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Chapter 1 Introduction

Over the past decade, both global photovoltaic production and installation have globally
increased exponentially. The largest contribution is from Si-wafer based photovoltaics.! At
present, the cost of electricity from Si photovoltaics, amounting to 0.1-0.36 USD/kWh is
similar to that of the traditional energy sources such as burning fossil fuels.? Nevertheless, even
for the best commercial crystalline Si photovoltaics the energy payback time is at least two
years. The production of the Si wafers requires about 70% of the total energy input.! Aiming
at high efficiency and low energy consumption for the production of photovoltaics, new
materials and technologies are studied to replace Si such as CdTe, CIGS et al. Among these
novel absorber materials, perovskite based solar cells have shown the fastest efficiency growth
in the photovoltaic research history, increasing from 3.8% to up-to-date 24.2% within a
decade.? Such high efficiency has already out competed that of multi-crystalline Si and CIGS
and is approaching that of mono-Si.> Moreover, the current cost of perovskite panels is
estimated to be 3 to 8 times less than that of Si panels.* Therefore, perovskites are promising

materials for producing high efficiency and low-cost photovoltaics.

1.1 What are perovskites?

Perovskites are a group of materials sharing the same crystal structure shown in Figure 1.1.
The general formula is given by ABX3.5 In the centre of the crystal structure is cation A, which
can be e.g. methylammonium (MA: CH3NH;3"), formamidinium (FA: CH2(NH2)2") or caesium
(Cs™). The 8 corners of the cubic structure are taken by cation B, which is Pb** for the currently
most successful perovskite in terms of solar cell efficiency. Each cation B is surrounded by an
octahedral cage consisting of 6 halides, e.g. iodide (I') bromide (Br") or chloride (Cl°). Figure
1.1 (a) shows the composition of the perovskite, methylammonium lead iodide (MAPbI; or in

short MAPI) used in the first perovskite based solar cell.” The orbital diagram of MAPI is
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shown in Figure 1.1 (b). According to DFT calculations, the lowest unoccupied states of the
conduction band are formed by the Pb 6p-1 5p m-antibonding and Pb 6p-I 5s g-antibonding
orbitals, while the highest states in the valence band are formed by of Pb 6s-1 5p g-antibonding
orbitals.®® However, considering the energy levels, the majority of the conduction band is built
up from Pb orbitals, while for the valence band both Pb and I orbitals are important.'®
Therefore, changing the halide from I to Br or Cl leads to a substantial difference in the bandgap

since in particular the position of valence band maximum changes. !

(i)Pb6p-15s *
Pbop-15p *

Pb 6p

O AMA) ==
) B(Pb2+) Pb 6s
@ X(I)

(@) (b)

Figure 1.1 (a) Schematic crystal structure of perovskites, (b) Orbital diagram of MAPI, from Ref.?

1.2 Perovskite solar cells

The first metal halide perovskite (MHP) solar cell was introduced in a dye-sensitized solar cell
architecture, which contains a mesoporous layer, as shown in Figure 1.2 (a). This mesoporous
titanium dioxide layer was expected to facilitate the electron extraction.!”? The required
thickness of the perovskite layer to absorb the major part of the incident visible light is just a
few hundreds of nanometres, which can be attributed to the high absorption coefficient of
MHPs.® This thin layer thickness is one of the merits of MHPs, especially in comparison with

Si, which requires a thickness of at least 200 micrometres for full light absorption.!



The structure of MHP solar cells can be either n-i-p or p-i-n, where n and p represent n-type
and p-type materials, respectively as shown in Figure 1.2.'> The sequence (n-i-p or p-i-n) is
determined by the transport layer facing the incident illumination. These contact layers
selectively transport electrons or holes, and are therefore also denoted as electron transport

material (ETM) or hole transport material (HTM).

(@) (b) ()

Perovskite Perovskite
ETM y ETM Y HTM
TCO TCO TCO

n in 0 n in

Figure 1.2 Structure of various perovskite solar cells. (a) mesoporous n-i-p (b) planar n-i-p (c) planar p-i-n.
TCO: transparent conducting oxide film.
The perovskites layers, as well as transport materials can be deposited from wet chemical
processes including spin-coating or alternatively by thermal evaporation of the precursors.'
Over the last 5 years many MHP solar cells have been studied with hundreds of different HTMs
and dozens of ETMs.!'*!> The up-to-date published highest records are based on mixed cation

and mixed halide perovskites'S, i.e. (FA,MA,Cs)Pb(I,Br)s.!”

1.3 Opto-electronic properties of perovskites

For an efficient solar cell, the opto-electronic properties of MHPs are of prime importance.
The charge carrier mobilities in MHPs are, however, two orders of magnitude lower than that
in GaAs.!® Fortunately, the diffusion length of the charge carriers in MHPs is reported to be
still much longer than the required thickness of the absorber layer of hundreds of nanometres.!'”
This long diffusion length can be attributed to the relatively long charge carrier lifetime, which
is apart from the mobility determined by the recombination rate between opposite carriers and
charge carrier trapping. Recombination of carriers can be classified into three types: first-order
recombination (Shockley-Read-Hall), second-order recombination (band-to-band), and third-

order recombination (Auger). The latter involves the presence of three carriers. Under one sun

AN
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illumination (AM1.5), the charge carrier density is relatively low and therefore Auger
recombination is negligible for MHPs as demonstrated by experimental and theoretical
studies.???! Hence, since we limit our research to materials for solar cell applications, Auger

recombination is not addressed in this thesis.

Second-order band-to-band recombination in semiconductors occurs by the decay of a CB
electron and a VB hole. This type of recombination plays an important role in direct bandgap
semiconductors under solar illumination. Since the band-to-band recombination is the reverse
process of absorption in a direct-bandgap semiconductor, the band-to-band recombination rate
is a constant, intrinsic property of the material. However, in practice, the effective value of the

rate might be different due to additional non-radiative bimolecular processes. 2223

First-order recombination is typically mediated by impurities or defects in the semiconductor.
Those defects lead to energy states within the forbidden bandgap, forming trap states, which
can capture charge carriers and act as recombination centers.?* Under low injection conditions,
trap-assisted recombination is described by the Shockley-Read-Hall theory, in which capture
of both electrons and holes are involved. In practice, the trap-related processes can be
simplified by a net trapping process of electrons in a p-type semiconductor shown in Figure

1.3.

Above discussed types of recombination are standard processes for excess carriers in
semiconductors under illumination. For some of the MHPs studied in this thesis, additional
decay pathways induced by structural heterogeneity or surface states need to be taken into
account. As presented in Chapter 3, intermixed distributions of halides lead to shallow states
and to a charge diffusional imbalance in (FA,MA,Cs)Pb(I,Br); films; In Chapter 4, surface
recombination is shown to dominate the decay of photon-excited free charge carriers in

MAPDBBI3; single crystals.

To study the kinetics of charge carriers in MHPs, time-resolved techniques are used such as
time-resolved PL (TRPL),'” time-resolved microwave photoconductivity(TRMC),? optical-
pump-THz-probe photoconductivity (THzC),® or transient absorption (TA).2? TRPL relies on
radiative recombination of opposite charge carriers, and thus charge carriers decaying by non-

radiative recombination cannot be directly measured. The other three techniques can monitor



the concentration of charge carriers as a function of time no matter whether they recombine
radiatively or non-radiatively. Therefore, a combination of TRPL with one of the other three
techniques is very useful to monitor the kinetics of photo-excited free charge carriers. 22226 In
this thesis we will mainly use combinations of TRPL and TRMC. The latter has been
previously described, has the advantage that also the charge carrier mobilities can be

obtained.?3-?3

To extract kinetic parameters from time-resolved measurements, a general approach is fitting

the time-resolved traces by a polynomial equation:

‘;—’; = —kyn — kyn? — kyn® (11)
In this equation, all three types of recombination mentioned in section 1.3 are included.
However, since the three recombination types dominate in different but overlaying carrier
density regimes, revealing a precise set of all three rates by fitting via Equation (11) requires a

wide range of excitation densities. %’

In 2015, Hutter et al. reported a versatile model to describe the charge carrier dynamics in
MAPI. The same set of kinetic parameters from the model was shown to fit the recombination
behaviour measured by both TRMC and TRPL. Since then, this model was successfully applied
for a range of MHPs not only including MAPI?*->3282% but also mixed MHPs,!”-? inorganic
MHPs,*! and lead-free perovskites.?? In this model, each arrow represents a specific process
and thus a term in the differential equations describing the time-dependent concentration of

excess carriers, as will be discussed in Chapters 2 and 3.
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Figure 1.3 Diagram of the used kinetic model. This model includes the second-order process with rate k, and

first-order process with trapping and trap depopulation rates k; and kj,. (see for more details Chapter 2)

1.4 Photovoltaic performance

As like other semiconductor single-absorber solar cells, the ultimate limit of a perovskite solar
cell can be obtained by the Shockley-Queisser limit, which considers inevitable losses
including spectral mismatch and thermal radiation at a non-zero temperature.>® The spectral
mismatch comprises a fraction of the photons of the sunlight with energies below the bandgap
that cannot be absorbed. Another contribution is from those photons that have excess energy
which is released as heat into the lattice, denoted as thermal relaxation. As a result, the

efficiency limit is around 30.7% for MAPI with a bandgap of 1.58 V. 3

The standard equation to calculate the efficiency of a solar cell from a J/V curve is expressed
as:

— ]SCZ(?CFF (1)
mn

n

where . is the short circuit current density, V. is the open circuit voltage, FF is the fill factor
and P;, is the standard power input from the sunlight (AM1.5: one sun at a zenith angle of
48.2°).2* The maximum value of J,. can be derived from the total photon flux from the sunlight
and the optical absorption and reflection.!” The maximum value of V. is determined by the
Shockley-Queisser limit.>* While the V,. of MHP solar cells is still below the theoretical value,

that of GaAs solar cells has almost reached the limit.'? Therefore, improving the V,. towards



the Shockley-Queisser limit is important to improve the efficiency of perovskite solar cells

further.

A semiconductor is characterised by a forbidden bandgap with energies between 1 to 3 eV
between the conduction band minimum (CB) and valance band maximum (VB). The density
of allowed energy states in these bands is a function of the energy. The electron distribution
over these states follows the Fermi-Dirac distribution function. The equilibrium concentration

of CB electrons, ny and VB holes, p, are given by:

EF—Ef;

nyg =nge T (2)
_EF-Efi

Do = Mnje kT (3)

where n; is the intrinsic carrier concentration, Er and Ef; represent the Fermi energy and
intrinsic Fermi energy, respectively. For non-doped semiconductors, Er = Ep; thus ng = py =

n;.

Under illumination, excess carriers are generated in the semiconductor. The Quasi-Fermi levels

for electrons, E,, and holes, Ef,, designate the excess concentrations, An and Ap.**

EFn—EFi
Ny + An = n;e” T 4)
_EFp—EFi
PotAp =ne k7 )
By combining Equation (4) and (5), we obtain
Epn — Epp = kTin rrootel) (6)

i

This energy difference is the so-called Quasi-Fermi level splitting, ur and quantifies the
ultimate V,. value of a p-i-n or n-i-p solar cell. If there are no additional losses, yp can be
calculated by the Shockley-Queisser detailed balance.*? In practice, due to losses from non-

radiative recombination, the value of uy is lower and thus limiting the V...

When a voltage is applied over a photo-active junction, the current in the dark is given by the

diode equation containing a Boltzmann term:
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qv
J =Joekr —Jo (7)
Where J, is the saturation current density.?* Under illumination and open circuit conditions,

4Voc
the total current ] = J;. — (Joe kT — J;) = 0. Then,

KT Jse
Voo =7 (G +1) ®)

where J.is the short circuit current density. However, in a non-ideal cell there are additional
losses of charge carriers apart from radiative recombination. This means that not all photons
which are theoretically absorbed by the semiconductor contribute to the build-up of the V.

Therefore, an external quantum efficiency (EQE) is introduced leading to:3*
Vo = =-In (EQE’;—C +1) (9)
0

Which can be converted into:3°

kT

Vor = —
oc e

In(EQE ’]—0) =Vl + Zin (EQE) (10)

Here, VOS;Q stands for the maximum value determined by the bandgap, solar spectrum and

thermal radiation, i.e. the Shockley-Queisser limit and hence, V3¢ can be calculated.3® The last
term quantifies the non-radiative losses and is used for direct and quantitative comparison

between different solar cells.

From Equation (10), one can directly see that a high EQF leads to a high V/,.. The EQE can be
measured by e.g. determining the electroluminescence quantum efficiency, EQEf; . The factors
that affect the EQEy; are included in Equation (11):

_ PelQE
EQEp = 1-1QE[1-pe—Pa] (D

Here, p, stands for the parasitical loss of emitted photons by the contact layers, p, is the
outcoupling efficiency, and /QF stands for internal luminescence quantum yield, which is the

fraction of free charge carrier that decays radiatively.*®

For ideal contacts p,, is close to 0, which leads to,



¢IQE
EQEg, = m = EQEp, (12)

In this case, the photoluminescence quantum efficiency, EQEp; can also be used for Equation
(10). 222337 Equation (12) shows that internal material properties can be related to external
device parameters like to V.. In chapter 2 an alternative method for obtaining the V. is

provided.

1.5 Thesis outline

While perovskites are intensively investigated for application in solar cells and other
optoelectronic devices, fundamental research has contributed to reveal the intrinsic properties
of this group of interesting materials. This thesis intends to show the relationship between the

material properties, charge carrier dynamics and the performance of devices.

In Chapter 2 TRMC traces are fitted via the kinetic model mentioned above, and the found
rate constants are used to calculate the concentrations of charge carriers under steady state
conditions. From these concentrations, the ur in the perovskite layer is determined and
compared with the actual V.. Such comparison not only proves that the kinetic model reflects
the actual charge carrier dynamics properly but also offers a versatile way to select which
techniques and transport layers could be beneficial to improve the efficiency of perovskite solar

cells.

The highest reported efficiencies of metal halide perovskite (MHP) solar cells are all based on
mixed cation, mixed halide perovskites, such as (FA,MA,Cs)Pb(IixBrx); (x= 0 — 1). In
Chapter 3, various (FA,MA,Cs)Pb(I:-xBrx); perovskite films are light-soaked in nitrogen and
the change in properties are investigated by time-resolved microwave conductivity, optical and
structural techniques. For this class of MHP apart from band-to-band recombination, and trap
mediated decay, additional shallow states have to be included to describe the charge carrier

dynamics properly.

Methylammonium lead bromide (MAPbBr3) is a possible candidate to serve as a light absorber
in a subcell of a multi-junction solar cell. In Chapter 4 complementary temperature-dependent
time-resolved microwave conductance and photoluminescence measurements, shows that the

exciton yield increases with lower temperatures at the expense of the charge carrier generation

9
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yield. The low energy emission at around 580 nm in the cubic phase and the second broad
emission peak at 622 nm in the orthorhombic phase originate from radiative recombination of
charges trapped in defects with mobile counter charges. Knowledge of surface defects is of

interest to reach higher open-circuit voltages in MAPbBr3 based solar cells.

