. All spectra are normalized, following linear
background subtraction, measured with a 1064 nm Raman laser.

Figure 46. XRD pattern of perovskite samples at small 2θ angles as-deposited and after
exposure to humid air under illumination. The spectra are normalized, following linear
background subtraction.
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Figure 47. Histogram of a) VOC, b) PCE, c) FF and d) JSC values for the MAPbI3, D-MAPbI3,
MAPbI3 with excess PbI2 and D-MAPbI3 with excess PbI2 devices based on reverse J–V sweeps
(VOC → JSC). Statistics obtained from a total of 30 devices for each condition.
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Table 7. Figures of Merit of MAPbI3 perovskite solar cells before and after exposure to humid
air under illumination.*

*

Sample

JSC (mA cm-2)

VOC (mV)

FF

η (%)

MAPbI3

22.61 ±0.34

1121±15

0.70±0.02

17.69±0.57

D-MAPbI3

21.87±0.60

1079±16

0.68±0.04

16.26±0.85

MAPbI3 w/excess PbI2

22.62±0.47

1094±16

0.70±0.02

17.11±0.83

D-MAPbI3 w/excess PbI2

22.17±0.31

1077±15

0.69±0.02

16.40±0.70

Shown here are average values of 30 devices based on reverse J–V sweeps.
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Figure 48. Transient photocurrent behavior of the a) MAPbI3, b) D-MAPbI3, c) MAPbI3 with
excess PbI2 and d) D-MAPbI3 with excess PbI2 devices measured under a white light excitation
with a 100 μs square pulse. The right panel of each graph shows a detailed view of the rising
behavior of the photocurrent.
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Figure 49. EQE spectra of the MAPbI3, D-MAPbI3, MAPbI3 with excess PbI2 and D-MAPbI3
with excess PbI2 devices.
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Figure 50. SEM micrographs of the related perovskite films (Scale bar: 5 µm).

Figure 51. Cross-sectional SEM images of related n–i–p perovskite photovoltaic devices with
device architecture ITO/SnO2/C60-SAM/perovskite/spiro-OMeTAD/Au (Scale bar: 500 nm).
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Chapter 5: Understanding the carrier extraction from perovskite to
charge transport layers
The article “Carrier Extraction from Perovskite to Polymeric Charge Transport Layers
Probed by Ultrafast Transient Absorption Spectroscopy" was published in ACS The
Journal of Physical Chemistry Letters and has been available online since October
21, 2019. The article is adopted with permission from Ugur et al.95 Copyright (2019)
American Chemical Society.

To unlock the full performance potential of PSCs, the choice of ETL and HTL plays a
key role, since these layers govern charge extraction and transport, but also, to some
extent, interface recombination.22,

89-90, 196-197

Efficient charge extraction and low

interface recombination are required to achieve high internal quantum efficiency (IQE),
an important criterion for device quality.59 Understanding the charge-extraction and
recombination mechanisms at the respective interfaces is of significant importance for
further progress in device performance. To date, the best PSCs are of the so-called
n−i−p configuration, employing either m-TiO2 or nanocrystalline SnO2 layers as
ETLs.22, 89, 172 As HTLs, a large variety of inorganic and organic materials such as nickel
oxide (NiOx), 2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene
(spiro-OMeTAD), poly(triarylamine) polymer (PTAA), donor-acceptor type materials,
conjugated small‐molecules, porphyrin dimers, and diketopyrrolopyrrole (DPP) based
polymers have already been proposed and tested.89, 197-207
Charge extraction and recombination processes have been studied intensively using
different transient spectroscopy techniques such as transient photocurrent, microwave
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conductivity, and absolute PL intensity as well as time-resolved PL spectroscopy.59, 88,
208-209

In principle, the hole extraction process at the perovskite/HTL interface can be

probed by TA spectroscopy, which allows probing of the excited-state dynamics on
different time scales.96,

210-213

This is typically achieved through monitoring the

evolution of the ground state bleach (GSB) of the perovskite; the associated extraction
time of charge carriers is typically in the range from sub-picoseconds to subnanosecond.212-216 The broad timescale can be explained by variations in the perovskite
crystal properties and quality of the perovskite/HTL interface. However, discriminating
between hole extraction on the one hand, and interfacial carrier recombination
processes on the other hand, is not straightforward.89, 96 This is in part due to the spectral
overlap of the photoinduced bands of commonly-used HTLs with the GSB of the
perovskite. Here, we mitigate this challenge by employing a specific polymer, namely
PDPP-3T, as HTL. Using PDPP-3T allows direct probing of hole extraction dynamics
since its ground state absorption is in the near-infrared (NIR) range and thus red-shifted
compared to the perovskite’s GSB. To gain insight into the hole extraction dynamics,
optical excitation was carried out from both the perovskite and HTL sides in our TA
measurements. Moreover, we varied the thickness of the perovskite layer and observed
that with increasing perovskite layer thickness, hole extraction is slowed, when exciting
from the perovskite side (opposite to the HTL). Lastly, we extended our measurements
to samples that mimic the n−i−p solar cell architecture by sandwiching the perovskite
absorber layer between TiO2 and PDPP-3T. Interestingly, we observed that charge
carrier extraction at the respective transport layers results in reduced recombination,
indicated by the slower recovery of the perovskite’s ground state.
The perovskite absorber layers used in our study were mixed-cation lead mixed-halide
perovskite (Cs0.07Rb0.03FA0.765MA0.135PbI2.55Br0.45) chosen because of their excellent
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reproducibility, phase stability, and high photovoltaic performance.89,

217-218

Three

different perovskite thicknesses, 170 nm, 360 nm, and 570 nm were prepared by
varying the concentration of perovskite precursor solution, as explained in chapter
three: Methodology. Prior to the spectroscopic investigation, we analyzed the structural
and optical properties of the perovskite film and neat PDPP-3T polymer film. SEM was
used to examine the surface quality of the perovskite films and showed that increasing
the film thickness improved the film quality (Figure 57). The steady-state absorption
spectra of the perovskite films with different thicknesses and of the PDPP-3T polymer
are presented in Figure 52. We note that the absorption spectrum of PDPP-3T covers
the range from 550 nm to the NIR, which is different from the absorption spectrum of
the commonly-used HTL spiro-OMeTAD (Figure 58). Additionally, a marked change
in absorbance was observed when the perovskite film thickness was increased from 170
to 570 nm, while the bandgap remained virtually unchanged, 1.58±0.02 and 1.57±0.02
eV. The difference can be explained by increased crystallite size (Figure 59).219
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Figure 52. (a) Steady-state absorption spectra of the PDPP-3T polymer and perovskite films
with different thicknesses. (b) J−V characteristics of the PSCs with PDPP-3T HTL, (c) crosssectional SEM image of the device with 570 nm-thick absorber layer (scale bar: 500 nm), and
(d) J−V characteristics of the reference device with spiro-OMeTAD. Straight and dashed lines
represent the forward and reverse scans, respectively. Reprinted with permission from Ugur et
al.95 Copyright (2019) American Chemical Society.

