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1 INTRODUCTION

Simplicity is a great virtue but it requires
hard work to achieve it and education to
appreciate it. And to make matters worse:

complexity sells better.

Edsger Wybe Dijkstra

Perovskite is a calcium titanate Cal'iO5 mineral. It was discovered in 1839 by the
German mineralogist Gustav Rose in the Ural Mountains and named after min-
eralogist Count Lev Alekseyevich von Perovski. Natural crystals have a hardness
of 5.5—6 and a density from 3.98 to 4.26 g/cm’. Due to impurities, they are usu-
ally dark brown to black, but when pure, they are clear and have a refractive index
of about 2.38. The term perovskite now refers to a broad class of materials that
have the same type of structure as Cal'iO; and have the general formula ABX;.
Currently, many hundreds of compounds are known to have the perovskite struc-
ture. In fact, one mineral with perovskite structure, bridgmanite (Fe, Mg)SiOs, is
the most common solid phase in the Earth’s interior, accounting for 38 % of the to-
tal mass. The phase occurs at depths of 660—-2900 km, but is stable only at high
temperatures and pressures and therefore does not occur at the Earth’s surface. In
the 1940s, the importance of perovskites was highlighted by the discovery of the di-
electric and ferroelectric properties of barium titanate, Bal'iO5. This material was
quickly used not only in electronics as capacitors and electromechanical transduc-
ers or in nonlinear optics, but also in medicine as nanocarrier for drug delivery. In

the following decades, attempts to improve the material properties of Bal'iO; led
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to intensive research into the structure-property relationships of a large number
of nominally ionic ceramic perovskite-related phases with the overall composition
ABOj, with the result that a large number of new phases were synthesized. It was
soon recognized that these materials as a group have very useful physical and chem-
ical properties far beyond those of Bal'iO5, and research was extended to a number
of structures and phases, all of which may be structurally related to the perovskite
family.

One of the most interesting branches developed during this period is hybrid per-
ovskites, which combine a metal-halide framework with a small organic cation. First
synthesized and structurally described by Dieter Weber in 1978,!" later variants were
investigated in the 1990s and early 2000s for use in organic electronic devices such
as light-emitting diodes” and field-effect transistors.”) However, the particularly in-
triguing properties of these materials did not emerge until metal halide perovskites
were used as absorber materials. In 2009, methylammonium lead iodide (MAPbI;)
became the first perovskite to be used in a dye-sensitized solar cell (DSSC), achieving
an efficiency of 3.8 %.1" Four years later, the efficiency increased to 15 %" and be-
came the fastest developing solar technology in the field. Since then, improvements
in light management, charge carrier transport, and structural composition have en-
abled the production of solar cells with certified efficiencies above 25 %,) one step
closer to the predicted theoretical limit of 31 %." These results already surpass cur-
rent records for CdTe solar cells, the second technology on the market. Metal halide
perovskites have subsequently also been used with great success in photodetectors,
both visible!” and X-ray,” and LEDs,"” with these devices now exhibiting remark-
able responsivities and high external quantum efficiencies.

The radical change in perspective associated with hybrid perovskites was driven
primarily by their remarkable properties, such as low carrier recombination rates
which are responsible for the impressive diffusion lengths, tunable bandgaps, and
large optical absorption coefhicients typically associated with traditional crystalline
semiconductors."! At the same time, hybrid perovskites exhibit remarkable toler-

ance to crystalline defects and can be processed directly from solution in a manner
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similar to organic devices. However, the added advantages of quasi-organic proper-
ties and their ionic nature come at a price. They have the same problems with device

stability and short operating times.”)

1.1 THE AiM OF THE THESIS

In recent years, knowledge of the fundamental processes in hybrid perovskite mate-
rials has greatly increased. However, many aspects of charge carrier transportare still
poorly understood and require further investigation. These include charge carrier
generation, extraction, and recombination. Another important topic that is not yet
sufficiently understood is the influence of ionic motion on charge carrier dynamics.
This knowledge is crucial to fully understand the operation of hybrid perovskites
and to further improve the performance and stability of perovskite devices. There-
fore, this work was carried out with the aim of investigating charge carrier dynam-
ics in various hybrid perovskites with different device architectures and identifying
mechanisms linking ion migration to charge carrier extraction, recombination, and

their trapping and mobility parameters.