There has been intense research into the optoelectronic properties of perovskites, however, the
sub-bandgap absorption in MHPs remains largely un-explored. In Chapter 5 we recorded two
photon absorption (2PA) spectra of polycrystalline MHP thin films using the time-resolved
microwave conductivity technique over a wide wavelength regime. The 2PA coefficients, f
have been calculated by taken into account the quadratic relationship between the number of
induced charge carriers and the incident light intensity. These results give insight into the band

structure of MHPs.
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Chapter 2

ABSTRACT

While the power conversion efficiency of metal halide perovskite (MHP) solar cells
has increased enormously, the open circuit voltage V., is still below the conceivable limit.
Here, we derive the Fermi-level splitting, ur for various types of non-contacted MHPs, which
sets a limit for their achievable V., using rate constants and mobilities obtained from time-
resolved photoconductivity measurements. Interestingly, we find that for vacuum-evaporated
MAPbIz and K'-doped (MA,FA,Cs)Pb(I/Br);, the ur/e values are close to the
reported V,. values. This implies that for an improvement of the V,., charge carrier
recombination within the bare perovskite has to be reduced. On the other hand, for MHPs with
Cs" and/or Rb* addition, the experimental V,.is still below ur/e, suggesting that higher
voltages are feasible by optimizing the transport layers. The presented approach will help to
select which techniques and transport layers are beneficial to improve the efficiency of MHP

solar cells.

INTRODUCTION

Since their first introduction in 2009,' perovskite solar cells (PSCs) have shown an
unprecedented rise in energy conversion efficiency, surpassing that of CIGS and approaching
the value of crystalline silicon solar cells.”? Different optimisation approaches including
bandgap utilisation, ** light management, >° interface engineering, 7 and transport material
optimisation, '%'2 have been used to improve the efficiency. Subsequently, the open circuit
voltage, Voc, of PSCs has increased from 0.61 V! to over 1.2 V13-1. However, this value is still
below the V,. determined by the bandgap and thermal radiation or so-called entropy losses
(1.33 V for MAPbI3).!7-!” Hence, understanding the factors governing the V,. and developing
methodologies to improve this are essential to exploit the full potential of metal halide
perovskites (MHPs). Since optimising PSCs is labour-intensive, determination of the upper
limit of the V,. on basis of the characteristics of a bare perovskite semiconductor layer is
extremely useful.

The qV,. is the Quasi-Fermi level splitting, p under illumination at open circuit and is

defined by:?°



kT (ng+An)(py+Ap)
Hp = —In—=—7- (1)

q n;

KT . : . : :
where the o s the thermal energy, n; is the intrinsic carrier concentration, n, and p, are

thermal-equilibrium concentrations of electrons and holes respectively, and An and Ap are the
concentrations of photo-excited excess electrons and holes, respectively. From quasi-steady-
state photoconductance data measured by making use of a coil, the effective lifetime of charges
in a semiconductor layer can be extracted.?! In case the semiconductor properties are known
including the charge carrier mobilities, the excess charge carrier densities under AM1.5 can
then be calculated allowing to come to a value for the Fermi level splitting. We are not aware
of any report using this technique for predicting the V. in perovskite cells, most likely due to
the fact that the mobilities are varying with composition, morphology and post treatment.?!
An alternative way to quantify py is using photoluminescence (PL), by either fitting
the absolute intensity PL spectrum including sub-gap tail states, 2> or using the absolute PL
quantum yield. 2>2° However these methods require knowledge of the PL output coupling and
reabsorption features of the MHP. Another approach to come to yg is probing the charge carrier
dynamics by time-resolved measurements like time-resolved microwave photoconductance
(TRMC), optical-pump-THz-probe spectroscopy (THz), or transient absorption spectroscopy
(TAS). In this work we first present a method how to derive the pur under AM1.5 using the rate
constants found by fitting time resolved photoconductance measurements on a spin-coated
MAPDI; film. In the second part, we apply this approach on previously published TRMC
data.?*2® Interestingly, we find that for vacuum-evaporated MAPDI; layers and for
(MA,FA,Cs)Pb(I/Br); doped with K, the calculated uy is very close to the reported V5. values.
This implies that for an improvement of V. the charge carrier recombination within the native
MHP has to be reduced. Additionally, we observe that the addition of Cs™ and/or Rb" to
(MA,FA)Pb(I/Br); or light-soaking in humid air of MAPDbI; leads to an increase of both the
calculated yr and of the observed V,.. However, for these cells the maximum attainable V.
has not been reached yet. This means that the V. of these solar cells could be further improved
by optimizing the interface with the transport layers. Comparing the calculated py with the V.
helps to select which deposition techniques, additives, post production treatments and transport

layers are beneficial to improve the efficiency of MHP solar cells.

RESULTS AND DISCUSSION
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Chapter 2

In the first part of this chapter a method to calculate yy under continuous illumination
with the rate constants describing the charge decay kinetics is presented. To this end we
recorded TRMC traces of MAPbI3 using a nanosecond pulsed laser at 500 nm, while varying
the incident intensity over four orders of magnitude shown in Figure 2. 1a. We make use of our
kinetic model reported in 2015, which has been successfully applied to a range of MHP
layers.?82930:31 Scheme 2.1 depicts all the processes included in the model, in which n,, is the
concentration of trapped electrons, p, the concentration of background holes, and N; the
density of available deep traps; k,, k1, kp are the rate constants representing band-to-band

recombination, trapping and trap depopulation respectively, while G, represents the optical

excitation.
CB . . An
kT n,
G, k, Nr
k, l
T —
VB Ap Po

Scheme 2.1. The kinetic model describing the charge carrier dynamics in perovskites.

dd% = G, — k,An(Ap + poy) — krAn(Ny —ny) ©)
dstp = G, — ky,An(Ap + py) — kpn(Ap + py) (3)
T = kepAn(Ny =) = kpn(Ap + po) @)

To obtain values for all kinetic parameters, we solved the coupled differential Equations 2 -
4 numerically with the same set of parameters except for the generation term, which equals the
intensity of the laser pulses. From the resulting time-dependent An and Ap, we can determine
the time dependent photoconductance, AG, by:
AG = e(uehn + ,Ap) L 5)

where p, and u, are the mobilities of electrons and holes, respectively. SL is the geometrical
constant and L the layer thickness. As shown in Figure 2. 1a, the fits match the experimental
TRMC traces very well. Note that below a certain excitation density the traces start to overlap,

which indicates that the recombination turns from higher order to first order. From this



threshold, starting at densities around 4 X 10'* ¢cm™ per pulse, we can accurately ascertain

Nr.(see Figure 2.s Sla and S1b)

AG/(Bel) (cm’/(Vs))

4
Time (us)
1 1 1 1 1 1
7.0 4 X ] -
4 (b) steady state simulation L
6.0 - X microwave response -
- E A X r
E 504 L
2 E x -
2> 4.0 -
= b X F
S 3.0 -
3 : x X L
f=4
S 2.0 7] x one sun B
1.0 4 at AM1.5 L
0.0 -
T T T T T T
0 2 4 6 8 10

Absorbed number of photons (x1 021cm-3s-1)

Figure 2. 1. (a) TRMC traces (solid) along with the fits (dashed) of the spin-coated MAPbI;3
thin film. The excitation density per laser pulse is presented by the number of absorbed photons
divided by the thickness of the sample. (b) The red markers denote the conductivities obtained
from the microwave signal induced by continuous illumination using a white light LED. The
green line is the photoconductivity calculated using the charge carrier concentrations found by
integration of equations 2 - 4 as function of G.. The blue arrow corresponds to a G. identical

to the number of absorbed photons by this layer under one sun at AM1.5.

Figure 2. 1a shows that we can use our model shown in Scheme 2.1 to extract dynamic
parameters and to calculate An, Ap, and n; as a function of time. In case all the essential
processes are captured by our kinetic model, it should be possible to switch from pulsed
excitation to continuous excitation. Hence we calculated An, Ap, and n; using Equations 2-4,
with the previously obtained set of dynamics parameters but replacing the pulsed G, by
continuous excitation. In Figure 2.s S2a and S2b the time dependent concentrations are shown
using intensities comparable to 1% and 100% of AM1.5 reaching constant values within 20.

To verify these calculated values for An and Ap, we compared the photo-conductivity,

Ao derived from the calculated charge carrier concentrations with Ag measured under
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continuous excitation. In Figure 2. 1b, the red markers denote Ao as function of the absorbed
number of photons generated by a white light LED. A more detailed explanation how we
extract Ao from the microwave response is provided in the SI with Figure 2. S3-5. As shown
in Figure 2. 1b, excellent agreement between the calculated and measured Ao is observed. This
resemblance demonstrates that our kinetic model captures all the essential photophysical
processes within intensities between 1 and 100% of AM1.5 and can be used for predicting the
steady-state excess charge carriers concentrations. Hence, we can use our pulsed time-resolved

measurements to evaluate the excess carrier concentration at open circuit in a solar cell.

In the next part, we will process previously published TRMC data in the same way as
described as above to obtain An and Ap under excitation conditions similar to AM1.5, from
which we will derive uy using equation 1. These yy values will be then compared with the V.
values of the corresponding PSCs.2%2® These PSCs were made using different precursors and
fabrication procedures (spin-coated and evaporated MAPbI;, (MA,FA,Cs)Pb(I/Br),
(MA,FA)Pb(I/Br);), and comprise different device structures and transport materials. The
effect of additives like K¥, Cs* and/or Rb* and of post-production treatments such as light
soaking were also investigated. The TRMC traces and fits are shown in Figure 2. S6. Note that
these TRMC traces have been recorded on films identical to those used for the solar cell
fabrication. The key fitting parameters are listed in Table 2. 1, and the full set of the parameters
are collected in Table S2.1. In order to determine py using equation 1, not only An and Ap are
required, but also n;, ny and p,. We calculated n; of MAPbI; to be 12.6x104 ¢cm™ from
previously published values of the effective masses 3238 and a bandgap of 1.58 eV (see
equation S6-8). For (MA,FA,Cs)Pb(I/Br)3;, we assume the same effective masses as those of
MAPDI; but used bandgaps of 1.56 and 1.59 eV for perovskite layers with and without K*
doping, respectively. p, is obtained from fitting the TRMC traces, and n, can be derived by
pone = n?. However, the values of n, and p, are negligibly small compared to An and Ap, as
listed in Table S2.1. The calculated values of ug/e for different excitation intensities, along

with the experimentally measured V. values are shown in Figure 2. 2.

Table 2. 1. Kinetic parameters derived from analysis of the TRMC traces, calculated excess

concentrations and ug /e values for different PSCs.
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MAPbL; (MA,FA)Pb | (MA,FA)Pb | (MA,FA,Cs)Pb | (MA,FA.Cs) | MAPbLs | MAPbI;
evaporated® (I/Br)s (I/Br)s (I/Br)s Pb(I/Br)s spin- spin-
Spin-coated® | with RbCs spin-coated® with K coated? coated
Spin-coated® spin-coated® light
soaking?
- 10 s 6 3 40 20 26 | 076
Ny (0% | 30 250 80 30 30 6 55
Bn(0%em) | 3.1 58 24 55 9 41 78
Sp(0Fem) | 55 17 28 6.8 I 42 78
ne(107em) 24 I 41 13 I8 60 | 55
iele (V) 115 118 123 117 1.16 126 | 129
seeondorder | 6 23 67 82 83 9% | 97

ratio 17,(%)

a2 Bvaporated MAPbI3, data from Ref 28

b Spin-coated Mixed perovskite with and without rubidium and cesium, data from Ref.>*

¢ Spin-coated Mixed perovskite with and without 10% potassium, data from Ref.?

d Spin-coated MAPDbI;, treated by light soaking in humid air, data from Ref. 2’
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Figure 2. 2. Comparison between the calculated Quasi-Fermi level splitting (full lines), ux /e,
and the corresponding experimental I/, (markers). The data shown in (a), (b), (c) and (d) are
taken from references 28, 39, 26 and 27 respectively. 26283 The deposition method of the

MHP layers, device structures and treatments are given in the annotations.

Figure 2. 2a shows that although both solar cells are fabricated using the same
evaporated MAPDI3, the V. for the n(C60)-i-p(TaTm) structure is 1.15 V, while for the
inverted stack the V,. is 1.08 V. The former value is actually very close to our calculated value
of 1.15 V, which supports the idea that our model can accurately determine p /e and that this
value is close to the V.. 4%* This is in agreement with recent studies from Nazeeruddin et al.*

and Dinekamp et al.*!

claiming that the Fermi levels of both transport materials sandwiching
the MHP have little effect on the V,. of a PSC. Hence additional increasement of the V.
requires improvement of the MAPDI;, leading to larger excess charge carrier concentrations.?®
The lower value for the p-i-n solar cell structure might be related to changes in opto-electronic

properties obtained by deposition on different bottom layers.



In Figure 2. 2b the impact of Cs* and/or Rb* addition to (MA,FA)Pb(I/Br)s on ug/e
and V,. is shown. Cells containing 5% of Cs™ and/or 5% Rb" 3° all exhibit a higher V.,
following the same trend as our modelled results. Although other groups have found higher V.
values up to 1.19V,4?% all V,. values are still smaller than the calculated p /e, which implies
that deposition of the transport layers results in additional decay pathways and that higher V.
values are feasible by optimising the transport layers. Interestingly, from our calculations it is
important to note that yg /e for (MA,FA)Pb(I/Br)s is equal to that of the evaporated MAPDI;
samples (having the same bandgap), implying that both fabrication methods are capable of
producing similar quality MHPs.

For (MA,FA,Cs)Pb(I/Br); with and without K* passivation, the dependencies of ur/e
with intensity are very similar, while the measured V. values differ significantly as shown in
Figure 2. 2c. This increase in V. is attributed to the passivation by K of surface states formed
by the deposition of the HTM layer.2® Hence, we suggest that the K-doping retards the
interfacial recombination between the MHP and spiro-OMeTAD. Again, by either optimizing
the device structure and/or by effectively passivating the interfaces, considerable rise of the V.
can be realized. However, additional increase of the V,. requires improvement of the
(MA,FA,Cs)Pb(I/Br)s leading to higher excess charge carrier concentrations.

An efficient way to improve the ug /e of a MAPbI; layer is light soaking in humid air.?’
As shown in Figure 2. 2d, a ur /e value of 1.29 V at 1 sun is observed, which is very close to
the theoretical maximum of 1.33 V predicted for MAPbI3.!7! Despite this great potential, this
value has not been realised, although very recent work proved that a V,. of 1.26 V can be
obtained by optimising the transport layers and light soaking.'®

The above presented methodology enables us to evaluate the ratio of second-order

recombination over the total decay processes, 7,, defined by:

_ _Re
Ry +RT

N2 (6)

Here R, = k,An(Ap + py) and Ry = krAn(N; —n.), representing the decay of
excess electrons by second-order and by trap mediated processes under steady-state excitation,
respectively. Ideally n, = 1, meaning all excess carriers decay by band-to-band recombination.

As can be observed by the results presented in Table 2. 1, all the additions or treatments
lead to a substantial reduction of k,, and the highest 7, values were obtained by the light
soaking treatment.?” The small value of Ny is attributed to the improved bulk quality of the
MAPDI; film mainly by the addition of hypophosphorous acid in combination with PbAc: to

the perovskite precursor solution.* The light soaking treatment, which is shown to affect the

[\®]
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surface rather than the bulk, only slightly decreases N, but leads to a substantial elongation of
the apparent charge carrier lifetime.?® Note, that the k, is the apparent rate constant, as
previously discussed by Brenes et al,?® which means that the value of k, might be substantially
reduced by e.g. reabsorption of emitted photons. However, for determination of ug/e the
apparent rates are of importance as these also apply in a complete device. The apparent values
of k, obtained by other techniques, e.g. 8.1x10-11 from transient absorption (TA)?! or 4.5x10-
10 from optical-pump-THz-probe spectroscopy (THz)* are in the same range as our data, which
supports the idea that the present approach can also be used for kinetic parameters obtained by
these other time-resolved measurements.