To verify that the PDPP-3T polymer effectively acts as HTL for n−i−p PSCs, devices
of the structure FTO/c-TiO2/m-TiO2/Cs0.07Rb0.03FA0.765MA0.135PbI2.55Br0.45/ PDPP3T/Ag (Figure 52 and Table 8) were fabricated. Cross-sectional SEM was employed to
determine the thicknesses of the individual layers in the stack; representative images
are presented in (Figure 52 and Figure 60). We determined thicknesses of 500 nm for
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FTO, 100 nm for c-TiO2/m-TiO2 and 170 nm, 360 nm, and 570 nm for the different
perovskite layers, 60 nm for PDPP-3T, and 90 nm for Ag. The device with the 570 nmthick perovskite absorber layer had the highest PCE of 16.1 % (Table 8). We observed
a remarkable enhancement in JSC from 17.5 to 19.7 mA cm-2 when increasing the
absorber layer thickness, as expected due to the increased absorbance. Furthermore, the
VOC of the devices was improved from 1088 to 1133 mV. The increment in VOC is either
due to an enhanced perovskite crystal quality obtained in thicker films or the presence
of interface recombination, which becomes less dominant for thicker perovskite films
with improved quality.69, 137, 220 Consequently, the PCE of 12.5 % of the 170 nm-thick
perovskite device improved to 16.1 % for the ‘standard’ device thickness (570 nm). The
stabilized efficiencies of the champion devices with different thicknesses are shown in
Figure 61; they demonstrate that devices retain their initial PCE for more than 10
minutes. The external quantum efficiency (EQE) spectra for PDPP-3T-based devices
as well as the integrated current densities for perovskites of different thickness are
presented in Figure 63. The integrated current density of 18.8 mA cm-2 for the regular
device thickness (570 nm) is consistent with the measured J−V parameters. Moreover,
we fabricated reference PSCs with spiro-OMeTAD as HTL to confirm not only the
quality of the perovskite layer, but also of the other device layers, and the whole device
architecture. The reference PSC when using spiro-OMeTAD as HTL yielded a PCE of
20.4 %, with a VOC = 1169 mV and JSC = 22.6 mA cm-2 (Figure 52). The performance
difference between the spiro-OMeTAD-based and the PDPP-3T-based devices can be
explained by different electronic properties of the HTL materials. For instance, PDPP3T is a dopant-free HTL, while spiro-OMeTAD is typically doped with tBP and LiTFSI to enhance both the hole mobility and conductivity, leading to improved device
performance.221-222
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Table 8. Device performance and figures-of-merit of the champion PSCs prepared with
different perovskite layer thicknesses. The scan rate was 50 mV s-1.
Perovskite
thickness

Scan
JSC (mA cm-2)

VOC (mV)

FF (%)

η (%)

JSC to VOC

17.5

1097

64.9

12.5

VOC to JSC

17.2

1088

64.3

12.0

JSC to VOC

18.4

1100

68.9

13.4

VOC to JSC

18.5

1100

67.3

13.7

JSC to VOC

19.7

1133

72.3

16.1

VOC to JSC

19.7

1133

70.4

15.7

direction

170 nm

360 nm

570 nm

ps−ns Charge Carrier Dynamics
Charge extraction from the perovskite layer to the respective charge transport layers
typically occurs on the sub-nanosecond timescale.59 Hence, TA measurements were
conducted in the ps−ns time range to monitor the hole extraction process at the
perovskite/PDPP-3T interface following optical excitation of the perovskite layer at
600 nm. The respective TA spectra are presented in Figure 53. The spectra exhibit the
characteristic GSB of the perovskite around 1.60 eV, accompanied by a broad GSB in
the spectral region from 1.40−1.50 eV, which we assigned to the GSB of the PDPP-3T
used as HTL. To compare, Figure 64 shows the TA spectra of perovskite/spiroOMeTAD samples. They are identical to those of neat perovskite films. The assignment
to the GSB of the PDPP-3T polymer is supported by comparison to the TA spectra of
neat PDPP-3T films shown in Figure 53. The respective kinetics of the neat PDPP-3T
film GSB extracted in the spectral region of 1.40−1.50 eV are displayed in Figure 65.
The full ground-state recovery in neat PDPP-3T films was determined to occur within
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45 ps. The total signal intensity of the perovskite GSB was found to be higher when
exciting from the perovskite side compared to excitation from the HTL side, both in the
picosecond−nanosecond (ps−ns) and nanosecond−microsecond (ns−µs) time range
(Figure 67 and Figure 69). We hypothesize that this is due to the filter effect of the
PDPP-3T layer, which absorbs a fraction of the incident excitation light.

Figure 53. The ps−ns transient absorption spectra of (a) neat PDPP-3T polymer film, and (b)
perovskite (170 nm)/PDPP-3T sample excited from the perovskite side (left) and HTL side
(right). The inset (right) shows a magnification of the PDPP-3T GSB region. The samples were
excited at 600 nm using a laser fluence of 0.37 µJ cm-2. The inset schemes in (b) indicate the
incidence of the optical excitation pulse on the samples. Reprinted with permission from Ugur
et al.95 Copyright (2019) American Chemical Society.