1.2 TAsk oF THE RESEARCH WORK

* To implement and apply experimental technique for measuring transient ele-

ctroluminescence in hybrid perovskite optoelectronic devices.

* To relate and understand charge carrier dynamics in the context of transient

electroluminescence kinetics in hybrid perovskites optoelectronic devices.

* To implement, improve and apply transient electro-optical measurement te-

chniques that allow direct tracking of ion motion in hybrid perovskites.

* To trace and identify the extraction, recombination, and trapping of photo-
enerated charge carriers and explain the influence of ion motion on charge
g g p g

carrier transport in hybrid perovskites.
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1.3 STATEMENTS OF THE T HESIS

1. The accumulation of charge carriers in the perovskite layer under forward
voltage causes the electroluminescence overshoot effect, while the ion redis-
tribution induced by the electric field minimizes the accumulation of charge

carriers and the overshoot effect in perovskite solar cells.

2. An unfavorable space charge distribution leads to a roll-off of the external
quantum efficiency in hybrid perovskite light-emitting diodes, which can be

avoided by a balanced injection current.

3. Electric field-induced redistribution of ions of a single type in the perovskite
layer causes complex multiphase dynamics of electroluminescence and cur-

rent in MAPbI; perovskite light emitting diodes.

4. Electric field-induced luminescence quenching in MAPbI, perovskites is de-
termined by the direct effect of the electric field on the charge carrier distribu-
tions and the influence on the spatial redistribution of ions in the perovskite

layer.

S. There are potential barriers to lateral carrier movement in the polycrystalline
hybrid perovskite films that affect carrier mobility, diffusion and recombina-

tion rates.

1.4 NOVELTY AND RELEVANCE

* The developed transient electroluminescence spectroscopy proved to be very
sensitive to ion accumulation and its spatial distribution and is a powerful
tool to study ion dynamics and related electronic processes in hybrid per-

ovskite solar cells and LED:s.

* The measurement technique, which uses different electrical pulses and their

duration, was developed to study the current-induced stressing eftect in per-
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ovskite LEDs. It allows to follow the stress-induced changes of various pa-

rameters over time.

* The electroluminescence overshoot effect in hybrid perovskite solar cells was

discovered.

* Mobile negative ions were found to play a dominant role in the complex dy-
namics of electroluminescence and current occurring during the operation

of MAPbI; PeLED:s.

* A developed modification of the conventional time-delayed collection field
measurement technique was found to be effective for measuring the energy

barriers to charge carrier motion in polycrystalline hybrid perovskite films.

1.5 LAYOUT OF THE THESIS

This dissertation is a collection of scientific papers prepared during the doctoral
studies at Vilnius University/ Center for Physical Sciences and Technology. After
the introduction, Chapter 2 presents the basic concepts of optoelectronic proper-
ties and modern investigation techniques from the current literature in the field of
hybrid perovskites. Chapter 3 discusses the experimental methods and investiga-
tion details used in this thesis. Chapter 4 discusses new findings on charge carrier
transport of hybrid perovskites and presents their results. Chapter 5 summarises

the main conclusions from all the articles presented in this thesis.

1.6 CONTRIBUTION OF AUTHOR

The author realized all newly presented implementations of measurement techniq-
ues for hybrid perovskites. He performed all time-resolved spectroscopic experi-
ments, processed and analyzed the obtained data. The author participated in the

discussions and preparation of all presented manuscripts. The PeLEDs studied in
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this work were fabricated by Karim Elkhoully from Paul Hereman’s group at In-
teruniversity Microelectronics Centre (IMEC) Belgium. The perovskite solar cells
were fabricated at Ecole polytechnique fédérale de Lausanne (EPFL) Switzerland
and the hybrid perovskite samples on an interdigitated comb of electrodes were fab-

ricated by the author.



2 LITERATURE OVERVIEW

2.1 CHEMICAL STRUCTURE

2.1.1 CRYSTAL STRUCTURE

The Hybrid Organic-Inorganic Perovskite (HOIP) crystal structure has the stoi-
chiometric formula ABX; and is characterized by [BX6]47 octahedra that share
common corners in all three orthogonal directions and form infinite three-dimensi-
onal (3D) [BX;] frameworks. The A-side cations occupy the cavities between them
and serve as a structural template (Figure 2.1). Their shape, size, and charge dis-
tribution play an important role in stabilizing the perovskite structure. The ions
in the ABXj structure obey size constraints defined by the Goldschmidt tolerance

factor™

_ (g +1y)