In summary, in this chapter we present how to derive uz/e from pulsed excitation
experiments on bare, non-contacted perovskite films. We show that the obtained values
correspond to the measured V,. for a number of MHP solar cells, indicating that decay
processes occurring within the perovskite layer are limiting the V.. for those cells, rather than
interfacial recombination processes. From our modelling we conclude that the addition of Cs*
and Rb" and even more effectively light soaking in air of MHPs leads to substantial increase
of'the ug/e. Although these additions or treatments have resulted in improved V. values, these
methods bear the promise that higher voltages are still feasible by improving the transport
layers and preventing recombination at the interface with these contact layers. This works helps

to select which steps can help to improve the efficiency of MHP solar cells.
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Figure S2.1: (a and b) Decay profiles of An (black), Ap (red), and n; (dashed blue), under the
lowest and highest used excitation densities, respectively.
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Figure S2.2: Calculated An (black), Ap (red), and n; (blue) under continuous excitation using
parameters determined from the pulsed photoconductance measurements. The steady state



excitation densities correspond to (a) 1% and (b) 100% of the number of photons that the MAPI
layer would absorb under AM1.5. (¢ and d) the densities in (a) and (b) shown on longer
timescales.

Time-resolved microwave photo-conductivity (TRMC)

The working principle of TRMC is based on the interaction of microwaves and a conductive
medium. Upon photoexcitation charge carriers are generated within the material analysed. As
a result, a reduction of microwave power is observed. The change in microwave power (AP/P)
is proportional to the change in photoconductivity (AG) of the sample, as expressed by:

AP(t)

o= —KAG(t) (Eq. S1)
where, K is a pre-determined sensitivity factor.
In order to maximise the interactions, the sample is placed within a resonant cavity cell, at %
A (A being the total length of the cavity) from the front quartz window. This position
corresponds to one of the maxima of the microwave field. By sweeping the frequencies in the
range 8.2-12.2 GHz it is possible to locate the resonance frequency at which the interaction is
maximized. At this point, the reflected microwave power goes through a minimum, from now

on called the “dip”. All the measurements are then conducted at the resonance frequency.

Steady-State Microwave Conductance (SSMC)

The same set-up described above can be used to measure the conductance (o) of a sample in
steady state conditions. In order to do so, the dip in the frequency scans is analysed. The
reduction of microwave power in steady state condition is proportional to the change in

conductivity of the sample, as:

22 = AoBL (Eq. S2)

P
Where 3 is a geometrical factor and L is the sample’s thickness. The change in conductivity

can be determined from the microwave scans by analysing the data considering the field
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characteristics, geometrical factors and properties of the media inside the cavity (quartz and
perovskite film in this study). In order to be able to compare different samples in different
conditions, all the traces are first normalized with a scan recorded placing a fully reflective
end-plate instead of a cavity. Geometrical factors and cavity related losses are then accurately
determined by analysing the dips of the empty cavity and then loaded with a clean quartz plate
only.

The electrical conductivity of a material is defined as:

o = e(u,An + p,Ap) (Eq. S3)
Where i and p, represent the electron and hole mobilities, respectively. Their values can be
determined from the results of TRMC measurements.

By comparing dark and under illumination conditions, it is possible to calculate the changes in
conductivity and hence charge carrier concentration caused by steady state photo-excitation of

the sample. The fitting results are shown in Figure S2.3:
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Figure S2.3. The dip of the frequency scans (makers) along with the fits (solid lines)
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Figure S2.5: The fraction of absorbed light (FA) in MAPbI:.

We use the following method for calculation of the excitation density per second, G¢ in the
MHP induced by the white light LED of which the emission spectrum is shown in Figure S2.4.
We measured the light intensity at the position of the MHP layer by replacing the sample by a
silicon reference cell (Model #RC-02-Si-K7-KT-4D-00-00, Serial #PVM1096,
Monocrystalline Silicon). We set the distance of the LED to the TRMC cell to obtain a series
of the incident number of photons. The distances were 0 cm, 2 cm, 4 cm, 6 cm, 8 cm and 10
cm, yielding currents of 63 mA, 46 mA, 35.2 mA, 26.6 mA, 20.5 mA, 16.2 mA, respectively
on the silicon reference cell with area 2.3 cm?.

The reference cell generates a current of 35.275 mA/cm? when AM1.5 is applied. In the range
of 280 nm to 1100 nm, the integrated number of photons is 2.71-10'7 (cm?s)"!. With these

numbers, we can calculate the number of photons for each LED intensity. For example, at a
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distance of 10 cm the current is 7.04 mA/cm? then the number of photons is 2.71-10'7/35.275
x 7.04=0.54-10'7 (cm?s)"!. Considering the Fa shown in Figure S2.5, the excitation density per
second is 0.54-10'7x 0.686 = 0.37-10'7 (cm?s)"!. The linearity of our reference cell is confirmed

by another calibrated silicon photodetector (COHERENT, 2303 Lindbergh ST. Ser. UNS59,

Auburn CA95602-9595) and a pyranometer (Kip&Zonen, Article #3303008, Serial #00990).
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Figure S2.6: The TRMC traces (solid lines) and fits (dash lines) for each published paper

discussed in Figure 2 in the main text. (a) Evaporated MAPbI;3, data from Ref. !; (b,c,d,e) Spin-

coated Mixed perovskite with and without rubidium and cesium, data from Ref. 2; (f,g) Spin-

coated Mixed perovskite with and without 10% potassium, data from Ref. *; (h,i) Spin-coated

MAPDI;, treated by light soaking in humid air, data from Ref. 4

Table S2.1: Full set of parameters from the model fitting for each paper. As no is negligible

from no-po=ni, we do not include it in this table.

MAPbl; | (MA,FA)Pb | (MA,FA)Pb | (MA,FA)Pb | (MA,FA)Pb
evaporated? (I/Br)s (I/Br)s (I/Br); (I/Br)s
Spin-coated® with Rb with Cs with RbCs
Spin-coated® Spin- Spin-coated®
coated®
YU 6 6 40 40 6
Eg (eV) 158 158 158 158 158
n; (cm™) 126426 126426 126426 126426 126426
same NcNv
kr (108 cm’s” 4 0.1 0.1 0.1
) 0.1
k2 (1071% cm’s- 50 6 3.5 4.1 3
D)
Ny (10%cm™) 30 250 100 80 80
kp (10710 40 20 9 9 8
cm’s!)
po (105 cm) 30 12 10 10 8
An(10'cm™) 3.1 9.8 20 20 23.8
Ap(10"cm) 5.5 15.4 248 241 27.9
1,(105%cm?) 24 56.7 4.6 3.8 4.1




Ur (eV) 1.15 1.19 1.22 1.22 1.23
second-order 62 34 63 71 67
ratio 17,(%)
MAPDI; | (MA,FA,Cs)Pb | (MA,FA,Cs) MAPDI; MAPDI;
evaporated® (I/Br)3 Pb(I/Br)3 spin-coated! | spin-coated
spin-coated® with K light soaking?
spin-coated®
Yu 6 60 40 60 60
Eg (eV) 1.58 1.59 1.56 1.58 1.58
n; (cm™) 126426 104231 186002 126426 126426
same NcNv
kr (108 cm’s” 4 0.4 0.4 12 12
1
)
k2 (1071% cm’s- 50 40 20 2.6 0.76
1
)
Nz (103cm™) 30 30 30 6 5.5
kp (10710 40 40 20 8 3.2
cm’s!)
po (103 cm) 30 9 9 6.5 2
An(10'cm™) 3.1 5.5 9 41 78
Ap(10'cm) 5.5 6.8 11 42 78
n.(10%cm™) 24 13 18 6.0 5.5
Ur (eV) 1.15 1.17 1.16 1.26 1.29
second-order 62 82 83 96 97
ratio 17,(%)

@ Evaporated MAPDI3, data from Ref'!
b Spin-coated Mixed perovskite with and without rubidium and cesium, data from Ref.?
¢ Spin-coated Mixed perovskite with and without 10% potassium, data from Ref.?

4 Spin-coated MAPDbI3, treated by light soaking in humid air, data from Ref. 4

Determination of intrinsic carrier concentration n;

The equations are:

n; = N¢cNy exp (%)

* 3

Ne = 2(*535):
2mmykT 3

Ny = 2( p )

Where my, and m,, are the effective masses of electrons and holes, respectively.

The published my, and my, are listed below:

(Eq. S6)

(Eq. S7)

(Eq. S8)

(U]
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m;,/my=0.25,°0.25,°0.28, ¢ 0.36,° 0.26,7 0.29,° 0.18-0.52,7 0.23,'° 0.14. '°

m;,/my=0.19, 6 0.17,¢0.73, ¢ 0.1-0.15,!1 0.23, 7 0.23, # 0.14-0.20, ° 0.22, 19 0.12. 1°

Hence the averages are my=0.15m, and my,=0.27m,, regardless of the extremely

outstanding values, for instance 0.73 for my,.

Then the n; =126426 based on the bandgap of 1.58 eV. This value is comparable to the

published 8.08+0.39-10* calculated from absorption coefficient.
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Chapter 3 Reversible Removal of Intermixed
Shallow States by Light Soaking in Multi-Cation

Mixed Halide Perovskite Films

4] x=0.4 B 90— g_-e0® [
2 — after LS | T

—— before LS —& L

AG/(BelgF ) (cm’/(Vs))

Time (us)

This part has been published:

Guo, D.; Garmaroudi, Z. A.; Abdi-jalebi, M.; Stranks, S. D.; Savenije, T. J. Reversible
Removal of Intermixed Shallow States by Light Soaking in Multi-Cation Mixed Halide

Perovskite Films. ACS Energy Lett. 2019, 4, 2360-2367.



Chapter 3

ABSTRACT

The highest reported efficiencies of metal halide perovskite (MHP) solar cells are all based on
mixed perovskites, such as (FA,MA,Cs)Pb(l1-xBrx)3. Despite demonstrated structural changes
induced by light soaking, it is unclear how the charge carrier dynamics are affected across this
entire material family. Here, various (FA,MA,Cs)Pb(l1-xBrx)3 perovskite films are light-
soaked in nitrogen and changes in opto-electronic properties are investigated through time-
resolved microwave conductivity (TRMC), optical and structural techniques. To fit the
TRMC decay kinetics obtained for pristine (FA,MA,Cs)Pb(l1-xBrx)s for various excitation
densities, additional shallow states have to be included, which are not required for describing
TRMC traces of single cation MHPs. These shallow states can, independently of x, be
removed by light soaking, which leads to a reduction in the imbalance between the diffusional
motion of electrons and holes. We interpret the shallow states as a result of initially well-
intermixed halide distributions, which on light soaking segregate into domains with distinct

bandgaps.



Perovskite solar cells have achieved the fastest increase in power-conversion
efficiencies (PCEs) in the solar cell research history, exceeding now 24%.1,2 The recent
records of perovskite solar cells are all based on mixed cation mixed halide perovskites
(MCMHPs).2,3 The advantages of MCMHPs in comparison with single cation perovskites are
the tunable bandgaps and more stable, black phase,ss while the main drawback of these
perovskites is related to light-induced phase segregation.s,7 Several light-soaking studies on
MCMHPs solar cells have been carried out which reveal a variety of changes in Vo, Isc, and
FF.48-14 To explain the changes in device performance, various groups studied structural and
optical changes in bare MHP layers induced by light soaking. Initially phase segregation,
which leads to I-rich and Br-rich domains, was reported in both MAPb(I1-xBrx)3 and FAPb(I1-
xBrx)s as determined by either photoluminescence (PL) emission,7,15-17 differential-
absorption-spectrais or by XRD.18-20 The addition of Cs stabilizes (FA,MA)Pb(l1-xBrx)34 and
increases the PCE output.21 However, from the work by Tress et al., 8 phase segregation still
occurs in (FA,MA,Cs)Pb(l11-xBrx)s as concluded from a wavelength shift in PL on light
soaking. Recent work using micro- and nano focus- XRD techniques from Jones et al.
revealed structural inhomogeneity in both MCMHP and MAPbIs. 22 Tsai et al. found local
lattice distortion in (FA,MA,Cs)Pbls, and attributed the improvement in device performance
on light soaking to interface modification and release of local distortion. 23

The studies above relate structural inhomogeneity to the device performance.
However, how the charge carriers in MCMHPs are affected by this structural change is less
well studied. In this work, we use optical and time-resolved microwave conductivity (TRMC)
24-27 techniques to investigate the influence of light soaking on charge-carrier dynamics in
various (FA0.79MA0.15Cs0.06)Pb(l1-xBrx)s with x ranging from 0 to 1. Surprisingly in contrast to

most other studied MHPs, mathematical analysis of the decay kinetics of the pristine layers
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with 0.2 < x < 0.8 require the presence of shallow states.2s We link these states to a mostly
well intermixed halide distribution, leading to a varying energy landscape in the bulk.
Interestingly, these shallow states are seemingly removed on light soaking which we attribute
to the conversion of these states into distinct iodide rich, low bandgap domains. The fact that
the layers return to their original structure after storage in the dark for over a week reveals
that, for these MCMHPs, the presence of shallow states (i.e. well intermixed halide

distributions) is thermodynamically the most stable conformation.

Throughout this work, we studied bare (FA0.79MA0.15Cs0.06)Pb(11-xBrx)3 films with x
varying between 0 and 1 deposited by spin-coating on quartz substrates without any exposure
to air or moisture. SEM images of these layers are provided in Figures S1, showing similar
grain sizes for all values of x, in agreement with the reported better crystallization of
MCMHPs than single cation analogues.4 For a number of samples XRD spectra are provided
in Figure S2, showing the specific features of the perovskite structure. Light soaking (LS) was
accomplished by illumination for 30 minutes with a white light LED with an intensity
equivalent to AML1.5 in N2. To study the structural reorganization in
(FA0.79MA0.15Cs0.06)Pb(11-xBrx)z on LS, we first measured the absorptance spectra, as shown in
Figure 1, and detailed band-edge information from photothermal deflection spectroscopy
(PDS) (Figure S3a). In Figures 1b and 1c only a subtle shift of the band-edge to longer
wavelengths for x = 0.4 and x = 0.6 on LS is visible, even if the LS treatment is prolonged to
overnight exposure. The spectra of non-mixed halides (FA0.79MA0.16Cs0.05)Pblz and
(FA0.79MA0.16Cs0.05)PbBrs (Figures 1a and 1d) do not show these optical changes, indicating
no structural reorganization occurs on LS. In contrast, the substantial shift in absorption onset
of the single cation MAPb(lo.6Bro.4)3 shown in Figure S3b, supports the idea that the structural
reorganization in the triple cation perovskite on LS is significantly slower than in mono cation

perovskites in line with previous observations.29
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Figure 1. Absorptance spectra before and after light soaking in N2 for
(FA0.79MA0.15Cs0.06)Pb(11-xBrx)swith x = 0, x = 0.4, x = 0.6, and x=1. The blue arrows indicate
the shift due to the LS. For comparison, the effect of LS on MAPDb(lo.6Bro.4)3 is shown in

Figure S3b. The insets are magnifications to show the subtle shift due to the LS.