In fact, photoexcitation of the perovskite/PDPP-3T samples created not only charges in
the perovskite, but also excitons in the polymeric HTL, yet to a lesser extent when the
perovskite side was excited due to the high absorbance of the perovskite layer.
Moreover, in the perovskite/HTL bilayer samples, the PDPP-3T GSB first decayed
entirely within tens of ps, while the perovskite GSB remained, followed by an increase
of the HTL GSB, accompanied by a decay of the perovskite GSB. This clearly indicates
that first photogenerated excitons on PDPP-3T decayed and then an extraction of holes
from the perovskite layer to the PDPP-3T HTL (Figure 54) occurred. In the case of
excitation from the perovskite side, we cannot exclude that trapping of electrons
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occurred in parallel to hole extraction and electron-hole recombination; electron
trapping in deep sub-bandgap states has been shown to lead to fast non-radiative
recombination.209
Irrespective of the excitation direction, we observed that the perovskite GSB started
decaying after 100-150 ps, as shown in Figure 54 and Figure 67-Figure 68, indicating
the onset of carrier extraction to the HTL. Excitation from the HTL side resulted in an
overall slower decay of the perovskite GSB, which became more prominent in thicker
samples (Figure 68). Precisely following excitation from the HTL side, 80% of the
photogenerated carriers (electrons and holes) remained in the 570 nm-thick perovskite
layer after 8 ns, while for the 360 nm and 170 nm-thick perovskite/PDPP-3T samples,
only 69% and 48%, respectively, of the photogenerated charge carriers were still
present after 8 ns. The improved crystal quality of the perovskite film in thicker layers
can reduce bulk and interface recombination, since with the film quality, the interface
quality of the perovskite/PDPP-3T junction also improves.132, 220
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Figure 54. Normalized ps−ns charge carrier dynamics of semi-device-like perovskite (170
nm)/PDPP-3T sample integrated from 1.40–1.50 eV (PDPP-3T GSB) and 1.58–1.64 eV
(perovskite GSB) following excitation from the (a) HTL side and (b) the perovskite side. The
samples were excited at 600 nm using a laser fluence of 0.37 µJ cm-2. Insets show the incidence
of excitation. Note that the initial fast GSB recovery of PDPP-3T is due to direct
photoexcitation of the polymer, creating short-lived singlet excitons. Reprinted with permission
from Ugur et al.95 Copyright (2019) American Chemical Society.

ns−µs Charge Carrier Dynamics
To further evaluate the charge carrier recombination dynamics beyond the ps-ns
timescale, we probed the PDPP-3T GSB in the ns−µs time range as well (Figure 69 and
Figure 70). In general, charge carrier motion in the absorber layer (i.e., the perovskite
film) occurs in devices via both drift and diffusion.223-224 Here, we varied the thickness
of the perovskite films in the perovskite/PDPP-3T samples to study the carrier diffusion
process in the absorber layer without any external bias, that is, in the absence of drift.
In this case, the rise time of the PDPP-3T GSB is expected to depend on the incidence
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of excitation as in the case of excitation from the perovskite side; carriers first have to
diffuse through the perovskite layer before they reach the HTL interface, where the
extraction takes place. Figure 55 shows the charge carrier dynamics in the PDPP-3T
monitored across the probe region from 1.40–1.50 eV, the region of the polymer’s GSB,
for both excitation incidences. Clearly, the PDPP-3T GSB signal rises in the first 10 ns,
when exciting from the HTL side. The rise time is independent of the perovskite film
thickness since most of the charge carriers were generated closer to the
perovskite/PDPP-3T interface when exciting from the HTL side (Table 10).

Figure 55. Normalized ns−µs charge carrier dynamics monitored at the spectral position of the
PDPP-3T GSB (1.40−1.50 eV) for different excitation incidences on the perovskite/PDPP-3T
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samples following excitation at 532 nm of (a) 170 nm, (b) 360 nm, and (c) 570 nm-thick
perovskite absorber layers. The dots represent the experimental data, while the solid lines are
fits to the data using the sum of an exponential rise and exponential decay function. The arrows
indicate the shift of the peak time of the PDPP-3T GSB following excitation from the perovskite
side. Reprinted with permission from Ugur et al.95 Copyright (2019) American Chemical
Society.

On the other hand, in the case of excitation from the perovskite side, the hole extraction
to the PDPP-3T depends on the diffusion of holes through the absorber layer to the
interface with the HTL. Only, in the case of the 170 nm-thick perovskite sample, the
dynamics of the PDPP-3T GSB is identical regardless of the incidence of the excitation
(Figure 55). This implies that charge carriers are generated throughout the entire
perovskite layer thickness (due to the penetration depth of the excitation pulse, as
shown in Table 10) and/or diffuse very fast, which prevents determination of clear
transit time of charges through the perovskite layer to the perovskite/PDPP-3T
interface. Figure 55 displays the ‘delay’ of the hole extraction that occurs with
increasing perovskite film thickness, following excitation of the sample incident on the
perovskite side. Under these conditions, charge carriers have to diffuse to the HTL prior
to extraction (Figure 71). We deduced the hole extraction rate (𝑘ℎ ) at the
perovskite/PDPP-3T interface by fitting an exponential rise to the data. The extracted
𝑘ℎ for different layer thickness are comparable when the excitation was incident on the
HTL side (Table 9), indicating that we observe the rate of the interfacial hole transfer
process. Clearly, when incident on the perovskite side, the ‘effective’ hole extraction
rate decreased as the thickness of the perovskite absorber layer increased, due to the
need for carriers to diffuse through the perovskite film before extraction as depicted in
Figure 55 and Table 9.
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Table 9. Hole extraction rates for perovskite/PDPP-3T samples extracted from the PDPP-3T
GSB dynamics after excitation of the perovskite from different directions.

Perovskite layer thickness

170 nm

360 nm

570 nm

4.5 × 108

3.1 × 108

1.2 × 108

6.6 × 108

6.3 × 108

4.5 × 108

Excitation incident
on perovskite side
kh (s-1)
Excitation incident
on HTL side

In order to account for the carrier diffusion process and to estimate the charge carrier
mobility, we applied a simple one-dimensional diffusion model. We tracked the
perovskite GSB of the perovskite/PDPP-3T sample (Figure 70) and simulated the
charge carrier dynamics (further details are given in Supporting Information). Here, we
used the data of the perovskite sample with d~170 nm excited at a fluence of ~0.4
µJ/cm2 (Figure 73) for the calculation, since the carrier dynamics is fluenceindependent at low excitation density. The fitting results are shown in Table 11.
Furthermore, we estimated the ‘effective’ hole extraction rate from the perovskite GSB
using the following equation86:
𝑘ℎ,𝑃𝑉𝐾 ~

1
𝑑 4 𝑑 2
𝑆ℎ + 𝐷 (𝜋)

The equation above indicates that 𝑘ℎ,𝑃𝑉𝐾 decreases with the sample thickness, which is
consistent with our experimental observation (Table 9 and Table 12). However, the
change in the measured 𝑘ℎ,𝑃𝑉𝐾 associated with the excitation direction is not inferred
from this equation. To illustrate the discrepancy, we simulated the rising edge of the
hole injection to the PDPP-3T HTL. The time evolution of the hole densities at the
perovskite/PDPP-3T interface is shown for each sample in Figure 72. We confirmed
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that the hole density requires time to build-up when exciting from the perovskite side
as a consequence of carrier diffusion. The build-up time increases with perovskite layer
thickness, which alters the ‘effective’ hole extraction rates.
Next, we calculated the carrier mobility 𝜇 and the diffusion length 𝐿 by the following
relations55, 225:
𝜇=