- \/E(VB +7y)

where 7, 75 and 7y are the ionic radii of the respective ions. The idealized structure

(2.1)

(ideal cubic perovskite) can form when ¢ is close to one. In this case, the structure
consists of BX octahedra distributed over the corners and A cations occupying the
voids between them. When ¢ depart from one, perovskite motifs with edge- and
face-sharing octahedra can form over the corner-sharing structure.!"! Unlike per-
ovskite oxides, A+B2+X3_ compounds are much rarer in nature and can only be
formed with certain combinations of elements. This is because the halide anions (X
= Cl, Br, I) have two major differences compared to the 0>~ anions: first of all, they

carry a lower negative charge, which is only sufficient to compensate for metal ions
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Figure 2.1: Orthorhombic perovskite crystal structure ABX;. Organic cations A occupies
the cavities, metallic cations B lies at the octahedral centres, and the halogens X forms the
corners of the BX octahedra.

in lower oxidation states, and second they have a much larger ionic radius, which
precludes the incorporation of small metal ions into the octahedral coordination
geometry. Because of these limitations, the metal anion M** can only be selected
from a small group of elements, including the alkaline earths, the divalent rare earths
(Ca**, Eu**, Yb**), and the heavier group 14 elements (Ge** , Sn** , Pb**).15-7
Surprisingly, there are no transition metals that can adopt the halide perovskite
structure, with a few notable exceptions."” Only a few A cations known so far are
able to stabilize the perovskite structure in heavy halides. Thus, the 3D structure
is predicted to be stable when the tolerance factor is between 0.8 and 1.0, and this
condition is only true for cesium - (Cs"), methylammonium - (MA™), hydroxylam-
monium - (NH;OH"), hydrazinium - (NH,NH}), azetidinium - ((CH,);NH;),

formamidinium - (FA™) and imidazolium - (C;N, HZ) cations."” But the actual sit-
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uation is even more complicated. It has been shown that only Cs" is large enough
to obtain the perovskite, and for organic cations it seems that not only the size is im-
portant, but also the distribution of the net positive charge. Thus, MA" and FA"
and are able to stabilize the perovskite, but cations of similar size such as HONH;,
CH,CH,NHj , or (CH,),NH; are not and stabilize a different structure. When
the cation is too small, the preferred structure is the NH,CdCl; type, which can be
described as double chains of [BIS]3_. When the cation is too large, the preferred
structure is the CsNiBr; type, which consists of single chains of face-dividing octa-
hedra. On the other hand, too large densely packed cations can lead to perovskite-

like structures, although with a lower dimensionality.”**!

2.1.2 BONDING AND DIFFERENT PHASES

The flexible nature of the perovskite framework, due to the double bridging halide
ion (B - X bond), gives perovskites another characteristic feature: phase transitions.
Perovskites undergo a series of structural changes when external stimuli (tempera-
ture, pressure, etc.) act on them, starting from the ideal basic cubic structure in
which all B-X - B angles are 180° (space group 221). This ideal structure responds
to changes in temperature or pressure by forcing the [BX] octahedra to tilt about
one or more of their axes of symmetry, reducing the symmetry in a way that de-
pends on the properties of the particular compound. Tilting does not change the
overall 3D architecture, but can reduce the B-X - B angle from an ideal 180° to as
low as 150°, below which the structure type changes or becomes amorphous (Fig-
ure 2.2a). One reason for the structural changes is that the molecular cation has a
dipole moment and lower symmetry than the ideal [BX;] octahedra. In addition,
the molecules in the neighbourhood can align differently on different length scales,
leading to symmetry breaking even when the Goldschmidt tolerance factor # is close
to one. This leads to a large structural diversity accessible at a given temperature and
can be associated with a complex bonding profile manifested in HOIPs.**) The co-
hesive energy (for which ionic bonding is an important driving force) of HOIPs is

much lower than that of perovskite oxides. This is reflected in the electronic struc-
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Figure 2.2: (a) Schematic representation of methylammonium lead iodide (MAPbI;) and
its crystal structures at different temperatures. Upper (lower) panels show side (top) views.
Dashed lines represent unit cell boundaries. (b) Total and projected density of states of
tetragonal MAPDbI;, showing orbital-specific contributions. (c) Graphical summary of pair-
wise dispersive energies, E;ff;V, between atomic sites A and B in the unit cell of MAPbI,
(left panel), MAPbBr; (center panel), and MAPbCI; (right panel). Reproduced with per-
mission from ref. [22] Copyright 2015 American Chemical Society.