Figure 2 collects the corresponding PL spectra on 532 nm CW laser excitation for the
same set of MHPs. Figure 2b shows that the PL emission at 715 nm of
(FA0.79MA0.16Cs0.05)Pb(lo.6Bro.4)3 gradually reduces and a second band appears at 760 nm on
LS. In Figure 2c similar gradual PL changes for x = 0.6 on LS are observed. Despite
significant differences in the initial band-gaps of x = 0.4, 0.6 and 0.8 (Figure S4a) the PL
emission wavelengths on LS are all close to that of x = 0.2 (Shown in Figure S4b), in
agreement with previous studies on similar mixed MHPSs. 16,17,30-33 Note, that this second PL

emission wavelength is still ~50 nm blue shifted with respect to that of
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(FA0.79MA0.16Cs0.05)Pbls excluding the formation of bromide free regions (see Figure 2a).
Interestingly, the total PL intensity of both PL bands remains within a factor two constant for
x = 0.4 and x = 0.6, which is in large contrast with MHPs light soaked under humid
conditions. 2534 The observed PL changes are different to those of single cation MHPs like
MAPD(l1-xBrx)s and FAPb(I1-xBrx)3. In MAPb(l1-xBrx)3, with x = 0.4 or x = 0.6, a short
illumination period leads to a clear PL shift in combination with formation of a shorter-
wavelength peak, 7 which are attributed to I-rich and Br-enriched domains, respectively as
reported previously.1833 In order to find out if our observed changes in MCMHP are driven by
the presence of a mixture of iodide and bromide, we measured the PL of
(FA0.79MA0.16Cs0.05)Pbls and (FA0.79MA0.16Cs0.05)PbBr3 on LS, as shown in Figures 2a and 2d.
The decrease in PL intensity is comparable to that observed in single cation MHPSs.35
However, since the maximum PL intensity for these mono cation MHPs remains at the same
wavelength, we conclude that the structural reorganization is propelled by the halide mixture.
However, from the profound changes between single cation and multi cation perovskite on
LS, we conclude that the multi-cation system slows down the phase segregation tremendously

in line with previous observations. 35
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Figure 2. PL spectra of (FA0.79MA0.15Cs0.06)Pb(l1-xBrx)3 with x =0, 0.4, 0.6 and 1 in time on

light soaking in N2 (532 nm laser, ~60 mW/cmz2)

To find out whether the bulk crystalline structure is affected by LS, we performed
XRD measurements before and after LS of the x = 0.4 sample, shown in Figure S2. There are
no shifts or additional peaks visible in the XRD pattern on LS confirming that the bulk
crystalline structure is not affected and that the size and/or proportion of the iodide enriched
domains are far lower and not detectable in these experiments in comparison to the bulk. The
amount of Pblz is not affected by the LS, as evidenced in Figure S2. The change in XRD
patterns reported for single cation mixed halide perovskites supports that the MCMHPs are

relatively more stable against LS. 33,36
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To study the effect of LS on the charge carrier dynamics in (FAo0.79MA0.15Cso0.06)Pb(11-
xBrx)awith 0 < x <1, we carried out TRMC measurements and recorded traces before and
after the LS treatment, as shown in Figure 3. For comparison TRMC traces for a single cation
perovskite i.e. MAPb(lo.sBro.)z are also included. TRMC results for x = 0.2 and x = 0.8 are
provided in Figure S5. The transients show a rapid rise due to formation of excess charge
carriers by the laser pulse, while the decay of the signal represents how mobile carriers get
immobilized or undergo recombination. The excitation densities range from 1014 to 1016 cm-3,
calculated from the laser intensity, the sample thickness and the fraction of absorbed light at
the excitation wavelength. To facilitate comparison of traces acquired using different
intensities, the photoconductance signals are normalized to the number of absorbed photons.
First important observation is that on LS the charge carrier lifetimes become shorter for in
particular the samples with 0.4 < x < 0.6. For the latter samples and to a lesser extend x = 0.2
and x = 0.8 the TRMC tails exhibit the same slope independent of the laser intensity in this
log lin representation. This feature is not observed for MHPs with only a single halide, i.e.
(FA0.79MA0.16Cs0.05)Pblz and (FA0.79MA0.16Cs0.05)PbBr3 (Figures 3b and e, left panels), and
also for MHPs with only a single cation, MAPb(lo.6Bro.4)s (Figure 3a, left panel). This implies
that the occurrence of these TRMC tails is somehow linked to the presence of both mixed
cations and mixed halides. Interestingly, this behavior is absent after 30 minutes of LS as
clearly visible in the right panels of Figure 3. Much longer LS treatments (17 hours) show
essentially the same effect, as shown in Figure S6. The samples show almost complete
recovery after storage in the glovebox in the dark for over a week, especially regarding the

tails, as shown in Figure S7.
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Figure 3. TRMC traces of MAPb(lo.6Bro.4)s, (a) and (FA0.79MA0.15Cs0.06)Pb(l1-xBrx)s for (b) x
=0, (c)x=0.4and (d) x = 0.6 and (e) x=1, respectively before (left panels ) and after (right)
light soaking. The analogues x=0.2 and x=0.8 are shown for comparison in Figure S5. Solid
lines are the experimental traces and dashed lines are the results of the fits. Note that Figure
(e) has a different timescale of 1 us. The samples were all excited by laser pulses at 500nm
with excitation intensities leading to charge carrier densities ranging from 1014 to 1016 cm-3,

and specific densities are given in the annotations.

In order to extract Kinetic parameters from the TRMC results we apply a kinetic model
recently reported by Hutter et al.2s which successfully described the formation and decay of
the light induced charge carriers in MAPDbIs and other MHPs.37-41 In that model two decay
pathways for charge-carriers were included: band-to-band recombination, with rate constant
k2 and trap mediated recombination. However, that model was not capable to describe the
kinetics of the pristine MHMCPs adequately, implying that at least one additional or different
decay pathway is required. Previously, a similar transient behavior was observed for charge
carriers in FAPbIs at low temperatures.s2 Moreover, Azulay and coworkers recently evoked
the presence of shallow states to explain their scanning tunneling results.2s Therefore, we
included in our kinetic model an additional pathway, in which mobile charges are temporarily
immobilized with a first order rate constant ks, and thermally released with kr as is depicted in
Figure 4a. Note that, immobilized carriersss do not contribute to the conductance during the
period they reside in these states. This additional pathway could be substantiated by shallow
defect states but also by e.g. low crystalline domains in which carriers have a reduced
mobility. The corresponding set of differential equations and a more complete description of
our fitting procedure are provided in the supporting information (Equations S1-4). The
occupancy of these shallow states is expected to be heavily temperature dependent. The lower

the temperature the more charges will reside in these shallow states preventing them from



recombining, which would translate into longer charge carrier lifetimes. Note that with
TRMC we probe both electrons and holes, weighed with their respective mobility. We
measured x = 0.4 at different temperatures as shown in Figure 4b, showing a gradually
smaller slope of the tails with lower temperatures. This is in line with the idea that with lower
temperatures one of the carriers remains trapped for longer and longer periods and with that

recombination to the ground state is reduced.
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Figure 4. (a) The kinetic model describing the charge carrier dynamics in MHPs with
following decay pathways: band-to-band recombination with rate k. ; Deep trap assisted
recombination with trapping rate k; and depopulation rate kj; Immobilization in shallow
states with trapping rate k. and thermal release rate k,.. (b) Temperature dependent TRMC

traces of sample x = 0.4 recorded at an excitation density of 5.4 x 10*cm-s.

We applied the modified model to fit all the TRMC traces and results are added to

Figure 3 and Figure S5, showing excellent agreement between model and data (see also
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Figure S8 for different representations). The extracted kinetic parameters are listed in Table
S1, and are also presented in Figure 5 and S9. Figure 5a shows the sum of mobilities, which
reduces gradually from around 66 cm2/Vs for x = 0 to 33 cm2/Vs for x = 1. This reduction on
increasing Br content in (FA0.79MA0.15Cs0.06)Pb(11-xBrx)z is in line with that reported for
(FA0.83Cs0.17)Pb(l1-xBrx)3.24,43 From Figure 5b, one can see that before LS, the band-to-band
recombination rate, k,, increases gradually with Br content, which is similar to that reported
for FAPb(l1-xBrx)s measurements.is On LS, k, remains approximately the same for x < 0.4,
while k, increases for 0.6 < x < 1. Figure 5c shows a gradual increase in trapping and release
rates by shallow states with higher Br content. Most importantly, on LS both these rates
decrease substantially which implies that both carriers remain now in the valence and
conduction band and can recombine. The overall effect is that the charge carrier lifetimes
reduce especially for higher intensities in combination with the disappearance of the parallel
tails. Important to note here is that the gradual change of the dynamic parameters with x
cannot be explained by the morphology of the MCMHP layers since the grain sizes are rather

similar as is clear from the SEM images shown in Figure S1.
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Figure 5. (a) The sum of charge carrier mobilities, Y. u before (black hollow triangles) and
after (red solid circles) light soaking versus Br fraction; (b) Band-to-band recombination rate,
k,; (c) Trapping and escaping rates, kg and k,. of the shallow states; (d) Diffusion lengths of
electrons and holes calculated from the lifetimes on excitation at 3x1014 cm-3derived from

Figure S10.

To picture the effect of the LS on the electronic properties of the MCMHPs, we
calculated the charge carrier diffusion lengths before and after LS as shown in Figure 5d. We
note here that we assume the material is unintentionally p-doped, however the opposite case is
also possible.ss These diffusion lengths are calculated on basis of the charge carrier mobilities
given in Table S1 via the Einstein—Smoluchowski relation and the lifetimes derived from the
rate constants as shown in Figure S10 using a laser intensity leading to an initial excitation
density of 3x1014 cm-3. In particular for (FA,MA,Cs)Pb(l11-xBrx)s, with x = 0.4 there is an

imbalance between the diffusion of electrons and holes since one of the carriers is temporarily
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immobilized. It can be expected that in solar cells this imbalance gives rise to additional space
charge fields blocking efficient collection, and in LEDs this imbalance would be detrimental
to the charge injection. On LS the shallow states vanish and the decay of electrons and holes
becomes almost identical (See Figure S10), and hence the imbalance in diffusion lengths is
largely diminished. However, apart from this halide redistribution in a complete cell also
ion migration might occur on LS affecting the internal electric field in the device and
with that its performance.ss

To understand the origin of the shallow sub-bandgap states and the effect of the LS on
the charge dynamics, we first consider the facts that those states require the presence of both
mixed cations and mixed halides. We speculate that a non-uniform distribution of cations and
halides leads to intermixed shallow states, in line with previous claims.2s Consequently, a
varying energy landscape is created with shallow levels close to the band edge. Correa-Baena
et al. demonstrated recently that both cations and halides are not homogenously spread over
MCMHP films.4s Furthermore, Rehman et al. reported that FAPb(l11-xBrx)s with x between 0.3
to 0.5 is amorphous in nature and mobilities in those materials are lower than 2 cm2V-15-1.
Temporal localization of excess charge carriers in such intermixed shallow states is fully
consistent with the kinetic model shown in Figure 4a, by realizing that the long-lived TRMC
signals originate from the mobile counter charges.

As has been argued previously by Hoke et al. LS leads to reorganization of the halides
resulting in local higher concentrations of iodide atoms.1s As suggested by Knight et al. zsand
Belisle et al. 36 the mechanism of this reorganization process is mediated by the localization
of positive charges. Randomly moving iodide atoms cluster near the positive charges
providing a thermodynamic driving force to form iodide rich domains. However, we conclude
that for our (FA,MA,Cs)Pb(l1-xBrx)s films this occurs at the intermixed shallow states. As a
result, we suggest that the shallow states of intermixed halides convert into distinct iodide

rich, low band-gap domains as is evident from our TRMC and optical data. Hence this process



is different than that for the single cation mixed halide perovskites: although the formation of
iodide domains is accelerated by defects, these are appearing preferentially at the illuminated
site.16,17 The conversion process induced by LS has different effects on the optoelectronic
properties depending on x: While for 0.2 <x <0.4 found xand k, values remain constant,
for 0.6 <x<0.8 LS leads to a decrease of xand increasing k., values. To explain these
observations, we note that these fitting parameters are the results of treating the materials as
homogenous media. This results in effective values for zand k,. However, the low band-gap,
iodide rich domains have a substantial energetic offset with respect to the bulk: close to 0.3
eV for x = 0.6 as deduced from the PL data. Hence on optical excitation of layers with 0.6 <
x < 0.8 the segregated domains may mediate fast, higher order charge carrier decay as
excitations transfer to the lower gap iodide rich domains. Finally on prolonged storage in the
dark, the MCMHPs regain their original thermodynamically most favorable structure
probably due to entropic reasons.s7 Thus the shallow states corresponding to intermixed

halides are reformed, suggesting that no motion of the cations is involved in the LS process.

In this work, we studied how the dynamics of charge-carriers change on light soaking
in various (FA,MA,Cs)Pb(l1-xBrx)s films by PL, optical absorption, XRD and TRMC. Firstly,
in such mixed cation and mixed halide perovskites, decay pathways of photo-excited charge-
carriers not only include recombination via band-to-band and deep traps but also
immobilizing in, and thermally escaping from shallow states independent of x. We speculate
that a non-uniform distribution of cations and halides in the (FA,MA,Cs)Pb(l1-xBrx)3 films
could lead to these intermixed shallow states. The shallow states cause imbalanced electron
and hole diffusion lengths. Secondly by light soaking, these states convert into distinct iodide

rich, low band-gap domains. For LS samples with 0.2 < x < 0.4 the shallow states are

virtually absent, while the bulk properties including the mobility and band-to-band
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recombination remain the same. Only for samples with 0.6 < x < 0.8 these low band-gap

domains lead to enhanced higher order recombination, which will negatively affect the PV

performance. Finally, we suggest that by optimizing the constituent ratios, is possible to

further improve the mixed perovskite solar cells by making the MCMHP film free of shallow

states, which induce the halide segregation.
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Appendices

Experimental Methods

Sample preparation.

Lead iodide and lead bromide were purchased from TCI, organic cations were purchased from
Dyesol, and Cesium iodide were obtained from Alfa Aesar. Triple-cation pure iodide
(Cs0.06MA0.15F Ag.79)Pb(I)3 and pure bromide (Cso.osMAo.15FAo.79)Pb(Br)3 perovskite precursor
solutions were prepared by using Pbl, (1.32M), formamidinium iodide (1.00 M), and
methylammonium iodide (0.20 M) for the pure iodide solution, and PbBr» (1.32M),
formamidinium bromide (1 M), and methylammonium bromide (0.20 M) for the pure bromide
solution. The precursors were dissolved in a mixture of anhydrous DMF:DMSO (4:1 volume
ratio, v:v) followed by addition of 5 vol% from CslI stock solution (1.5 M in DMSO) to each
solution. The series of mixed halide compositions (Cso.osMAo.15FAo.79)Pb (I1.xBry)3 0<x<1 were
then made from mixing the pure iodide and pure bromide solutions in different volume fractions.
Quartz substrates were cleaned by sonication in Acetone and Isopropyl Alcohol for 30 min, and
further cleaning with oxygen plasma treatment for 10 min. For deposition of the perovskite
solutions, we used a two-step spin-coating program at 1,000 and 4,000 rpm for 10 and 30 s
respectively, and 110 pl of chlorobenzene was poured on the spinning substrate 30 s after the
starting of the program. The substrates were then annealed for 1 hour at 100°C. Synthesis and
deposition of perovskite solutions were performed inside a Nitrogen glove box under moisture-

and oxygen-controlled conditions (H2O level: <1 ppm and O; level: <10 ppm).
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Time-Resolved Microwave Conductivity (TRMC).

The TRMC technique monitors the change in reflected microwave power by the excited free
charge-carriers in the samples loaded in a microwave open cell upon pulsed laser excitation.
The illumination spot of the laser pulsed covers nearly the whole area of the sample (2 cm?).
The photo-conductance (AG) of the samples was deduced from the measured laser-induced

change in normalized microwave power (AP/P) by

AP(t)
P

—KAG(t) = (1)

where K is the sensitivity factor. The yield of generated free charges ¢ and mobility

2. 4 = (Ue + py) were obtained by:

()
where, I, is the number of photons per pulse per unit area,  is a geometry constant of the

microwave cell, e is the elementary charge, and F, is the fraction of light absorbed by the

sample at the excitation wavelength of 500 nm is 0.8.