𝐷𝑞
, 𝐿 = √𝐷𝜏𝑏
𝑘𝐵 𝑇

where, 𝑘𝐵 𝑇 is the product of the Boltzmann constant and the temperature (equivalent
to 25.7 meV at room temperature), and 𝑞 is the electrical charge. Thereby, we
approximated the carrier mobility to be around 39 cm2 V-1 s-1 and the diffusion length
to be 3.79 µm using 𝜏𝑏 = 145 ns, determined from a single exponential fit to the GSB
recovery of the 170 nm-thick perovskite film at low excitation fluence. We note that
the mobility values we obtained are consistent with those reported elsewhere for mixedhalide perovskites.226-228 The high hole mobility can be explained by high crystallinity
of the absorber layer since the presence of structural imperfections causes the energetic
disorder, which limits the charge carrier mobility in metal halide perovskites.225
To further investigate the carrier dynamics at the perovskite/PDPP-3T interface, we
also performed fluence-dependent measurements on the ns−µs timescale. Here, we
used the 170 nm-thick neat perovskite and the perovskite (170 nm)/PDPP-3T sample
as shown in Figure 56, since for this sample the charge carrier dynamics were found to
be independent of the incidence of the excitation. When the fluence was increased from
0.2 to 3.2 µJ cm-2, the perovskite GSB dynamics of both neat perovskite and
perovskite/PDPP-3T samples showed faster decay (Figure 73). In Figure 56, we show
the charge carrier dynamics in PDPP-3T to investigate fluence dependent hole
extraction. Independent of the excitation fluence, the hole extraction process concluded
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within 10 ns (Figure 56 and Figure 73), and only 50% of the holes remained after 30
ns. Interestingly, the rise time of the signal intensity of the PDPP-3T GSB continuously
increased with the excitation fluence up to 0.8 µJ cm-2 (Figure 56). At this point, the
peak intensity of the PDPP-3T GSB reached a maximum, which indicates that the hole
extraction to the PDPP-3T layer could be limited by the build-up of space charge at the
perovskite/PDPP-3T interface and high carrier concentration in the PDPP-3T polymer
layer.223, 229 Moreover, the GSB of PDPP-3T displayed fluence-independent decay for
fluences higher than 0.8 µJ cm-2 (Figure 74). However, we note that the device
performance cannot be directly correlated to the recombination of holes at the
perovskite/PDPP-3T after 10 ns as shown in Figure 56 and Figure 73 since the holes
extracted at the perovskite/PDPP-3T interface naturally remained in the HTL and were
not extracted as they would have been in a complete device structure. Therefore, after
10 ns, carrier recombination at the perovskite/PDPP-3T interface dominates, and a
recombination rate of 𝑘ℎ𝑜𝑙𝑒,𝑟𝑒𝑐𝑜𝑚𝑏 = 1.8 × 107 s-1 (Figure 56) was determined.
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Figure 56. ns−µs charge carrier dynamics of (a) neat perovskite film (170 nm), (b) and (c)
perovskite (170 nm)/PDPP-3T interface – excited from perovskite side at different fluences.
Perovskite GSB ((a) and (b)), and (c) PDPP-3T GSB kinetics were extracted between 1.58–
1.64 eV and 1.40–1.50 eV, respectively. Samples were excited at 532 nm wavelength. (d)
Schematics of the intrinsic carrier recombination (𝑘𝑟𝑎𝑑 , 𝑘𝑛𝑜𝑛−𝑟𝑎𝑑 ), hole extraction (𝑘ℎ𝑜𝑙𝑒,𝑒𝑥𝑡 ),
and interface recombination (𝑘ℎ𝑜𝑙𝑒,𝑟𝑒𝑐𝑜𝑚𝑏 ) processes in the perovskite/PDPP-3T samples.
Reprinted with permission from Ugur et al.95 Copyright (2019) American Chemical Society.

Finally, we performed ns−µs TA measurements also on TiO2/perovskite/PDPP-3T
stacks that mimic the entire device structure (here TiO2 denotes c-TiO2/m-TiO2 layers
with PMMA:PCBM passivation). The device-like ETL/perovskite/HTL samples
provide additional insight to the recombination of carriers in the presence of both
electron and hole extraction layers. The TiO2/perovskite/PDPP-3T stacks exhibited
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slower perovskite ground state recovery at later time points, as shown in Figure 76. In
the case of the excitation incident on the TiO2 side of the TiO2/perovskite (570
nm)/PDPP-3T stack, 25 % of the perovskite GSB signal remained after 100 ns. In
contrast, only ~10 % of the TA signal remained in the case of the perovskite/PDPP-3T
sample without the ETL (Figure 70 and Figure 76). At earlier delay times, i.e. within
the first 10 ns, the perovskite GSB of the TiO2/perovskite (570 nm)/PDPP-3T sample
decayed slightly faster compared to the perovskite/PDPP-3T sample. Thus, it appears
that the extraction of both holes and electrons from the perovskite layer results in a
reduced charge carrier concentration in the perovskite film and thereby slower
recombination.210 Recently, it has been shown that using PMMA:PCBM as passivation
layer between TiO2 and perovskite further reduces the interfacial recombination and in
turn increases the lifetime of photogenerated carriers.88-89,

132, 230

Additionally, we

observed a pronounced spectral shift of the perovskite GSB when the perovskite layer
thickness was increased and when the film was excited from the HTL side (Figure 75).
In contrast, no spectral shift of the perovskite GSB band was observed, when the optical
excitation was performed on the ETL side. The blue-shift of spectra is evidence of a
reduced trap density due to improved crystal quality of the perovskite layer.231-232
Hence, it appears that the crystallization of the perovskite is not entirely uniform across
the perovskite absorber layer when deposited on m-TiO2.
To conclude, PDPP-3T was successfully implemented as HTL in PSCs. TA
spectroscopy measurements were carried out to probe the charge carrier extraction
mechanism and dynamics at the perovskite/HTL interface. Due to the lower energy
ground state absorption of the polymer PDPP-3T with respect to that of the perovskite
layer, direct observation of hole extraction from the perovskite to the PDPP-3T was
possible by probing the ground state bleach of the HTL. The hole extraction times were
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determined to be on the order of 10 ns. Furthermore, measurements on perovskite thin
films with different film thickness revealed a delayed rise of the PDPP-3T GSB,
indicating carrier diffusion through the perovskite absorber layer. The diffusion
coefficient was obtained by fitting the perovskite/PDPP-3T carrier dynamics using a
one-dimensional diffusion equation and with the diffusion coefficient in hand, the
perovskite’s carrier mobility was determined. Finally, TA spectroscopy measurements
indicated that the distribution of trap states across the perovskite absorber layer was not
uniform when a mesoporous scaffold was used as the charge transport layer.
5.1 Supporting Information
This part includes supporting information of the manuscript titled as “Carrier
Extraction from Perovskite to Polymeric Charge Transport Layers Probed by
Ultrafast Transient Absorption Spectroscopy".