ture of MAPDI; (Figure 2.2b),”! which is characterized by an iodide valence band
and a lead conduction band.”**! The oxidation state of X is lower (—1) in halide
perovskites than in oxides (—2) and the Madelung potential is much less binding.
This can be associated with a large structural diversity of HOIPs. Also in HOIDPs,

for example MAPDbI; Pb and I interact covalently as well through the interaction

10
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of the 65 electrons of the lone pair of Pb with the 5 p electrons of I, which con-
tribute to the top of the valence band (Figure 2.2b)."*) Moreover, because the
halogen atoms in HOIPs have a large polarization ability, they can support signifi-
cant dispersive interactions. Therefore, weak interactions such as van der Waals and
hydrogen bonding supported by the organic cation atoms also play an important
role in the structure of HOIPs. The importance of van der Waals interactions be-
tween the inorganic atoms, and hydrogen bonds between the organic species and
the inorganic octahedra, has been demonstrated in the first-principles calculations.
(Figure 2.2¢).””*) Important contributions of the organic cation to the perovskite
band structure are found only a few eV below the valence band maximum (Figure
2.2b),’>* .., besides the hydrogen bonding, there is no hybridization between the
organic and inorganic parts of the HOIPs. Instead, the molecule acts as a sufficiently
large framework for the formation of lead halide perovskites at room temperature.
The large size of MA is important because the similar inorganic CsPbl; perovskite
has the angular NH,CdCl; structure at room temperature instead of the cubic per-
ovskite structure, with a significantly different electronic structure that is less favor-
able for photovoltaics.”” It is already clear that the chemical bonds in HOIPs are
not rigid. In fact, the lattice constants of the ideal cubic MAPbX are 5.7 A-63A,
much higher than the 3.8 A-4.2 A for common oxide perovskites.” Moreover, the
experimental and theoretical Young and bulk moduli of various HOIPs"" are in
the range of 10 GPa-25 GPa, i.c., at least several tens of GPa lower than the values
for typical oxide perovskites or inorganic semiconductors. This means that HOIPs
readily accept changes in their equilibrium bond lengths and offer great conforma-
tional freedom compared to other semiconductors with similar electronic proper-
ties. The rich structural diversity combined with the material flexibility of HOIPs
can lead to the presence of locally distinct phases in HOIP films and surfaces. Den-
sity functional theory calculations (DFT) have shown that near equilibrium many
different structures are locally stable and differ in energy by only a few meV per for-

mula unit.?? Theoretical work on XRD spectra has also shown that the patterns are

11
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y-CsPbl; , 175°C

8-CsPbl;, 25°C a-CsPbl, , 360°C B-CsPbl, , 260°C
\ y
o) S — p —
yellow black black black

Figure 2.3: Phase transition flow in CsPbl; (based on synchrotron based powder diffrac-
tion). Reproduced with permission from ref. [23] Copyright 2015 American Chemical
Society.

compatible with different coexisting phases,”” and that systems can deviate from the

ideal structure on a sub-ps time scale."”

2.1.3 STRUCTURAL PHASE TRANSITIONS

HOIPs undergo successive structural phase transitions. Figure 2.2a shows a schema-
tic representation of the MAPDI; crystal structure, which was first synthesized and
structurally described by Weber.!"! There are four major phases: The alpha (2)-phase,
characterized by an ordered cubic structure, is stable at > 330 K. After the first tran-
sition near or below room temperature < 300 K, MAPbI; adopts the beta (4)-phase.
B-MAPDI; exhibits spontaneous electric polarization caused mainly by the align-
ment of the MA molecules along the z-axis together with a marginal atomic dis-
tortion of the Pb—TI octahedra. Although the presence of ferroelectricity in halide
perovskites has been theoretically predicted, its experimental manifestation is not
obvious and strogly depends on the experimental details.” After the second phase
transition at low temperatures < 130 K, MAPbI; exhibits an orthorhombic gamma
(¥)-phase consisting of twisted octahedra. This phase is a non-perovskite structure
(either NH,CdCI; or CsNiBrjy structure type). All of phase transitions are fully
reversible, although in some cases the phase change can be blocked kinetically or the
transition can be delayed up to several days. A characteristic example of reversible
transitions can be found in the CsBI; (B = Sn, Pb), as shown in Figure 2.3. CsPbl,

12
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stable 0 (yellow) phase converts upon heating above 360 °C to the black perovskite
a-phase. On cooling, the perovskite structure remains kinetically stabilized convert-
ing to the black perovskite 8- and y-phases at 260 °C and 175 °C, respectively. Full
conversion of the y- to the initial yellow d-phase occurs after =48 h.