Photoluminescence characterization.

Fluorescence spectra was measured in a Nitrogen filled chamber using a 532-nm
continuous-wave laser at an illumination intensity of ~60 mW/cm? Light soaking of the
samples was carried out by the same laser at the same intensity. We used an optical fiber
coupled to an Ocean Optics Maya2000 Pro spectrometer to collect the emitted

photoluminescence.

Absorption Spectra.
Absorption spectra were recorded with a Lambda 1050 UV/Vis/NIR (PerkinElmer, Inc.,

Shelton, CT USA) spectrophotometer, using an integrated sphere. The percentage of absorbed



light was determined from the percentage of reflected light and transmitted light by the MHP

films.

Photothermal Deflection Spectroscopy (PDS).

PDS is a highly sensitive surface averaged optical absorption measurement technique. PDS is
capable of measuring 5-6 orders of magnitude weaker absorbance than the band edge absorption.
For the measurements, a monochromatic pump light beam is shined on the sample (film on
quartz substrate), which on absorption produces a thermal gradient near the sample surface via
non-radiative relaxation induced heating. This results in a refractive index gradient in the area
surrounding the sample surface (the sample is immersed in a Fluorinert FC-72 high refractive
index gradient inert liquid). A fixed wavelength CW laser probe beam is passed through this
refractive index gradient producing a deflection proportional to the absorbed light at that
particular wavelength, which is detected by a photo-diode and lock-in amplifier. Scanning
through different wavelengths provides a complete absorption spectrum. For PDS
measurements, the perovskite films were deposited on quartz substrates and measure before

and after white light treatment with the intensity of approximately 1 sun in nitrogen.

TRMC fitting equations

S8 = G, — kpAn(Ap + po) — krAn(Np —n,) — kAn + iy (S
ddL:’ = G — k,An(Ap + po) — kpn(Ap + po) (52)
% = krAn(Ny —n,) — kpne(Ap + po) (S3)
% = koAn — k,ngq (S4)

In this set of equations, the G, is the optical generation of charge carriers; An, Ap, n; and

n;s represent the concentrations of photo-excited electrons in the conduction band, holes in the
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valence band, electrons trapped in the deep traps, and electrons stay in the shallow states,

respectively; py stands for the concentration of background holes, and N denotes the density

of deep traps.

EHT = 5.00kV Signal A = InLens Date :8 Dec 2016

Signal A = InLens Date :8 Dec 2016
WD = 3.0mm Photo No. = 5349 Time :13:53:20

Photo No. = 5311 Time :13:03:27

Signal A = InLens Date :8 Dec 2016

Signal A = InLens Date :8 Dec 2016 ZEISS|
Photo No. = 5341 Time :13:46:14 Photo No. = 5331 Time :13:36:45

Signal A = InLens Date :8 Dec 2016 ZEISS EHT = 5.00kvV Signal A = InLens Date 8 Dec 2016 ss|
WD= 3.1 mm Photo No. = 5327 Time 1330558 — WD= 28mm Photo No. = 5320 Time :13:15:02

Figure S1. SEM images of (FAo.79MA0.16Cs0.05)Pb(11-xBrx)3 perovskites.
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Figure S4. PL on light soaking in N> of the sample (a) x=0.8, and (d) x=0.2, respectively.
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Table S1. Dynamic parameters extracted from the fitting for the samples

FAO,79MAO,16CSQ,05Pb(I1-o,6Bro,4)3 from x=0 to x=1. Those of MAPb(I(},ﬁBI‘o,4)3 are also included.

Head 1 x=0 x=0.2 x=0.4 x=0.6 x=0.8 x=1 MAPb(lo.6Bro.4)s
[units]

parameters before after before after before after before after before after before after before after
kr® 1 1 1 1 1 1 1 1 1 1 1 1 1 1
k2® 4 8.5 15 9 8 7 20 40 25 69 30 30 35 30
kp® 3.8 4 1 1.5 1.5 3 12 16 04 6 4 9 0.8 0.8
N79 8 11 50 50 45 48 15 15 300 300 300 300 30 120
Po® 1 1 1 1 1 1 1 1 1 1 1 1 5 50
ks" 6 no 20 4 70 6 80 20 80 8 no no no no
k9 0.6 no 10 3 8.5 5 15 2 30 3 no no no no
U™ 22 22 12 12 12 12 10 5 10 6 11 7 2 2
" 44 44 24 24 24 24 20 10 20 12 22 14 5 5

“Deep trap filling rate (x107 cm’s!); ® band-to-band recombination rate (x107'% cm3s); ©
Deep trap depopulation rate (x10® cm3s!); 9 Density of deep traps (x10'2 cm); © background
concentration of holes (x10'? cm™); D rate of trapping into the shallow states (x10* s!); @ rate
of escaping from the shallow states(x10* s'); M mobility of electrons (cm?V-!s™"); ) mobility of

holes(cm?V-1s).

300
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Figure S9. Density of deep trap states before (black) and after (red) light soaking, obtained

from fitting.
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Figure S10. Decay of electrons and holes, respectively, before(left) and after(right) light
soaking for x=0.4. The excitation density is 3x10'*cm. The green and blue lines represent how
long electrons stay in shallow and deep states, respectively. The respective decay is obtained
by plotting the equations (s1) and (s2) from the fitting model, and the equations (s3) and (s4)
offer the staying information of the electrons in deep and shallow states, respectively. The black

full dots are 1/e lifetime of electrons and red hollow circles are 1/e lifetime of holes.
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ABSTRACT

In view of its bandgap of 2.2 eV and its stability, methylammonium lead bromide
(MAPDBBTr3) is a possible candidate to serve as a light absorber in a subcell of a multi
junction solar cell. Using complementary temperature-dependent time-resolved
microwave conductance (TRMC) and photoluminescence (TRPL) measurements, we
demonstrate that the exciton yield increases with lower temperature at the expense of
the charge carrier generation yield. The low energy emission at around 580 nm in the
cubic phase and the second broad emission peak at 622 nm in the orthorhombic phase
originate from radiative recombination of charges trapped in defects with mobile
countercharges. We present a kinetic model describing both the decay in conductance
as well as the slow ingrowth of the TRPL. Knowledge of defect states at the surface
of various crystal phases is of interest to reach higher open circuit voltages in

MAPDBBr3 based cells.

INTRODUCTION

The past years have seen a huge increase in the power conversion efficiency of
metal halide perovskite-based solar cells going from 3.8%!' to 22.1%.2 The 2.2 eV
bandgap® makes methylammonium lead bromide (MAPbBr3) a possible candidate to
serve as photoactive layer in a top cell of a multijunction solar cell.* The present
record efficiency of a perovskite/Si tandem cell amounts to 23.6%(monolithic
tandem)’® and 26.4% (mechanically-stacked tandem)®, and is expected to reach
efficiencies exceeding 30%. Open circuit voltages>’1> (Voc) of 1.5 V¥!° have been

demonstrated for single junction solar cells based on MAPbBr3, and the best



efficiency reported amounts to 11.4%.!° However, this Vocis still ca 0.3 V lower than
possible on basis of its bandgap.

Therefore, to transform MAPDbBr3 into a valuable solar energy material for a
multi-junction subcell, the photovoltaic properties should be improved. To this end
more insight into the generation and recombination dynamics of free charges in
MAPbDB; is essential. From absorption spectra recorded at different temperatures!'4,
an excitonic contribution has been observed throughout the three different crystal
phases'® of MAPbBr3, for which an exciton binding energy (E.x) of 40 meV was
extracted.!” However, a smaller E..of 15 meV is reported by Tilchin et al. obtained
by microphotoluminiscence.'® In addition, MAPDbBr3 has also been studied by
magneto-absorption!® yielding an Eex of 25 meV.?° Considering that these values are
close to thermal energy at room temperature and somewhat larger than reported for
MAPbI;!72! optical excitation might yield excitons at the cost of charge carriers.
Temperature dependent current voltage characteristics show that for the performance
of solar cells based on MAPbBr3, not only Shockley-Read—Hall (SRH)
recombination, but also surface recombination plays a crucial role.’ Transient
reflectance spectroscopy has been used to obtain the surface recombination velocity
of MAPbBr3, and the results suggest that the minimum domain size required to avoid
the influence of surface recombination is 30 um.?? Hence, apart from losses due to
exciton formation, Shockley-Read-Hall and surface recombination lead to rapid decay
of charge carriers and are presumably the main reasons limiting the Voc and hence the
photovoltaic performance of MAPbBr; derived solar cells.”??

So far, no specific research on the dynamics of mobile carrier generation in
the three phases of MAPbBr3 is performed. In this work we carried out

complementary temperature-dependent photo-induced time-resolved microwave
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conductance (TRMC) and time-resolved photoluminescence (TRPL) measurements.
With TRMC, only excess free mobile charges are detected (see for more details SI),
while TRPL yields information on both radiative recombination of free charges and
radiative decay of excitons. Hence, the combination of TRMC and TRPL offers a full
view on the generation and decay of excitons and charge carriers in MAPbBr3. For
our study, we selected MAPbBr3 single crystals, to eliminate the effects of grain
boundaries and have a well-defined surface instead.?>?*-?’ From temperature-
dependent single crystal X-ray diffraction studies®® it is inferred that the transition
from orthorhombic to tetragonal occurs at 144.5 K and from tetragonal to cubic at
236.9 K.!628 By combining information from TRPL and TRMC and additional
modelling we conclude that the low energy emission in the cubic phase and in the
orthorhombic phase originate from radiative recombination of charges trapped at
surface defects with mobile counter charges. From this work it turns out that charges
mainly decay via defect states, indicating that the wider band-gap of MAPbBr3

contains far more states in the forbidden band-gap than MAPDI;.

RESULTS AND DISCUSSION
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Figure 4. 1. PL emission spectra of MAPbBr; single crystal recorded at (a) 77 K, (b)
170 K and (c) 260 K. PL spectrum of the orthorhombic phase was normalized to

unity; Other spectra are scaled by same factor.



Single crystals of MAPbBr3; were synthesised according to previously reported
methods.?* A crystal of around 5%3%2 mm?® was mounted in a nitrogen-filled cryostat

and illuminated using a pulsed excitation source at 405 nm. Emission spectra were

recorded for different crystal phases at various indicated temperatures, see Figure 4. 1.

In the cubic crystal phase, the main PL peak at 548 nm is accompanied with a
shoulder located at 580 nm in line with previous reports.?*=! However, even without
the shoulder the PL emission is asymmetric indicating the presence of at least three
components in the emission spectrum in agreement with Fang et al.*>34This shoulder
is not visible in the tetragonal phase. In the orthorhombic phase, two emission bands
can be discerned: one at 550 nm and a second broad emission at about 620 nm. Note
that even on multiple cycles of heating and cooling, this second emission peak at 620
nm only emerges in the orthorhombic phase, indicating that this feature is solely
related to the orthorhombic phase. The position of the maximum of this second broad
emission peak however, changes from 618 nm at 77 K to 632 nm at 110K. For thin
MAPDBI3; films similar features are observed, although relative intensities differ.(see
SI, Fig S1) This low energy PL band has been observed before in metal halide
perovskite films**-*¢ and single crystals,?! and surface defects are typically evoked to
explain these type of PL peaks.?!*337-38 It has been reported that the broader emission
band was detected from a freshly cleaved single crystal and disappears after the
crystal has been exposed to air’!, and PL intensities and decay are subject to
atmospheric conditions?” We should note that in our experiments, the sample is
measured and kept in N> atmosphere at all times.

To further investigate the origin of the photoluminescence, we measured the
TRPL at the emission maximum of 550 nm, as shown in Figures 4.2a, b, and ¢ for the

orthorhombic, tetragonal and cubic crystal phases, respectively. The TRPL traces
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were measured at different indicated laser intensities. If the PL originates from second
order band-to-band recombination, a higher density will lead to an initially faster
decay. However, although the excitation densities vary by almost a factor 10, the
decay traces are on top of each other in the orthorhombic and tetragonal phase. In the
cubic phase, the decay becomes slower on increasing charge carrier densities, which
is opposite to the trend expected for higher order recombination. Consequently, for all
three phases, it seems unlikely that the TRPL originates from second order band-to-
band recombination. Instead, we propose that the PL at 550 nm originates from first

order radiative decay of excitons, in line with previous results.*
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Figure 4. 2. Upper panels: Normalized TRPL of MAPbBr3 single crystals at 550nm.
Lower panels: To unity normalised photoconductance transients recorded at 500 nm.
(a, d) Orthorhombic phase, T =90 K; (b, e) tetragonal phase, T =210 K; (c, f) cubic

phase, T =300 K.

To unravel the degree of exciton versus mobile charge carrier formation, we

performed complementary TRMC measurements on the MAPbBr3 single crystal.



TRMC traces are recorded for the three different crystal phases on excitation at 500
nm, normalised to unity and shown in Figures 4.2d, 2e, and 2f. (See SI, Figure S4.2
for other temperatures) On laser excitation, free mobile charges are generated, leading
to a fast rise of the signal. The decay of the TRMC signal represents the reduction in
the concentration of free charges by recombination and/or by immobilisation in trap
states. As can be observed for each phase, the TRPL decay is much faster than the
TRMC decay. Besides, we see a large variation in PL decay kinetics throughout the
three different phases, while this remains more or less identical in the TRMC signals.
These observations suggest that the type of charge carriers responsible for the TRMC
signal are not the same as those which give rise to the PL. Hence, this can be
explained by assuming that part of the excitations yield excitons and only the
remaining fraction is converted into free charges. To investigate how the charge
carrier yield in this crystal is affected by temperature, we plotted the maximum of the
photoconductance traces, which constitutes of mobility and yield of free charges (see
SI Equation 2), as function of temperature and compare those to the trend of the
mobility determined previously (see Figure 4. 3).%° From here, we can conclude that
the charge carrier yield gradually lowers by approximately a factor 4 in the
orthorhombic phase at 140 K in comparison with the yield at room temperature.
Exciton binding energies between 15 and 40 meV reported for MAPbBr3 could well
explain this fourfold reduction of the charge carrier yield. In addition, the increase in
total PL yield with lowering temperatures as shown in Figure 4. 1 is in line with this.
Finally, an increasing excitonic contribution in the absorption spectra of a thin film of
MAPDBBr; with lowering the temperature agrees with our findings. (See SI, Figure 4.