Analysis of TA Spectroscopy Measurements:
The calculation of the penetration depth and the photogenerated carrier density:
𝑝𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑑𝑒𝑝𝑡ℎ = 1⁄𝛼
where 𝛼 is the absorption coefficient calculated from 𝛼 = 𝐴⁄𝑑 (d: film thickness)
The initial carrier density (𝑛0 ) after pulsed excitation was estimated using233:
𝑛0 =

𝛼(𝜆) 𝐹
𝐸𝜆

Here, 𝛼(𝜆) is the absorption coefficient of the perovskite at the excitation wavelength,
𝐹 is the laser fluence, which is the pulse energy per area, and 𝐸𝜆 is the photon energy.
The general rate equation for perovskite thin film is given by:
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−

𝜕𝑛
= 𝑘1 𝑛 + 𝑘2 𝑛2 + 𝑘3 𝑛3
𝜕𝑡

We excluded the third term (𝑘3 𝑛3 ), which corresponds to Auger recombination, since
the excitation intensity of the perovskite is less than 1018 cm-3.80-81
One-dimensional diffusion fitting of the perovskite’s photobleach dynamics was done
according to the following equation:
𝜕𝑛(𝑥, 𝑡)
𝜕 2𝑛 𝑛
=𝐷 2−
𝜕𝑡
𝜕𝑥
𝜏𝑏
where 𝑥 is the distance the carrier travels, here, at the perovskite/PDPP-3T interface
𝑥 = 0 and at the perovskite/substrate interface 𝑥 = 𝑑, with 𝑑 being the thickness of the
perovskite absorber layer. The parameter 𝑛(𝑥, 𝑡) is the carrier density and distribution
after photoexcitation, 𝐷 is the ambipolar diffusion coefficient, and 𝜏𝑏 is the bulk carrier
lifetime of the perovskite.
The TA kinetics of the pristine perovskite photobleach were fitted using a single
exponential function, and the associated bulk lifetime 𝜏𝑏 is parametrized to be 145 ns.
Herein, the thickness 𝑑 = 170 𝑛𝑚 and the laser fluence was ~0.4 µJ cm-2 (Figure 72).
By assuming that the hole extraction rate is carrier density-independent at low
excitation fluences (Figure 72), the process is dominated by the hole extraction velocity
𝑆ℎ as an analogy of the surface recombination velocity 𝑆. The difference in these
particular parameters is that 𝑆ℎ is hole selective, whereas 𝑆 is valid for both electrons
and holes, and additionally 𝑆ℎ is much larger than 𝑆. For simplicity, we assume that
electrons are trapped with a velocity 𝑆ℎ , which implies that the number of recombined
electrons equals the number of extracted holes at the same time at the perovskite/PDPP3T interface. Now, both electrons and holes satisfy the boundary conditions:
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𝐷

𝜕𝑛(𝑥, 𝑡)
|𝑥=0 = (𝑆 + 𝑆ℎ ) ⋅ 𝑛(0, 𝑡)
𝜕𝑡
𝐷

𝜕𝑛(𝑥, 𝑡)
|𝑥=𝑑 = −𝑆 ⋅ 𝑛(𝑑, 𝑡)
𝜕𝑡

The value of 𝜏𝑏 obtained above is the effective carrier lifetime of the pristine perovskite,
which is defined as (1⁄𝜏𝑒𝑓𝑓 = 1⁄𝜏𝑏 + 2⁄𝜏𝑆 ), assuming 𝑆 = 0. However, we believe that
this assumption will result in underestimation of 𝜏𝑏 . The uncertainty depends upon the
difference between 𝑆 = 0 and the actual value of 𝑆.
The initial value 𝑛(𝑥, 0) is determined from the excitation fluence 𝐹 and the absorption
coefficient 𝛼(𝜆) at the excitation energy (𝐸𝜆 ), and that yields 𝑛(𝑥, 0) = 𝑁0 exp(−𝛼𝑥)
with 𝑁0 =

(1 − 𝑅)𝐹𝛼(𝜆)
⁄𝐸 , where R~0.2 is the surface reflectivity. It is worth
𝜆

mentioning that as the photoexcitation is carried on from the perovskite side, the initial
condition changes to the following 𝑛(𝑥, 0) = 𝑁0 exp[−𝛼(𝑑 − 𝑥)]. The experimental
data of all three samples were globally fitted at early times (Figure 70). The deviation
of the fitting at ~20 ns and onwards is believed to be caused by acoustical phonon
relaxation, which is not incorporated in the model.
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Table 10. Calculated penetration depth and photogenerated carrier concentration at 𝑡 = 0 for
perovskite thin films with different thickness. The optical excitation of 600 and 532 nm were
used for ps−ns and ns−µs TA spectroscopy measurements, respectively.

Perovskite thickness

170 nm

360 nm

570 nm

Penetration depth at 600 nm (cm)

1.35 × 10-5

1.50 × 10-5

1.57 × 10-5

Penetration depth at 532 nm (cm)

0.80 × 10-5

0.89 × 10-5

0.87 × 10-5

n0 at 600 nm excitation (cm-3)

4.5 × 1016

3.9 × 1016

3.6 × 1016

n0 at 532 nm excitation (cm-3)

7.0 × 1016

6.0 × 1016

5.6 × 1016
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Table 11. Parameters related to the global fitting of perovskite/PDPP-3T samples.

Input parameters:
Perovskite thickness

170 nm

360 nm

570 nm

F (µJ cm-2)

0.37

0.37

0.37

R

0.2

0.2

0.2

αλ (cm-1)

39823

35000

32280

N0 (cm-3)

3.56 × 1016

3.13 × 1016

2.89 × 1016

τb (s)

145 × 10-9

145 × 10-9

145 × 10-9

S (cm s-1)

0

0

0

Fitted parameters:
Sh (cm s-1)

1637

D (cm2 s-1)

0.99

Table 12. Parameters extracted using the one-dimensional diffusion equation:

Perovskite thickness

170 nm

360 nm

570 nm

µ (cm2 V-1 s-1)

39.9

39.9

39.9

L (µm)

3.79

3.79

3.79

kh,PVK (s-1)

9.5 × 107

4.4 × 107

2.8 × 107
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Figure 57. SEM micrographs of three different thicknesses for perovskite thin films on quartz
substrates (Scale bar: 500 nm).

134

Figure 58. The steady-state absorbance and transmittance spectra of spiro-OMeTAD.