Although nota phase transition in the strict sense, the reference halide perovskite
MAPDI; can also adopt the d-phases in the form of CH;NH;Pbl; —X solvates,
where any solvent with hydrogen bonding ability, such as X = H,O, DMF, DMSO,
etc.’ can cause the collapse of the perovskite crystal lattice. This process is the ori-
gin of the apparent temporal instability of MAPbI; perovskites. Remarkably, the
solvation process in MAPbI; occurs at temperatures where the «/#-phase transi-
tion also occurs (=40 °C), suggesting a change in the transition pathway in the pres-
ence of certain solvents. Fortunately, it has been shown that this destructive phase
transition can be circumvented by maintaining the temperature above the transi-
tion point during crystal growth"” or by using solvents with low hydrogen bonding

[38]

ability.

2.1.4 MOLECULAR ROTATIONS

A unique aspect of HOIPs compared to conventional semiconductors is that the
organic molecule can move in the crystal and undergo rearrangements. Typical or-
ganic cations used in perovskites, such as MA™, can have multiple low energy orien-
tations in the perovskite structure. They can be aligned with corners, edges, or faces
of the inorganic cages (Figure 2.4a)."”) The energy barriers for such rotations can be
as low as a few meV,">*) so significant motion of the molecules can be expected
at finite temperatures.l! Using quasi-elastic neutron scattering measurements in
conjunction with Monte Carlo simulations for MAPbI; perovskite, Leguy et al.
found two primary molecular motions that dominate at room temperature (Figure
2.4b)" motions of the CH; and NH; groups about the C - N axis and rotation
of the entire MA unit perpendicular to the C—N axis. These movements can oc-
cur via several possible pathways (Figure 2.4a). The activation energies for these

motions are different and therefore occur on different time scales: The CH; - or

13
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(@ (b)

Figure 2.4: (a) Possible minimum-energy orientations and associated reorientation path-
ways, indexed from (i) to (v), for MA" in MAPDI;, based on rotation (2) in panel (b). (b)
Two modes of rotation of MA™: (1) rotation of CH; or NH;; (2) rotation of MA*, swap-
ping locations of C and N. Reproduced with permission from ref. [39]. Copyright 2015
Nature Publishing Group.

NH; - related motions occur on a time scale of less than one ps, whereas the large
MA molecular unit aligns more slowly, at about 3 ps—14 ps.>*l Molecular rota-
tions in HOIPs are strongly temperature dependent.”*) While molecules in HOIPs
have a large conformational freedom at room temperature, rotations become re-
stricted once HOIDPs are cooled and undergo phase transitions into tetragonal and
orthorhombic structures. Experimental and theoretical results have shown that at
lower temperatures the molecular orientations are bound to the highly symmet-
ric directions of the crystall*” and energy barriers to reorientation are increased.!!
When T is lowered, the AX,, cuboctahedra shrinks due to octahedral BX, rota-
tions, leaving less room for molecular rearrangements. Since BX distortions and
molecular rotations are coupled, the bond lengths and angles of the BX, octahe-
dra change significantly with molecular rotations.””*”! This coordinated effect of
molecular rotations and octahedral distortions suggests that a snapshot of a single
HOIP structure cannot account for important dynamical effects and does not pro-
vide sufficient information about its properties. For example, the bandgap size may
change with molecular rotation."”) However, in a Sn-based HOIPs, molecular rear-
rangements affect the band structure!™ through electrostatic and hydrogen bond-

ing effects on the inorganic ions, which are primarily responsible for the electronic