33)
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Figure 4. 3. Maximum observed values of the photoconductance corrected for the
incident number of photons (Ip = 2.8x10!?/cm?) and sample area versus temperature.
Left and right axes cover both two orders of magnitude to allow comparison. The

excitation wavelength is 500nm. The temperature-dependent mobility values

measured by PR-TRMC are imported from the paper of Gélvez-Rueda et al.**

On closer inspection of the TRMC data in Figure 4. 2, we notice that the
normalised TRMC traces recorded with different laser intensities are on top of each
other, from which it is inferred that the recombination of free charges is (pseudo-)
first order. There are several explanations for this first order recombination: in case
the crystal is unintentionally doped leading to a high concentration of background
carriers, band-to-band recombination of excess carriers becomes pseudo-first order.
This process could lead to fast PL (as shown in Figure 4.s 2a, 2b and 2c), but should
then also lead to fast recombination of free charges. Since this is in contrast with the
long-lived TRMC signals (Figures 4.2d, 2e and 2f), fast radiative band-to-band
recombination with background carriers is unlikely. Alternatively, Shockley-Read-
Hall recombination (SRH), enabled by states in the band-gap or recombination by
surface defects might explain the first order decay behaviour. This is in contrast to

previous research on MAPbI; single crystals, showing that light-induced carriers



exhibit typical band-to-band second order recombination.*! Those results indicate that
single crystals of MAPbI3 contain less defect states than their bromide counterparts.
As is shown in Figure 4. 1a, the two emission bands in the orthorhombic phase
are visible having an energy difference of around 0.25 eV. The width of the emission
at 622 nm suggests that it is not excitonic in nature, but originates from a manifold of
energy levels within the band-gap. More specifically, in case the emission at 622 nm
would be excitonic (with an exciton binding energy of 0.25 eV), this would imply that
hardly any carriers would be generated on photo-excitation at low temperatures,
which is not the case. Interestingly, the TRPL decay at 622 nm is much slower than
that at 550 nm (see Figure 4. 4a). On combining the PL decay at 622 nm and the
TRMC decay measured at corresponding excitation wavelengths and energies we
observe a substantial overlap, except for the first 50 ns. This similarity on longer time
scales implies that the decay of the carriers as measured by TRMC and the radiative
decay as detected by PL at 622 nm have most probably the same origin. Moreover, as
shown in the Figure 4. 4b, the emission at 622 nm rises relatively slowly, extending
over about 40 ns. Interestingly, this rise is slower than the PL decay at 550 nm.
Hence, the emission at 622 nm cannot be explained by e.g. direct reabsorption of the

emission at 550 nm.
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Figure 4. 4.(a) Comparison of TRMC (red) and TRPL (green at 622 nm and black at
550 nm) signals at 90K, orthorhombic phase. The TRMC trace is recorded using an
excitation wavelength of 500 nm, while the excitation wavelength for the TRPL is
405 nm; the incident number of photons is 10!3/cm? and 4x10'%/cm?, respectively. (b)
Same traces as (a) on shorter timescales: note, the TRPL at 622 nm shows a slow 40
ns rise time. Dashed lines: calculated TRMC and TRPL by the model introduced in

Scheme 4.1. (¢c) Comparison of TRMC (red) and TRPL (black at 546 nm and green at
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To explain the similarity of the TRPL signal at 622 nm and the TRMC signal
at 90 K, we suggest the following model depicted in Scheme 4.1. On optical
excitation, a fraction of the absorbed photons generates mobile carriers, which
directly contribute to the TRMC signal. Given the relatively high absorption

coefficient!242

of the material at the excitation wavelengths used for both TRPL and
TRMC, most of the charges are generated in proximity to the surface of the crystal.
Surface states then act as a sink for conduction band electrons, which are rapidly
trapped. We postulate that radiative recombination of these trapped electrons with
mobile valence band holes leads to the broad 622 nm PL. We include in our model
one-dimensional diffusion of charges.??** Initially, the concentration gradient causes
the diffusion of charges towards the bulk of the crystal. Depletion of both mobile
electrons and holes in the region close to the surface causes a local inversion of the
concentration gradient, leading to diffusion of mobile charges from the bulk of the
crystal towards the surface. The space and time-dependent concentrations of free

electrons (n.), free holes (nn) and trapped electrons (nt) are described by a set of

coupled differential equations:

2
anea(tx,t) =D, 0 T;;(zx't)' + G(x,t) — ki (0)n.(x,t) 1)
2
671};(:,’5) = Dh 9 T;i;(zx,t) + G(x, t) - kTE (X)Tlh (x, t)nT(X, t) (2)
anra(tx,t) = Kin (. (x,t) — kg ()N, (x, )nr(x, t) 3)

In this set of equations, x represents the distance from the surface. The

generation rate of free charges, G(x,?), is determined by the temporal profile and by
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the penetration depth of the laser pulse. As photo-recycling efficiency in MAPbBr3
single crystals is negligible (less than 0.5%),** we do not take this process into
account. D. and Dj, are the diffusivities of electrons and holes derived from reported
mobility values,* respectively. The trapping of free electrons at the surface and the
recombination of free holes with trapped electrons are governed by the rate constants
kin(x) and kre(x), respectively. Assuming that the concentration of trap states in the
region close to the surface is always much larger than the concentration of free
electrons, the trapping rates depends only on the concentration of free electrons; the
trapping process is therefore (pseudo) first-order. On the contrary, the rate at which
holes recombine with trapped electrons depends on the concentration of both species.
Based on the above kinetic model and using ki, = 5%10° s and k7z = 1x107!!
cm? s7! we simulate the TRMC and TRPL traces, as shown in Figure 4. 4b (see
details in SI Simulation). The matching results suggest that due to the fast rate of
trapping, excited electrons are immobilized within a few nanoseconds from the laser
pulse, leading to the fast initial decay of the TRMC trace. The slow rise of the PL
signal around 50 ns is the result of the slow recombination between holes and trapped
electrons and the diffusion of charges towards the surface. Solving the system but
neglecting the diffusional term does not yield such rise (see SI Fig. S4), suggesting
that diffusion is critical for the slow ingrowth. Unfortunately, nor from our
measurements nor from the modelling we can exclude that hole traps instead of

electron traps lead to the observed radiation.
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Scheme 4.1. Proposed kinetic model for the dynamics of charges in the orthorhombic
phase. On pulsed excitation either excitons (green) or charges are formed. Electrons
diffuse in all directions and are trapped at the surface with rate constant, k;,. Trapped
electrons, nr decay with rate constant, k7 back to the valence band by emitting a
photon at ca 622 nm. In principle, it is also possible that the reverse happens: Holes

are trapped rapidly at the surface and decay with mobile conduction band electrons.

Next we could speculate if the shoulder of the emission band at 580 nm in the
cubic phase is also due to radiative recombination of electrons trapped at the surface
with valence band holes. Therefore, we measured the TRPL of the emission peak at
546 nm and at 580 nm shown in Figure 4. 4c at 300 K. Interestingly, the PL decay at
580 nm shows a long tail, which is absent in the decay taken at 546 nm in agreement
with previous work.?® On basis of the discussion above we might argue that the fast
reducing PL is due the decaying excitons, while the tail might find its origin in
luminescent decay of trapped electrons. On comparing the TRPL tail with the TRMC
decay recorded in the cubic phase a striking similarity is visible, (see Figure 4. 4¢)
which indicates that the PL at 580 nm of the PL spectrum of the cubic phase indeed
originates from radiative decay of trapped charges. Although we could not discern a

slow rise of the PL at 580 nm due to the low PL intensity, a recent paper shows that
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also here the PL exhibits a slow rise.** Obviously, for the tetragonal phase there are
no emissive surface defects, which could be ascribed to the fact that the trap states are
above the conduction band edge or that the trapped electrons do not decay radiatively.
From the results studied by density functional theory, along with photoemission and
inverse photoemission spectroscopy®, these surface states could be ascribed to
bromide vacancies or lead excess, as a result of MABr termination at the surface of
MAPDBE3. In view of the similar PL spectra which we observe for thin films and
single crystals we deduce that the same surface states are also present in thin
MAPDBBI3; films and hence will also substantially affect the charge carrier dynamics.
Since these states are related to the surface, passivation might be a viable route to
improve the open circuit voltage.

In this work, we used complementary TRMC and TRPL to reveal the
dynamics of photo-excited charges in the 3 crystal phases of a MAPbBr3; single
crystal. The conclusions are as follows: firstly, we find excitonic emission in each of
the three phases explaining the main emission band of the PL spectra at about 550 nm.
From the TRMC measurements we conclude that with lower temperature, the charge
carrier yield decreases by approximately a factor of 4. In contrast to higher order
band-to-band recombination observed in MAPbI; single crystals, in the present
crystals we observe mainly first order decay, which occurs via defects. In the
orthorhombic phase electrons get quickly trapped by surface defects with disperse
energy levels located about 0.25 eV below the conduction band. Radiative decay of
these electrons with valence band holes lead to similar TRMC and PL lifetimes.
Furthermore, in the orthorhombic phase, the TRPL shows a slow rise, extending over
several tens of nanoseconds. This can be explained and modelled by the period

involved with transport and trapping of charges to the surface by diffusion. A similar



phenomenon could be present in the cubic phase, although the traps are much more
shallow.

From this work it turns out that charges mainly decay via defect states located
at the surface, indicating that the wider band-gap of MAPDbBr3 contains far more
states in the forbidden band-gap than MAPDI;. As in both MAPbBr3 single crystals
and films surface states are governing the charge carrier dynamics, these surface
states are expected to also play a crucial role in devices. Passivation of these surface
states is a promising method to reach higher open circuit voltages in MAPbBr3 based

cells.
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Time-Resolved Microwave Conductivity (TRMC)

In TRMC we use laser pulses to excite a sample, a crystal in this study. The laser
system is able to generate light of wavelengths from 240 nm to 2200 nm, and the light
intensity can be tuned over 4 orders of magnitude. When microwaves pass through a
sample containing mobile charges, the power of the microwaves decrease. The
relationship between the normalized change in microwave power AP(#)/P , the

photoconductance 4G, the mobility x# and the yield of free charges ¢ is given by
equations (1) and (2):

APC) _ ka6 (t)

P (1
s (1, 411
I,BeF, NG

where K is the so-called sensitivity factor, /y is the intensity of the laser in
photons/pulse/unit area, F4 is the fraction of light absorbed at the excitation
wavelength, £ is a constant related to the inner dimensions of the waveguide. For
crystals it is not straightforward to determine the K accurately. Therefore, in this study

TRMC data are expressed in AP(2)/(PIpA), which is still proportional to the product of
the yield of free charges, ¢ and the mobility, u.
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Fig. S4.4.1. PL and transmission spectra of the MAPbBr3 thin films recorded at

different temperatures. The films are made by methods shown below in Experimental

methods.
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The three colour series represent the three phases: red is for cubic phase, green is for

tetragonal phase, and blue is for orthorhombic phase.
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In Fig. S4.5c the maxima of AP/P divided by incident number of photons per sample
area are plotted versus the incident number of photons. As shown the maximum
values at 560 nm are almost constant, while those at 500 nm decrease with increasing
intensities. An obvious explanation would be the presence of second order band-to-
band recombination occurring at high densities. However, this seems in conflict with
the fact that the TRMC traces follow first order kinetics as presented above.
Obviously, at short timescales faster than we can resolve using the present technique,
other processes occur which lower the charge carrier concentration yield on higher
intensities. We suggest that apart from charges also excitons might be formed on
optical excitation of MAPbBr3. According to the Saha equation the ratio of free
charges, x reduces as the concentration of excitations, n in the MAPbBr; single crystal
significantly increases, while at the same time the yield of excitons increases. At 560
nm the excitation density is always over 1000 times lower than at 500 nm, leading at

all intensities to a yield of charge carriers close to 1.

Experimental methods

Materials. Lead bromide (PbBr2) (>98%, Sigma-Aldrich), Methylamine (CH3NH>)
(40% w/w aq. soln., Alfa Aesar), Hydrobromic acid (HBr) (48% w/w aq. soln., Alfa
Aesar), N,N-Dimethylformamide (DMF) (>99.8%, Alfa Aesar), Dichloromethane
(DCM) (99.7%, , Alfa Aesar), Dimethyl sulfoxide (DMSO) (>99.9%, Sigma-
Aldrich).

Synthesis of Methylammonium bromide (MABr). MABr was prepared by slowly

mixing methylamine with HBr in 1:1 molar ratio under continuous stirring at 0 °C for



2 h. MABr was then crystallized by removing the solvent from an evaporator,
washing three times in diethyl ether, and filtering the precipitate. The white crystal
was obtained by recrystallization with ethanol, then dried in vacuum for 24 h, and
kept in a dark and dry environment for further use.

Growth of MAPDbBr; single crystal (SC). 1.5 M PbBr> and 1.5 M MABr were
dissolved into DMF solution in a vial to keep the molar ratio of PbBr; to MABr is 1.
Then the solution was heated on a hot plate. Finally, MAPbBr3 SC can slowly grow
by gradually increasing the temperature of the hot plate.

Fabrication of MAPbBr; thin film. The MAPbBr3 thin film was spun coated on a
quartz substrate by the anti-solvent method, and the spin coating process was
conducted in glovebox with oxygen level lower than 100 particles per million. The
perovskite precursor solution composed of PbBr. and MABr (1:1, in molar) was
dissolved in mixed solvent (DMF: DMSO = 9:1, v/v). Then 80 pL precursor solution
was spun onto substrate at 2000 rpm for 2 s and 4000 rpm for 60 s, the sample was
quickly washed with 120 pL toluene at the 20th second of the 4000 rpm spin-coating.
Subsequently, the sample was annealed at 70 °C for 10 min and 100 °C for 10 min.
Photoluminescence (PL) measurements of MAPbBr; single crystal. We used an
Edinburgh LifeSpec spectrometer equipped with a single photon counter to measure
PL spectra and lifetimes. An Oxford cryostat was installed in the LifeSpec measuring

chamber, and the sample was kept all the time in the inner chamber of the cryostat.

Simulation

The differential equations proposed by the model in Scheme 1 are:

One(x, 92 elX,

na(: ) =D,- T;x(zx t) + G(X, t) - kin (X)Tle (X, t) (1)
[7] g 92 :

ni;(tx ) = Dh _T;i;(zx t)- + G(x, t) - kTE (X)Tlh (x, t)nT(x, t) (2)
6112(:,’-’) = kin (x)ne (x; t) - kTE (X)Tlh (x, t)TlT(X, t) (3)

In order to consider only trapping and recombination at the surface, the rate constants

kin(x) and kre(x) are defined as step functions:
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ki, for x < xg

) ={o" for x> x, @
and

_ (kg for x < xg
kerp () = {O for x > x, (),

where x; is the thickness of the region where the surface states are located.

We solved the system of equations 1 — 3 by numerical methods ! 7, ny and nr as a

function of space and time. The PL trace is calculated as

X
kre [, ° p(et)nr(x,t) dx
Io

PL(t) = (6).

The same set of equations was used for the TRMC experiment, using a different
G(x,t) term because of the different laser source. The change in photoconductance as a
function of time is proportional to the charge carrier concentration and the charge

mobilities, according to

AG(®) o [ (ne (x, )pte + iy (x, ) dx (),

where L is the thickness of the sample and u.n is the mobility of electrons (holes),
which is constant in time and space. After calculating AG, a convolution is applied to
take into account the response time of the system (3 ns).?

In order to solve the system, we assumed that the mobilities of electrons and holes are
equal and have a value of 100 cm? V! sl similar to what reported in the literature.?
We calculated D. and Dy, from u.and u; using the Einstein relation. For both TRPL
and TRMC, the generation term has a Gaussian profile in time, with 43 ps and 3.5 ns
fwhm, respectively. The spatial distribution of the charge generation has an
exponential shape with a penetration depth of 180 nm. We simulated a sample with
thickness L = 1 um, considering the concentration of charges deeper in the bulk of the
crystal to be negligible. The defect states are assumed to be distributed in a region
with thickness x; = 10 nm. The only free parameters of the model are ki, and kre.
Equation 6 and 7 reproduce well the experimental data for ki, = 5x10° s and krz =

1x10!" ¢cm™ 57! (Figure 4.4b)



REFERENCES

(1) Crank, J.; Nicolson, P. A Practical Method for Numerical Evaluation of
Solutions of Partial Differential Equations of the Heat-Conduction Type. Math. Proc.
Cambridge Philos. Soc. 1947, 43, 50-67.

(2) Savenije, T. J.; Ferguson, A. J.; Kopidakis, N.; Rumbles, G. Revealing the
Dynamics of Charge Carriers in Polymer:fullerene Blends Using Photoinduced Time-
Resolved Microwave Conductivity. J. Phys. Chem. C 2013, 117, 24085-24103.