Figure 59. The Tauc plot for perovskite thin films with three different thicknesses.
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Figure 60. Cross-sectional SEM images of PDPP-3T based PSCs for different perovskite layer
thicknesses; (a) 170 nm, (b) 360 nm, and (c) 570 nm (Scale bar: 500 nm).
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Figure 61. The stabilized PCEs of the champion devices by current density tracking at constant
bias with the controlled temperature at 25°C.

Figure 62. The EQE spectra of the PDPP-3T based solar cells as a function of the thickness of
the perovskite absorber layers.
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Figure 63. Statistics of PDPP-3T based solar cells as a function of the thickness of the
perovskite absorber layers.
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Figure 64. The ps−ns TA spectra of perovskite film, perovskite/spiro-OMeTAD and
perovskite/PDPP-3T interfaces. The arrow shows the PDPP-3T photobleach. The samples were
excited at 532 nm wavelength.

Figure 65. The excited-state dynamics monitored at the position of the GSB 1.40–1.50 eV of
PDPP-3T. The pristine PDPP-3T was excited at 600 nm wavelength with excitation fluence of
0.37 µJ/cm2.
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Figure 66. The ps−ns TA spectra of perovskite/PDPP-3T interfaces for different excitation
directions (inset figures show HTL side excitation –left, and perovskite side excitation –right)
with (a) 170 nm-thick, (b) 360 nm-thick, and (c) 570 nm-thick perovskite. In ps−ns TA
measurements, samples were excited at 600 nm wavelength using laser fluence 0.37 µJ/cm2.
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Figure 67. The ps−ns charge carrier dynamics of perovskite/PDPP-3T interfaces probed in
spectral windows of 1.58–1.64 and 1.40−1.50 eV for respective excitation sides. Kinetics show
the three different thicknesses of the perovskite absorber layer: (a) 170 nm, (b) 360 nm and, (c)
570 nm. All samples excited at 600 nm wavelength using laser fluence of 0.37 µJ/cm2.
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Figure 68. Normalized charge carrier dynamics of the perovskite/PDPP-3T interfaces probed
in the spectral window of 1.58–1.64 eV in case of (a) HTL side and (b) perovskite side
excitation Kinetics show the three different thicknesses of the perovskite absorber layer. All
samples excited at 600 nm wavelength using laser fluence of 0.37 µJ/cm2.
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Figure 69. The ns−µs charge carrier dynamics of perovskite/PDPP-3T interfaces probed in
spectral windows of 1.58–1.64 and 1.40−1.50 eV for respective excitation sides. Kinetics show
the three different thicknesses of the perovskite absorber layer: (a) 170 nm, (b) 360 nm and, (c)
570 nm. All samples excited at 532 nm wavelength using laser fluence 0.37 µJ/cm2.
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Figure 70. Normalized charge carrier dynamics of the perovskite/PDPP-3T interfaces probed
in the spectral window of 1.58–1.64 eV in case of (a) HTL side and (b) perovskite side
excitation at 532 nm wavelength with fluence 0.37 µJ/cm2. Inset schematics show the excitation
direction of the samples.

Figure 71. Schematics of the hole diffusion process in the perovskite/PDPP-3T samples with
respect to different excitation directions.
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Figure 72. Simulation of the hole extraction from perovskite to PDPP-3T for different
perovskite thicknesses; (a) 170 nm, (b) 360 nm, and (c) 570 nm. The change in hole density at
the interface for (d) 170 nm, (e) 360 nm, and (f) 570 nm-thick perovskite. The hole density at
the interface needs time to build up in the case of perovskite side excitation. The build-up time
depends on the thickness, diffusion coefficient and bulk lifetime.
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Figure 73. Normalized charge carrier dynamics of the perovskite and the perovskite/PDPP-3T
interface probed in the spectral window of 1.58–1.64 eV in the case of perovskite side excitation
at 532 nm wavelength.

Figure 74. Normalized charge carrier dynamics of PDPP-3T GSB when the perovskite/PDPP3T interface was excited at 532 nm.
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Figure 75. The ns–µs TA spectra of the TiO2/perovskite/ PDPP-3T stack for three different
perovskite absorber layer thicknesses both for ETL and HTL side excitation. All samples were
excited at 532 nm wavelength using laser fluence 0.37 µJ/cm2.
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Figure 76.Charge carrier dynamics monitored in the spectral region of 1.58 - 1.64 eV for the
TiO2/perovskite/ PDPP-3T stack excited from (a) HTL side, and (b) perovskite side. All
samples were excited at 532 nm using laser fluence 0.37 µJ/cm2.
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Chapter 6: Future Work / Outlook
The first decade of the perovskite PV field was mainly dominated by material
processing, investigation of optoelectronic properties, remarkable developments on
single-junction devices, and understanding/eliminating the hysteresis problem.234 Now,
the trend in the PSC field focuses on large area applications together with long term
device stability towards industrialization. Moreover, thanks to their bandgap tunability,
perovskite-based tandems will also be mainstream in the field. Based on these new
directions, there will also be new aspects in spectroscopy studies.
For large area (> 1 cm2) applications, deposition techniques, different than spin-coating,
have been investigated intensively. These various deposition techniques could result in
different film formation and dominant defect behavior. Moreover, the control of
inhomogeneities in perovskite films will become particularly important in the case of
upscaling. Therefore, to study the performance analysis in large area perovskites,
mapping the losses and bandgap heterogeneities in mixed-cation lead mixed-halide
perovskites would be more critical in spectroscopy studies.88, 235-236 For instance, Chen
et al. showed that electroluminescence (EL) imaging of PSC allows probing the
degradation of devices.237 This is done by identifying the peak shift in the PL spectrum
and reduction in EL intensity which is attributed to a change in perovskite composition.
Another important parameter, QFLS, can also be probed using hyperspectral PL and
EL images. Additional to mapping the inhomogeneities, carrier collection efficiency
imaging could be derived from the differences in the spatial distribution of Δμ between
PL and EL.238
As mentioned above, long term stability of these devices is also one of the most
important issues that needs to be addressed. The prototypical MAPbI3 PSCs can