14
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structure of the band edge. Therefore, structural fluctuations at room temperature
can lead to dynamic changes in important parameters of the electronic structure,
e.g., band gap, effective masses, and possibly carrier lifetime. Such effects have also
been reported for Pb-based HOIPs, with time-dependent changes in the bandgap
predicted to range from 0.1-0.2 eV at 320 K.***/ Molecular rotations, octahedral
distortions, and phase transitions are also closely related to ferroelectricity. There is
still debate in the perovskite community about the ferroelectric nature of HOIPs.
Theoretically, it is possible because lower temperature phases can crystallize in polar
space groups,! but there are many reports claiming either the presence or absence
of ferroelectricity. Berry phase calculations in HOIPs predicted a polarization of
~4-12 pC cm™? for the low temperature phases of MAPbX; (X = I, Br, CI),"**
which is significantly lower than the values reported for ferroelectric oxides, e.g.,
BaTl'iO;. Although the measurement of ferroelectric hysteresis in HOIPs is a difhi-
cult task because due to the small band gap and the large number of mobile charge
carriers, it can lead to significant leakage currents.” Due to the large structural di-
versity and molecular flexibility of HOIPs, it would probably be very difficult to
stabilize large ferroelectric domains in HOIPs at room temperature, but another
possibility would be to consider short-lived ferroelectric domains.!*** Interestingly,
long-range electrostatic interactions of molecular dipoles can lead to polar domains
via regions with aligned dipoles.!*” Such domains can alter the HOIP bandgap,"”
separate the wavefunctions of electrons and holes,”" and suppress carrier recombi-
nation."” These polar domains can also serve as channels for the separate transfer of
electrons and holes, for example, by forming domain walls,”*"! which could partly

explain the long carrier lifetimes of HOIPs.

2.2 ExciTtons

2.2.1 ExcitoNs AND FREE CHARGE CARRIERS

An exciton is a mobile neutral quasiparticle consisting of an electrostatically bound

electron-hole pair. The interaction between electron and hole can be strong or weak,
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leading to two different types of excitons Frenkel excitons, found mainly in organic
semiconductors, and Wanier-Mott excitons, associated with classical inorganic se-
miconductors.” Semiconductors with high exciton binding energies are more suit-
able for light-emitting applications because radiation racombination by excitons can
be very effective at low carrier concentrations. In contrast, a low exciton binding
energy is desirable for photovoltaic applications because easy dissociation or spon-
taneous generation of free charge carriers is essential for effective current genera-
tion in photovoltaic devices. Surprisingly, hybrid perovskites can function in both
excitonic® and planarP* configurations. Therefore, the electrostatic interaction
strength between the correlated electron and hole, i.e., the exciton binding energy
(Ep), is an important parameter for predicting and modelling the operation of op-

toelectronic devices.

2.2.2 DETERMINATION OF ExcITON BINDING ENERGY

Temperature-dependent photoluminescence (PL)," optical®¥ and magneto ab-
sorption®”*") are used together with theoretical calculations”™!! to study the exciton
binding energy in HOIDs.

Temperature-dependent photoluminescence is a common method for determin-
ing the exciton binding energy E,,. In this method, £}, is extracted by fitting the Ar-
rehnius equation to the experimentally determined integrated PL intensity at differ-
ent temperatures.”” In general, the PL intensity decreases with increasing temper-
ature, which is due to the temperature-activated exciton dissociation processes.”
Since this method is widely used, large variations of £, are reported in the literature,
ranging from 19 meV (10 K-300 K)*! to 32 meV (80 K-300 K)“? for MAPbI,.
This deviation may be due to the complex tempreture-dependent radiative recom-
bination process in hybrid perovskites. !

Another approach to determine £}, is to measure optical absorption and analyse
it using Elliott theory.””) This theory involves the continuum and excitonic states in
the relationship of the absorption coefficient. Using this method, Yang et al. found

an £, of 9 meV at room temperature.”” Saba etal. estimated 25 meV at both 300 K
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and 170 K. Yamada et al. found a gradual increase from 6 meV to 30 meV as the
temperature drops from 300 K to 13 K.Yl These remarkable discrepancies may be
due to the fitting uncertainties caused by the fact that the assignment of exciton,
Coulomb interaction, and continuum absorption is not clear when the values of
exciton binding energy £, and homogeneous line broadening in the materials are
comparable.*’)

Magnetoabsorption is also a commonly used method for determining the exciton
binding energy. In this method, magnetoabsorption spectra are measured as a func-
tion of magnetic field for both circular polarizations, resulting in an energy shift and
splitting equivalent to diamagnetic shift and Zeeman splitting. Hirasawa et al. de-
termined £; =37 meV for the polycrystalline MAPbI, film at 4.2 K.b” Tanaka et al.
later redetermined the value of Hirasawa et. al. by performing magnetoabsorption
experiments in which no photoluminescence induced by a magnetic field was ob-
served. They found that the binding energy for MAPbI, is 50 meV at 4.2 K.1) The
value obtained by Tanaka agrees well with a theoretical calculation of £, using den-
sity functional theory (DFT) based on the Wannier-Mott model with the frequency

dielectric constant, where E;, for MAPbI; was estimated to be 48 meV.1*"