3) Shi, D.; Adinolfi, V.; Comin, R.; Yuan, M.; Alarousu, E.; Buin, A.; Chen, Y;
Hoogland, S.; Rothenberger, A.; Katsiev, K.; et al. Low Trap-State Density and Long
Carrier Diffusion in Organolead Trihalide Perovskite Single Crystals. Science. 2015,
347, 519-522.

103 /

/



Chapter 4 Appendices



Chapter 5 Multi Bandgap Transitions
Revealed by Two-Photon Absorption Spectra in

Metal Halide Perovskites

This part is based on:

Wei, Z; Guo, D.; Thieme, J; Caselli, V.; Even, j.; Savenije, T. J. Multi Bandgap Transitions
Revealed by Two-Photon Absorption Spectra in Metal Halide Perovskites. Submitted, 2019



Chapter 5

ABSTRACT

Metal halide perovskites (MHPs) have emerged as a promising family of materials for opto-
electronic devices including solar cells, reaching now efficiencies exceeding 24%. Although
there has been intense research into the optoelectronic properties, the sub-bandgap absorption
in MHPs remains largely unexplored. Here we recorded two photon absorption (2PA) spectra
of polycrystalline MHP thin films using the time-resolved microwave conductivity (TRMC)

technique over a broad wavelength regime varying from 0.49E; < hw < E;. The 2PA

coefficients, f were obtained by considering the quadratic relationship between the number of
induced charge carriers and the incident light intensity. A two-step upward trend is observed
in the 2PA spectrum for CH3NH3Pbl;, and its bromide analogue (CH3NH3PbBr3), which
indicates that the commonly used scaling law is not directly applicable to MHPs. We interpret
the two-step behavior as being due to multi-bandgap transitions. The present work shows that
valuable insight can be obtained in the opto-electronic properties of MHPs by sub band gap

spectroscopy.

INTRODUCTION

Over the past few years, metal halide perovskites (MHPs) have attracted immense attention
due to their extraordinary performance as the light absorbing layer in solar cells.!* This
exciting family of semiconductors exhibits large carrier mobilities,>* long charge carrier
lifetimes,> © and a linear absorption coefficient over 10° cm™! above the bandgap.! Recently,
appreciable nonlinear absorption coefficients (and refractive indices) have been reported

rendering these materials of interest for nonlinear photonics,’” including two-photon-pumped

89

lasers, 3 and saturable absorption based ultrafast pulsed lasers.!® As a typical nonlinear

process, two-photon absorption (2PA) features long penetration depths and a quadratic

11,12

dependence on the intensity providing opportunities for bio-imaging, photodynamic

3

therapy,!® three-dimensional optical data storage,'* and up-conversion lasing and



amplification.!® In addition, quantifying the wavelength-dependence of the 2PA process is of
fundamental interest, since the 2PA can yield detailed information of the energy-band structure
in crystalline solids, which may not be accessible by ordinary optical absorption spectroscopy.

For example, when 1PA is forbidden by selection rules, 2PA may be allowed.

In a semiconductor the simultaneous absorption of two photons can lead to an excitation of an
electron from the valence band (VB) to conduction band (CB) via a virtual state by 2PA. The

generation rate of charge carriers, ng for the 2PA process is given by

dny, pI?
dt 2hw

(1)

Where B (cm/W) is the 2PA coefficient, I (W/cm?) the light intensity entering the sample and
ho (J) the incident photon energy. Since the absorption cross section of 2PA is typically low,

high intensities are required.

Despite the importance of revealing the 2PA spectrum,'® only a few studies have been devoted
to the 2PA properties in MHPs performed by the Z-scan or optimized Z-scan technique yielding
p differing by several orders of magnitude between different MHPs or even between the same
perovskites.! 7181 Furthermore, all Z-scan based measurements were performed at a single
fixed wavelength. Wavelength dependent characterization was achieved by photoluminescence

excitation spectroscopy, however, only up to hw/E, = 0.524.2°

In this work, we record the 2PA spectrum of methylammonium lead iodide perovskite
(CH3NH;3PbI3) polycrystalline thin films using the time-resolved microwave photoconductivity
(TRMC) technique. From the photoconductance induced by a nanosecond laser pulse, the
initial number of photogenerated charge carriers is obtained for wavelengths ranging between

0.49 and 1 times the bandgap energy (0.49E, < hw < Ej;). It has been postulated that the z

scan technique is prone to overestimate the value of 8,” since free carrier absorption can lead
to an additional reduction of the transmitted light.?! Since with the TRMC technique excess
charges are probed by microwaves instead of light, this problem is surmounted. A two-step
upward trend for the 2PA spectrum is observed for CH3NH3Pbls, which is explained by a
combination of multiple bandgap transitions: a primary bandgap of 1.59 eV and a second
transition of 2.27 eV. Apart from 2PA we identify sub-bandgap linear absorption (SLA) at

photon energies close to the band edge. Furthermore, we investigated the impact of the
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tetragonal-to-orthorhombic phase transition on the 2PA coefficient, f by changing the
temperature. Hence, we report, for the first time, the 2PA spectrum including its temperature-

dependence of a perovskite polycrystalline film.

RESULTS AND DISCUSSION

Thin films of CH3NH3Pblz (~200 nm thickness) were spin-coated on quartz. The X-ray
diffraction pattern (see Figure S5.1) of the CH3NH3PbI; film displays strong reflections for
the <110> and <220> planes confirming the formation of highly crystalline CH;NH3Pbls. The
absorption spectrum (see Figure S5.2) shows a cut-off wavelength of 785 nm indicating a
bandgap energy of 1.58 eV. To probe 2PA in the CH;NH3Pbl3 film, the sample was measured
by the TRMC technique???3 for a wide range of photon energies varying from 0.775 eV to 1.55
eV. The light intensity was attenuated by an array of neutral density filters yielding light
intensities varying from Iy : 2 X 101! to 2 x 10> photons/cm?/pulse. To avoid direct
photoexcitation by co-generated visible light in the optical parametric oscillator (OPO), two
additional high pass filters of 665nm and 630nm were used. All TRMC traces were averaged
at least 200 times to minimize the inaccuracy induced by the power meter reading and

variations in the laser pulses.

AG

In Figure S5.3 the photoconductance traces normalized for the incident intensity, are

efolno

shown for different laser intensities at a photon energy of 1.43 eV (867nm). On laser excitation
the conductance increases rapidly followed by a slow decay due to recombination or
immobilization of charges in trap states’. Interestingly, for the lower intensities the traces
overlap, while at higher intensities the signal heights become substantially larger, which is

opposite to those measured above the bandgap. Next, we plotted the intensity normalized

. A o . .
maximum photoconductance values e;";“x versus the incident intensity (Iyo) for three
0f{NO
. R A
different photon energies in Figure 5.1a. At 1.45 eV the values of % are almost constant
0INO

with intensity suggesting a first order excitation process. This process is explained by the
optically induced electronic transitions of electrons from the VB to sub-bandgap levels, or from

the latter to the CB, as depicted in Figure 5.1b and denoted by sub-bandgap linear absorption

(SLA). On the contrary, at 1.3 eV a clear linear dependence between :g% and Iy, is observed
0iNO



which implies that the conductance is proportional to Iy,2agreeing with the 2PA process. In
Figure 5.1¢, the mechanism is illustrated showing the generation of a charge carrier pair on

absorbing two photons. At 1.43 eV an intermediate regime is visible: at low intensities (I, <

AGmax

> eBolno

gradually increases, demonstrating the transition from predominantly SLA to the 2PA process.

2 X 10 photons/pulse/cm?) is almost constant. On increasing Iy, the signal

The lowest detectable photon energy is found to be 0.8 eV in agreement with the energy
threshold of 0.79 eV for the 2PA process. In short, the optical absorption below the bandgap
by the CH3NH;PbI; film is explained as follows: in the far below-bandgap regime (0.8 - 1.4
eV), photoinduced charge carriers are predominantly generated by the 2PA process; a transition
regime is found between 1.4 eV and 1.45 eV, where both SLA and 2PA are contributing to the
signal; In the near band-edge regime (1.45 - 1.55 eV) only SLA was detected due to much

higher densities of sub-bandgap levels compared to that in the far below-bandgap regime.

To come to the 2PA coefficient, § the concentration of initially photogenerated charge carriers

(ny) can be obtained from the maximum photoconductance (AG,, ) by

— AGmax
eXupfol

(2)

Ny

Where Zu is the sum of the electron and hole mobilities, 3, the dimensionless constant of the
microwave cell and L the sample thickness. Since Zu is an intrinsic property of the sample, we
have deduced this value from a TRMC measurement above the bandgap. (see Figure S5.4)>3:4

Next, we calculated the 2PA coefficient, f according to

_ no2At
2, hw

(3)

Here, At is the full width at half-maximum (FWHM) laser pulse. To acquire the accurate laser
pulse width, a sub nanosecond photodetector was used to record the pulse duration. (See Figure
S5.5) To obtain the actual intensity entering the sample, the light intensity measured by the

power meter was corrected for reflection at the air/film interface (see Figure S5.6). Basically,

the values of § (cm/W) can be derived from the slope of 36% versus Iy, in Figure 5.1a.
0iNO
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Figure 5.1. (a) Intensity normalized maximum photoconductance as a function of incident
intensity for a CH3NH;3PbI3 film measured at incident photo energies of 1.45 eV, 1.42 eV and
1.30 eV. Schematics showing generation process of charge carriers by (b) optical excitation
from or to sub-bandgap levels and (c) by two-photon absorption. Note that in the case of sub-
bandgap linear absorption, this model also holds for the situation that mobile electrons are

excited to the CB from filled sub-bandgap levels.

Figure 5.2a displays £ as a function of photon energy, showing a rise by about two orders of
magnitude on increasing photon energy. Considering that the reported f measured at 1064 nm
for CHsNH3PbX; (X = CI, Br, I) varies from 2.5 X 10™* (hw/E; = 0.524) to 272 cm/MW
(ho/Ey ~ 0.76)**'7 excluding the negative values'®, we can state that our values ranging from
0.18 (hw/E4; =0.506) to 15.8 cm/MW (hw/E,; = 0.886) are plausible. The most commonly used

theory for explaining the wavelength dependence of f8 is the scaling law?!, which is given by:

2hw 3
(? —1)2

p=a—2— (&
oy

Where a (cm/MW) is a product of several constants. To further clarify the frequency
dependence of 8, we first compare the wavelength-dependent function f (hw/E,) given by the



scaling law (Eq 4) with our data. The bandgap energy, E, of 1.58 ¢V obtained from the 1PA
absorption spectrum was used for the fitting. As shown by the blue curve in Figure 5.2a, the
large deviation mostly stems from the high energy regime. In our data, the wavelength-
dependence of f shows a sharp rise at excitation energies close to 0.5 E; followed by a second
upward trend. Interestingly, this is opposite to the trend predicted by the scaling law. According
to the scaling law, the maximum value of § is found at 0.7E;, which means the value of 8

should decrease for excitation energies approaching E; .

Obviously, the scaling law is not directly applicable to perovskite materials, which might be
explained by the following reasons. First, the scaling law was derived to calculate £ in direct
zinc blende semiconductors®>?®. It might be expected that the fundamental difference in the
crystal structure may give rise to the different wavelength dependence. Second, the scaling law
is based on a parabolic three-band model located at the I'-point (k = (0, 0, 0)), which is
comprised of a 2-fold VB and a single CB?!. However, the electronic band structure close to
the bandgap has been found to be rather different for CH3NH3Pbls, where the CB is
degenerated instead of the VB.?’ The spin-orbit coupling effects leads to spin-orbit split-off
bands at the bottom of the CB.?® Moreover, the lowest energetic transition occurs at the R-point
(k=(1/2, 1/2, 1/2)) for both the cubic and the tetragonal phase for CH;NH3Pbls. Furthermore,
although the parabolic approximation usually holds for k values close to the high symmetry
points, it has been reported that non-parabolicity of the CB and VB should be considered for
photon energies away from the band edge.?® Thus, non-parabolicity of the band structures may
also account for the discrepancy in wavelength-dependence of B for hw/ E; — 1.
Unfortunately, apart from a discussion on the matrix elements,?® the origin of the downward

trend as hw/E; — 1 has been rarely addressed in Literature.
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Figure 5.2. (a) Experimental 2PA spectrum for CH;NH3Pblz compared to the theoretical trend,
where 50 % error bars arise from the uncertainty in laser pulses and the overestimated
reflection. 80 % error bars were introduced at 0.8 eV and 0.83 eV due to the limited data

available.

Then, we apply a summation of two-bandgap scaling laws for the 2PA coefficient :

G S

p=a, +a, (5)
&gﬁ égﬁ

A bandgap Ej; of 1.59 ¢V and a second bandgap of E;, of 2.27 eV have been found to agree
well with our experimental data, as depicted in Figure 5.2a (black curve). The values of two
coefficients in Eq 5 have been determined as a; = 95(cm/MW) and a, = 290(cm/MW). The
first bandgap E4; of 1.59 €V is in good agreement with the one deduced from the 1PA
spectrum. The second bandgap can be associated with the transitions at another symmetry point
or between the higher levels of CB and VB, respectively. These unusual larger values of 8
observed at wider bandgaps may be the result of the larger matrix element and/or higher density
of states. Interestingly, a computational study of band structure in cubic CH3NH3Pbls has
shown that the bandgap at the M-point possesses an optical matrix element 3 times larger than
that at the R-point*°(Figure 5.2b), which is in good accordance with the ratio of a, to a,. Since

optical transitions are determined by both matrix element and density of states, a detailed



calculation on the band structure is required to verify whether the secondary transition is indeed

at M-point or an overall result from both M-point and R-point.

It has been seen from the temperature-dependent X-ray powder diffraction that the crystal
structure of CH3NH3Pbls gradually transforms from the cubic phase into the tetragonal phase?'.
Hence, it is reasonable to infer that the band structure of tetragonal CH3NH3Pbls at room
temperature is comparable to that of cubic CH;NH3Pbls. The secondary bandgap at the M-
point in the cubic phase has been calculated to be ~ 2.7 or 2.5 eV with or without the spin orbit
coupling®®, and a second peak near 2.6 eV has been observed in the 1PA spectrum of
CH3NH3PbI; *2. A small difference of ~ 0.3 eV from TRMC results can be explained by that
different energy levels may be involved in the 2PA transition than that in the 1PA process. This

small difference also implies that the higher energy level at R-point may also be involved.

Furthermore, we investigated the effect of the phase transition on f using the temperature-
dependent TRMC technique. Upon cooling down from the room temperature (~ 295K), the
absorption below the bandgap was recorded at different temperatures varying from 220K to
100K. The value of Ej; at each temperature was determined by the cut-off wavelength from the
temperature-dependent linear absorption spectra (see Figure S5.7). The absolute values of 8
at 1.2 eV calculated from the temperature-dependent TRMC measurements are slightly lower
than those shown above, which can be explained by a different laser pulse shape used in the

temperature-dependent TRMC. However, this does not affect the calculated trend for .

2.5 —
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® 5e14-9e14
g 2.0 — 2e14-4e14 18()Ko |
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Figure 5.3. 2PA coefficient § versus the bandgap energy E; at incident photon energy of 1.2

eV determined at different incident light intensities expressed in photons/cm?.



Chapter 5

Since the bandgap energy of the CH3NH3Pbl; thin film is known to change with
temperature?>*3, B characterized at a specific excitation wavelength is expected to vary
accordingly. As depicted in Figure 5.3, in the tetragonal phase, f measured at 1.2 eV slightly
increases as the bandgap energy becomes smaller with decreasing temperature, which is
consistent with Eq 4 and the reported smaller 2PA transition rates observed at wider bandgap

energies in CH3NH3Pbls powder* as well as CsPbBr3 quantum dots.