149

degrade due to moisture, oxygen, temperature (phase transition), electric field, and
interfacial degradation. Firstly, the triple cation approach, reported by Saliba et al.,
results in improved thermal and structural stability.20 The motivation for increasing the
entropy of mixing leads to making the perovskite structure more complex by adding Rb
for the A site for quadrupole cation lead halide perovskites. These devices allowed PCE
exceeding 20% for over 500 hours.239 Basically, Rb can stabilize the black phase of
FA-based perovskite since FAPbI3 perovskite tends to be in yellow (not photoactive)
phase. Although compositional engineering in a perovskite structure enhances the
device stability, the highest reported stability of perovskite devices still does not meet
the requirement of practical applications.240 Recently, 2D layered perovskites, which
are created via introducing larger cations such as phenylethylammonium (PEA+),
polyethylenimine (PEI), and butylammonium (BA+), etc., have been investigated as
potential candidates to increase the device stability. Quan et al. reported that quasi-2D
perovskite devices (n = 40) remain at 86% of their initial efficiency after two months
under low humidity atmosphere.241 Grancini et al. demonstrated 2D/3D perovskite
devices with >10000 h stability (zero loss in performance) measured under
controlled/standard conditions.242 Mainly, this approach allows control in grain growth
during perovskite formation.
New strategies for out-of-plane grain growth in these 2D/3D perovskite structures are
a prerequisite for improved charge carrier properties since 2D perovskites have two
orders of magnitude lower mobility and carrier lifetimes than those in the 3D
counterparts.243 Zheng et al. demonstrated favorable grain orientation and reduced trap
density in perovskite film by using a trace amount of alkylamine ligands such as nbutylamine (nBA), phenethylamine (PEA), octylamine (OA) and oleylamine (OAm),
thus resulting in highly efficient p–i–n PSCs operating at MPP for >1000 h.23 Therefore,
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passivating the defect states in perovskites and finding routes for more efficient
passivation will enhance not only the device performance but also the long term
stability of the PSCs. Moreover, since lower-dimensional perovskites have high exciton
binding energies, it is vital to investigate the fundamental optical properties of these
materials locally (namely, interface between perovskite and charge transport layers),
especially under operation conditions.
To overcome the stability issue together with toxicity due to Pb, a double perovskite
concept has emerged. This new-type Pb-free perovskite has a structure as A2BB′X6.
Here, A is generally inorganic cation (Cs), X is halide as in regular perovskite. The
different part in double perovskite is B cation, mainly the substitution of Pb2+ by the
transmutation of 2Pb2+ into a pair of B+ and B3+ cations. This leads to intertwinement
of different cages combined of B-halide and B′-halide octahedra. As a promising
nontoxic and highly stable alternative, Cs2AgBiBr6 (indirect bandgap) has been studied
widely.244-247 Greul et al. reported the solution processed Cs2AgBiBr6 double perovskite
devices with efficiency close to 2.5%.248 Additionally, Zelewski et al. investigated the
optical properties of Cs2AgBiBr6, strongly dominated by coupling between phonons
and photoexcited carriers.246 Furthermore, the Franck–Condon model explains the
observed broadening in PL and the Stokes shift between photoluminescence excitation
and emission in halide double perovskites which could be due to strong local lattice
deformation after excitation of the color center states.
Another double perovskite example Cs2AgInCl6 can be a promising alternative for light
emitting diode applications, especially for warm-white light due to its broad emission
spectrum (400–800 nm).249 This Pb-free double perovskite gives stable white-light
emission via self-trapped excitons, originating from the Jahn–Teller distortion of the
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AgCl6 octahedron. Moreover, alkali-metal incorporation to the structure results in PL
emission enhancement in double perovskites; specifically 40% of Na content
(Cs2Ag0.60Na0.40InCl6) gives the highest PLQY up to 86 ± 5%.249 These new materials
have the potential for optoelectronic applications thanks to their stability and
nontoxicity. Therefore, new derivatives of double perovskites and their optical
properties need to be investigated in the future using advanced spectroscopy techniques.
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Chapter 7: Conclusion
As discussed in chapters one and two, perovskite semiconductors have remarkable
optical and electrical properties and have shown rapid progress in the performance of
optoelectronic devices.
In chapter four (Optimization of MAPbI3 perovskite solar cells), the thesis discussed the
preparation protocol of high-quality MAPbI3 films for planar n–i–p perovskite solar
cells without high-temperature processing steps. The modified two-step interdiffusion
technique is suitable for preparing pinhole-free perovskite films with greatly improved
morphology. Basically, this is achieved by the addition of small amounts of glycol
ethers to the MAI precursor solution. An in–situ ultraviolet–visible absorption
measurement was used to investigate the impact of glycol ethers on the perovskite film
formation. Moreover, ex–situ grazing incidence wide-angle X-ray scattering
experiments revealed that the unconverted lead iodide phase was predominantly found
at the buried interface of the reference sample, and the addition of glycol ethers changes
the lead iodide to perovskite conversion dynamics and enhances the conversion
efficiency. The resulting perovskite film modified with 2-methoxyethanol was a
compact polycrystalline film, and it created micrometer-sized perovskite crystals
vertically aligned across the photoactive layer. Consequently, the average photovoltaic
performance increased from 13.5% to 15.9%, and reproducibility was enhanced,
specifically when 2-methoxyethanol was used as the additive.
In the second part of chapter four (Change in photophysical properties after exposure
to humidity and light), the synergetic effect of humid air and light on optical and
structural properties of MAPbI3 perovskite was discussed. The 2-methoxyethanol
additive approach was used to fabricate perovskite films using 2-step interdiffusion
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method. The photophysics of perovskites that have been exposed to such conditions
was studied via highly-sensitive absorption and time-resolved photoluminescence
measurements. For exposed samples, the formation of sub-bandgap states was observed
in addition to increased trap-assisted recombination. Moreover, the sub-bandgap
absorption was clearly induced by illumination, as confirmed by photothermal
deflection spectroscopy measurements on perovskite films kept for 48 hours in humid
air but in the dark, which did not lead to any sub-bandgap features. It appears that such
exposure primarily affected the perovskite surface according to the more drastic change
in lifetimes for the samples excited from the surface. Consequently, on n–i–p device
level, the spiro-OMeTAD/perovskite interface was more affected than its buried
electron-collecting interface. The increased open-circuit voltage deficit for the
perovskite exposed to humid air under illumination was in line with reduced
photoluminescence lifetimes due to increased trap-assisted nonradiative recombination.
Moreover, losses in device performance were more severe in stoichiometric MAPbI3
films than in films that contain excess lead iodide.
In chapter five (Understanding the carrier extraction from perovskite to charge
transport layers), transient absorption spectroscopy was shown to be an effective
technique to directly trace hole extraction from perovskite to the PDPP-3T hole
transport layer. Since the efficiency of state-of-the-art perovskite solar cells is limited
by carrier recombination at defects and interfaces, it is important to understand these
losses, and how to reduce them is the way forward toward the Shockley–Queisser limit.
This was the reason that the PDPP-3T was chosen as the hole transport layer because
its ground-state absorption was at lower energy (1.40–1.50 eV) than the perovskite’s
photobleach (located around 1.60 eV), enabling direct monitoring of hole extraction
and interfacial recombination. By fitting the carrier dynamics using a diffusion model,
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carrier mobility was determined as 39 cm2 V-1 s-1. Moreover, perovskite thickness was
changed from 170 to 570 nm to distinguish between carrier diffusion and carrier
extraction at the interface since PDPP-3T carrier dynamics were changed with respect
to

excitation

direction

of

the

perovskite/PDPP-3T

samples.

Lastly,

TiO2/perovskite/PDPP-3T stacks were also investigated, and reduced carrier
recombination in the perovskite was found. From PDPP-3T carrier dynamics, hole
extraction was found to be one order faster than the recombination of holes at the
interface between the perovskite and polymeric hole transport layers.
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Appendix
A1. Urbach Energy in Semiconductors
An Urbach tail in the bandgap was first observed in ionic crystals (AgBr) having the
thermal disorder, 𝐸𝑈 = 𝑘𝐵 𝑇⁄𝛾, where γ is a constant around 1 eV.250 This optical
absorption near band edges is mainly due to a structural disorder, related with length of
interatomic space and thus fluctuation in the electron potential energy, in amorphous
semiconductors.251
For ionic crystals, the thermal disorder is the main reason for the tail in the density of
states at the band edge due to atomic vibrational displacement. Moreover, lattice
disorder is not only due to temperature disordering but it is also structural, which can
be internal (vacancies and dislocations) or external (stoichiometry, doping and
hydrogenation), and compositional disordering (atomic substitution).

Figure 77. (a) Diagram of bandgap and Urbach tail in direct bandgap semiconductors. (b)
Absorptance spectra of MAPbI3 perovskite film using UV-vis absorption and PDS
measurements.
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Urbach energy, 𝐸𝑈 , can be extracted from the slope of the exponential decrease in
absorption using the following relation:251
𝛼(𝐸) = 𝛼0 𝑒 (𝐸−𝐸1 )⁄𝐸𝑈
where 𝛼(𝐸) is the absorption coefficient, 𝐸 is the energy in eV, and 𝛼0 and 𝐸1 are the
material constants. Sensitive absorption techniques allow us to determine the Urbach
energy precisely. In order to measure the absorption spectra with even higher precision,
a PL emission measurement can also be used. The absorptance spectrum 𝐴𝐵 (𝐸) is
evaluated using the reciprocity relation between emission and absorption in both direct
and indirect bandgap semiconductors:44
𝑃𝐿(𝐸)~𝐴𝐵 (𝐸)𝐸 2 exp(−

𝐸
)
𝑘𝐵 𝑇

where 𝐴𝐵 (𝐸) is the absorptance spectrum, 𝑃𝐿(𝐸) is the photoluminescence spectrum,
𝐸 is the photon energy, 𝑘𝐵 is the Boltzmann constant, and 𝑇 is the absolute temperature.

157

A2. Optimization of FAMAPbI3 Perovskite Solar Cells
Mixing formamidinium (FA) cation in MAPbI3 perovskite results in the lower bandgap
perovskite, which naturally increases the JSC value of the devices, thus the high PCE.252
However, FA-based perovskite has a photovoltaically inactive “yellow” δ-FAPbI3
phase, which hinders the performance. To solve the stabilization of α-phase perovskite
structure, additional A+ site cations are introduced to the perovskite lattice. Here, the
two-step interdiffusion method is modified to get highly working devices.

Figure 78. Optimization of FAMAPbI3 n–i–p devices. (a) Effect of different FAI:MAI
precursor solution molar ratios. (b) Optimization of annealing temperature.

Experimental details of FAMAPbI3 devices are discussed in the methodology section
(chapter three). Different from MAPbI3, FAMAPbI3 perovskite films do not need IPA
washing.

The

device

structure

used

here

is

n–i–p

(ITO/SnO2/C60-

SAM/FAMAPbI3/spiro-OMeTAD/Au). In Figure 78, increasing the MAI concentration
helps to stabilize the α-FAMAPbI3 phase. Thus, JSC increased from 23.3 to 25.6 mA
cm-2, which yields an enhancement in PCE to 19.6 %. To reduce the adverse effect of
excess PbI2, the annealing temperature is lowered to 108 ̊C. Therefore, without losing
from JSC and FF, VOC increases from 1055 to 1094 mV.
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A3. QFLS and EU Mapping of Perovskite Thin Films
To visualize the losses in perovskite absorber layers and devices, PL imaging
techniques can be used. Here, the initial optimization for the collection of absolute PL
using hyperspectral imaging system coupled to a microscope with 2 nm spectral
resolution (Photon etc. IMA) is discussed. Mixed-cation lead mixed-halide perovskite
film was deposited on pre-cleaned glass substrates using the same recipe as used for
device fabrication. The perovskite film was sealed to prevent it from any environmental
effects during the measurement as can be seen in Figure 79a. The excitation was set to
532 nm at ~1 sun illumination condition. Before the measurement, the power density
of the laser was adjusted using the reference perovskite solar cell. The absolute
calibration procedure of the setup is reported in detail elsewhere.253

Figure 79. (a) The photo of the sample and the absolute PL spectra extracted using the PHySpec
V2 (Photon etc.) program from the intensity calibrated image, and (b) the image of the MatLab
program for the data analysis developed by Dr. Mingcong Wang.

The collected data was analyzed in home-built MatLab code (Figure 79) using modified
generalized Plank law to get quasi-Fermi level splitting using the formula:238
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𝜑(𝐸,𝜃) = 𝐴(𝐸,𝜃)

cos 𝜃
1
2
2𝐸
3
3
𝐸 − ∆𝜇
4𝜋 ℏ 𝑐0
𝑒𝑥𝑝 (
)−1
𝑘𝐵 𝑇

where 𝐴(𝐸,𝜃) is the absorption probability of a photon with energy 𝐸, incident at an
angle 𝜃 with respect to the surface normal. ∆𝜇 and 𝑘𝐵 𝑇 are quasi-Fermi level splitting
and Boltzmann constant and the temperature (equivalent to 25.7 meV at room
temperature), respectively. Here, cos 𝜃 factor appears as the emission from the surface
following the Lambert’s law. The EU is also adopted using the reciprocity relation
between emission and absorption in both direct and indirect bandgap semicondcutors
as discussed in Appendix 1. The preliminary results of extracted QFLS and EU images
using MatLab code are shown in Figure 80.

Figure 80. (a) Absolute PL intensity image, (b) Eg, (c) QFLS, and (d) EU images of the
perovskite layer extracted from home-bulit MatLab code.
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