For orthorhombic CH3NH3Pbl; the values of 8 are smaller than those calculated for the
tetragonal phase, which can be associated with the wider bandgap in the orthorhombic phase.
It has been reported that both the M-point and R-point electronic states are folded to the I'-
point in the orthorhombic phase due to a reduction of the Brillouin zone volume32. Hence, we
expect that the 2PA in the orthorhombic phase should correspond to the transitions at the I'-
point. It is important to note that the matrix element, the density of states as well as the allowed
transitions regarding the 2PA could be different in the orthorhombic phase. Therefore, the
smaller values of 8 could also be a result of the changes in several elements introduced by the

phase transition.

CONCLUSION

In conclusion, with TRMC we record the 2PA spectrum of the CH3NH3Pblz polycrystalline
film, which demonstrates a two-step upward trend. The data fit to the 2PA spectrum suggests
a primary bandgap of 1.59 eV in correspondence with the 1PA bandgap and a second bandgap
of 2.27 eV possibly stemming from the M-point (maybe R-point is also involved) in the first
Brillouin zone. The sub-bandgap linear absorption is found to be the dominant process for the
photon energy close to the bandgap edge (hw > 0.9E;) due to high density of trap states.
Temperature-dependent TRMC shows negative correlation between the values of f at a
specific wavelength and the bandgap associated with temperature and structural phase. A
computational study on the 2PA coefficient of CH;NH3Pbls using its band structure in different

phases may help to further clarify the role of phase transition with respect to the 2PA spectrum.
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Figure S5.1: XRD pattern for CHsNH3Pbl; thin film (Co ka radiation, A = 1.78 A)
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Figure S5.2: The absorption spectrum of CH3NH3Pbl; thin film
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Figure S5.3: TRMC traces for a CH3NH3Pbls thin film measured before (left) and after (right)-
the light soaking treatment at excitation photo energy of 1.43 eV (867nm). The legend in each

graph shows incident light intensity in photons/cm?.
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Figure S5.4: Laser pulse traces recorded at 900 nm and corresponding Gaussian fitting.

A silicon photodetector was used to record the pulse signals as a function of time. For each
wavelength, ten shots were measured and fitted by a Gaussian function. The measurements can
hold for different intensities, because the filters used to vary the laser intensity will not change
the pulse shape. Figure S5.4 shows three examples of laser pulse traces measured at 900 nm
and the corresponding Gaussian fitting. Results show that the average pulse duration is around
3.0 £ 0.2 ns for the wavelengths of interest. Although only wavelengths less than 1100 nm can
be well characterized due to the limitation of the photodetector, it is reasonable to assume that

a laser pulse of a longer wavelength has the similar pulse profile as its co-generated counterpart

in the visible regime.
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Figure S5.5: The reflectance for a CH3NH3PbI3 thin film deposited on the substrate (blue
curve) and a quartz substrate (dashed line) and the fraction of reflected light for the thin film

(green curve).

The reflectance of the sample and the quartz substrate in the NIR regime was measured by the
UV/Vis/NIR spectrometer (See in Figure S5.5). As light travels through a quartz substrate in
the air, reflections will occur at the two interfaces of the refractive index change. For the case
of normal incidence (See in the upper inset), both surfaces of the non-absorbing quartz

substrate should contribute equally to the reflectance according to the Fresnel’s equation:

_(ng - n,)?
(g +1np)?

€Y)

Where the reflection is determined by the refractive index of the first and the second medium
(nq, ny). For a thin film deposited on a quartz substrate (See in the lower inset), the total
reflection is approximately to be comprised of three parts, the reflection at the interface
between air and thin film, R,, thin film and the substrate, R,, and the substrate and air, R5. The
refractive index of air and quartz are known to be around 1.0" and 1.5, respectively. Typically,
a CH3NH3PbI; thin film has a refractive index of ~ 2.5° in the NIR regime. Hence, the
reflection mainly stems from the interface between air and film, while R, and R; have

comparable smaller contributions to the total reflection. Figure S5.5 shows that the total



reflectance from both surfaces of the substrate is almost a constant of 8%, while the reflectance

of the sample varies with the excitation wavelengths. Since most of light is not absorbed by the
film in this regime, R; is estimated to be 4%. R, and R, are associated with the wavelength-
dependent refractive index of the CH3NH3Pblz film, which is difficult to be measured
separately. Therefore, the fraction of reflected light, Fy in the sample was only corrected for
the rear surface of the quartz substrate. In conjunction with the laser power measured by the

power meter, the incident light intensity I, entering the sample can be obtained.
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Figure S5.6: Temperature-dependent absorbance for CH3NH3Pbl3 thin film
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Summary

Metal halide perovskites (MHPs) are interesting candidates for application in
photovoltaic devices. During the past decade the efficiency of perovskite solar cells has
improved enormously exceeding now values over 24%. In an MHP absorber layer, charge
carriers are generated on optical excitation, and decay by band-to-band recombination or by
other undesired loss mechanisms. In this thesis, the relationship between material properties,
including constituents and morphology of the MHP layer and these processes is studied. The
charge carrier dynamics describing these light-induced processes are studied by the time-
resolved microwave photoconductivity (TRMC) technique, in combination with standard
optical techniques such as time-resolved photoluminescence (TRPL).

Chapter 2 shows that reducing the non-radiative recombination is a necessary step to
approach the maximal achievable efficiency, the so-called Shockley-Queisser limit. In this
chapter, various MHPs with different compositions and post-production treatments are
studied by TRMC. From the same kind of layers also devices are prepared and photovoltaic
properties are determined. From the rate constants describing the charge carrier dynamics of
the TRMC traces, the Fermi-level splitting, yr under 1 sun illumination is calculated. The
Fermi-level splitting sets the limit for their achievable open circuit voltage V.. Interestingly,
we find that for vacuum-evaporated MAPbI3 and K*-doped (MA,FA,Cs)Pb(I/Br)s,
the ur/e values are close to the reported Vo values. This implies that for an improvement of
the Vo, charge carrier recombination within the bare MHPs has to be reduced. On the other
hand, for MHPs with Cs* and/or Rb" addition, the experimental V. is still
below ur/e, suggesting that higher voltages are feasible by optimizing the transport layers.
The presented approach will help to select which techniques and transport layers are
beneficial to improve the efficiency of MHP solar cells.

So far, the highest reported efficiencies of MHP solar cells are all based on mixed
cation, mixed halide perovskites, such as (FA,MA,Cs)Pb(IixBrx); with x =0 — 1. Although it
has been recently demonstrated that light soaking induces halide segregation in these mixed
perovskites, it is unclear how the charge carrier dynamics are affected across the entire
material family. In Chapter 3, various (FA,MA,Cs)Pb(I1-xBrx)s perovskite films are light-
soaked in nitrogen and the change in properties is investigated through TRMC, optical and
structural techniques. To explain the TRMC decay kinetics for pristine (FA,MA,Cs)Pb(1-

«Brx)3, apart from band-to-band recombination, and trap mediated decay, additional shallow



states have to be included, which are not required to describe the dynamics of mixed cations
samples with x = 0 or x = 1 nor for single cation MHPs. These shallow states can,
independently of x, be removed by light soaking, although after a prolonged period in the
dark these shallow states reappear. We interpret the shallow states as being due to initially
well-intermixed halide distributions but after light soaking the halides segregate leading to
domains with smaller bandgaps. For these mixed MHPs, the removal of shallow states leads
to a reduction in the imbalance between diffusional motion of electrons and holes.

By changing the bromide/halide ratio of MHPs the bandgap can be manipulated
which makes this material interesting for application in tandem solar cells. In view of its
bandgap of 2.2 eV MAPbBr3 is a possible candidate as absorber layer in a top cell of a
tandem solar cell. In Chapter 4, using complementary temperature-dependent TRMC and
TRPL measurements, we demonstrate that the exciton yield increases with lower
temperatures at the expense of the charge carrier generation yield. By comparison of the
TRMC and TRPL traces we conclude that in the orthorhombic phase the second broad
emission peak at 622 nm and in the cubic phase the emission at around 580 nm originate
from radiative recombination of charges trapped in surface defects. We present a kinetic
model describing both the decay in photo-conductance as well as the slow ingrowth of the
TRPL. Knowledge of defect states at the surface of various crystal phases is of interest to
reach higher open circuit voltages in MAPbBr3 based solar cells.

Although there has been intense research into the optoelectronic properties, the sub-
bandgap absorption in MHPs remains largely unexplored. In Chapter 5, two photon absorption
(2PA) spectra of polycrystalline MHP thin films are recorded using the TRMC over a broad
wavelength regime varying from 0.49E; < hw < E;. The 2PA coefficients, § were obtained
by taking into account the quadratic relationship between the number of induced charge carriers
and the incident light intensity. A two-step upward trend is observed in the 2PA spectrum for
MAPDI3, and its bromide analogue (MAPbBr3), which indicates that the commonly used
scaling law is not directly applicable to MHPs. We interpret the two-step behavior as being due
to multi-bandgap transitions. The present work shows that valuable insight can be obtained in

the opto-electronic properties of MHPs by sub bandgap spectroscopy.



Samenvatting

Metaalhalide perovskieten (MHPs) zijn interessante materialen voor toepassing in
zonnecellen. Gedurende het afgelopen decennium is de efficiéntie van perovskiet-
zonnecellen enorm verbeterd en bedraagt nu meer dan 24%. In een MHP absorberende laag
worden ladingsdragers gegenereerd door optische excitatie. Vervolgens kunnen deze
ladingsdragers vervallen door band-naar-band recombinatie of door alternatieve ongewenste
verlies mechanismen zoals via een defect toestand. In dit proefschrift wordt de relatie tussen
materiaaleigenschappen, inclusief bestanddelen en morfologie van de MHP laag en deze
processen bestudeerd. De dynamica van de licht geinduceerde ladingsdragers wordt
bestudeerd met behulp van tijd-opgeloste microgolf fotogeleiding (TRMC), in combinatie
met standaard optische technieken zoals tijd-opgeloste fotoluminescentie (TRPL).

Hoofdstuk 2 laat zien dat het verminderen van niet-stralende recombinatie een
noodzakelijke stap is om de maximaal haalbare efficiéntie te benaderen, de zogenaamde
Shockley-Queisser-limiet. In dit hoofdstuk worden dunne lagen van verschillende MHPs
bestudeerd met de TRMC techniek. Van dezelfde type lagen worden ook zonnecellen
gemaakt en worden de fotovoltaische eigenschappen bepaald. Uit de snelheidsconstanten die
de dynamica van de ladingsdragers beschrijven, kunnen de pseudo Fermi-niveaus voor
elektronen en gaten worden berekend onder belichting. De energetische splitsing van deze
pseudo Fermi-niveaus, pr bepaalt de limiet voor de haalbare open klem spanning, V.. We
vinden dat voor vacuiim opgedampte MAPbI; en K* gedoteerde (MA,FA,Cs)Pb(I/Br); de
ur/e waarden dicht bij de gerapporteerde V,. waarden liggen. Dit impliceert dat voor een
verbetering van de V,. de recombinatie van ladingdragers in de kale MHP lagen moet worden
verminderd. Aan de andere kant voor MHPs gemengd met kleine hoeveelheden Cs* en/of
Rb", is de experimentele ¥, lager dan ur /e, wat suggereert dat hogere spanningen haalbaar
zijn door de transportlagen te optimaliseren. De gepresenteerde aanpak helpt bij het
selecteren welke technieken en transportlagen gunstig zijn voor het verbeteren van de
efficiéntie van MHP-zonnecellen.

Tot dusverre zijn de hoogst gerapporteerde efficiénties van MHP zonnecellen
allemaal gemaakt van perovskieten die gebaseerd zijn op een mengsel van meerdere kationen
en haliden, zoals (FA,MA,Cs)Pb(Ii-xBrx)3 met x variérend tussen 0 en 1. Hoewel recentelijk is

aangetoond dat belichten leidt tot segregatie van de halides in deze gemengde perovskieten,



is het onduidelijk hoe de dynamica van de ladingsdragers wordt beinvloed. In hoofdstuk 3
worden verschillende MHP lagen in stikstof belicht en de veranderingen in eigenschappen
onderzocht m.b.v. TRMC, optische en structurele technieken. Om de TRMC vervalkinetiek
voor een niet behandelde (FA,MA,Cs)Pb(I1.xBry); laag, te verklaren, moeten er afgezien van
band-naar-band recombinatie en verval via diepe defecten extra, ondiepe toestanden in de
band-gap worden aangenomen. Opmerkelijk genoeg zijn deze toestanden niet vereist om de
dynamica van (FA,MA,Cs)Pb(I;xBrx)3 met x = 0 of x = 1 te beschrijven, noch voor MHPs
gebaseerd op een enkel kation. Deze ondiepe toestanden kunnen, onathankelijk van x worden
verwijderd door te belichten met zichtbaar licht, hoewel na een lange periode in het donker
deze ondiepe toestanden weer verschijnen. Wij schrijven deze ondiepe toestanden toe aan
lokale inhomogene distributies van de halides, die na belichten resulteren in domeinen met
een smallere bandgap. Het verwijderen van deze ondiepe toestanden leidt tot een
vermindering van de onbalans tussen de diffuse beweging van elektronen en gaten.

Door de bromide / halide verhouding in MHPs te wijzigen, kan de bandgap worden
gemanipuleerd waardoor dit materiaal interessant is voor toepassing in tandemzonnecellen.
Met het oog op de bandgap van 2,2 eV is MAPbBr3 een mogelijke kandidaat als
absorberende laag in een bovenste subcel van een tandem-zonnecel. In Hoofdstuk 4 laten we
zien dat, door complementaire temperatuurathankelijke TRMC- en TRPL-metingen, de
excitonopbrengst toeneemt met lagere temperaturen ten koste van de opbrengst van de
ladingsdragers. Door vergelijking van de TRMC- en TRPL-verval kinetiek concluderen we
dat in de orthorhombische fase de tweede brede emissiepiek bij 622 nm en in de kubische
fase de emissie bij ongeveer 580 nm afkomstig zijn van stralende recombinatie van ladingen
uit oppervlakte defecten. We presenteren een kinetisch model dat zowel het verval in
fotogeleiding als de langzame ingroei van de TRPL beschrijft. Kennis van defecttoestanden
aan het oppervlak van verschillende kristalfasen is van belang om hogere open klem
spanningen in MAPDbBr3 gebaseerde cellen te bereiken.

Hoewel er intensief onderzoek is gedaan naar de opto-elektronische eigenschappen
van MHPs, blijft de absorptie van fotonen met minder energie dan de band-gap grotendeels
onbekend. In Hoofdstuk 5 worden twee foton-absorptie (2PA) spectra van polykristallijne
dunne MHP lagen gemeten met behulp van de TRMC techniek over een breed golflengte
gebied vari€rend van 0.49E,; < hw < E;. De 2PA coéfficiénten, S werden verkregen door

rekening te houden met de kwadratische relatie tussen het aantal geinduceerde ladingdragers

en de invallende lichtintensiteit. Een tweetraps opwaartse trend wordt waargenomen in het



2PA-spectrum voor MAPbI3 en de bromide-analoog (MAPbBr3), wat aangeeft dat de
algemeen gebruikte methode voor het interpreteren van deze spectra niet direct van
toepassing is op MHPs. We verklaren het spectrum dan ook als het gevolg van meerdere 2
foton overgangen. Het huidige werk laat zien dat waardevol inzicht kan worden verkregen in
de band structuur van MHPs door deze zogenaamde sub band-gap spectroscopie toe te

passen.
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