2.2.3 DISSOCIATION OF EXCITONS

Itis generally believed that free charge carriers dominate in hybrid perovskites under
working conditions.'* Although there is some research where free charge carriers
have been directly observed,!”” another view on this subject has recently emerged.
It states that after photoexcitation, free charge carriers and excitons coexist in equi-
librium!"*"* and the balance can be determined by the Saha-Langmuir equation.”
This model states that the fraction of free charge carriers relative to the total excita-

tion density ¢ for a 3D system can be described as follows

. l(ZﬁmrkBT); [_E] 22
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PV
1 regime

e

Figure 2.5: Quantum yield of free carriers ¢ . as a function of excitation density according
to the Saha-Langmuir equation (2.2) for various values of £, at room temperature, with
m, = 0.1m,. Densities relevant for PV and lasing applications are highlighted, along with
the critical carrier density, 7,,,,, above which manybody effects limit exciton formation (for
E, =15meV). Reproduced with permission from ref. [70] Copyright 2016 American
Chemical Society.

where 7 is the total excitation density, 7, is the reduced effective mass, and 4 is
Planck’s constant. The application of the Saha-Langmuir equation for different
values of £, at room temperature is shown in Figure 2.5. At low excitation densi-
ties (7 < 10” cm ™), the population of the abandoned state consists mainly of free
carriers for £, <100 meV. This state is very advantageous for photovoltaic appli-
cations. When the excitation density increases, the fraction of free carriers starts to
decrease, increasing the exciton population. When the excitation density exceeds
10" cm™3, the excitonic fraction begins to dominate. The value of 7 = 10® cm™3 is
consistent with the onset of the excitation density of amplified spontaneous emis-
sion in MAPbI; (2 x 10" cm ™).l The model implies that excitons would con-
tribute to lasing at high excitation density for all binding energies. However, this is
at odds with experimental results indicating that excitons generally undergo a tran-
sition to free carriers before lasing at high excitation density.””) Excited states con-

sisting mainly of free charge carriers at high excitation intensity have also been re-
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ported.[”’¥ Since the Saha-Langmuir model does not account for the contributions
of many-body effects that occur at high excitation density, this deviation from ex-
perimental results is understandable. At high excitation density, the electrostatic in-
teraction between the electron and hole would be screened by the presence of other
charge carriers, leading to the dissociation of the exciton into free charge carriers.
This transition is called the Mott transition and manifests at a critical excitation den-
= kT [(117E,r;). The dashed line in Figure 2.5 represents
~ 4 x 10" cm™) of the Mott transition for E, = 15 meV

and 73 = 5 nm, at which the Saha-Langmuir equation no longer applies. Even be-

Sity (ntrz't)J Where 7rir

the critical density (7,
low the critical density of the Mott transition, the excitonic state in bulk perovskites
is usually short-lived. This leads to rapid dissociation of excitons to free charge car-
riers.”"* According to Valverde-Chavez et al, photogenerated excitons in MAPDI,
single crystals dissociate to free charge carriers in a time scale of 1 ps, with an £, value
of 17 meV." Jhaetal. recently reported from 2D spectroscopy that the dissociation
of excitons to free charge carriers in MAPbI, thin film occurs within 50 fs.) This is
considered to be one of the main reasons why perovskite photovoltaics exhibit very

high efficiency.

2.2.4 ExciToN DYNAMICS

To study the ultrafast dynamics of excitons and charge carriers, the most popular
technique is transient absorption (TA). Most of these studies have shown that exci-
tons, when formed at room temperature, dissociate rapidly into free charge carriers,
on a sub-ps time scale. However, using the ultrafast pump-probe technique with
excitation densities (1z) ranging from 3.8 x 10'® cm™ t0 5.5 x 10" cm ™, Yang et al.
found that the contribution of excitons to the transient absorption spectrum (TA)
of MAPDI, films cannot be neglected.”” The study clearly showed that at excita-
tion intensities of less than =1 x 10" cm™ the TA spectrum is dominated by ex-
citonic bleaching, while at larger excitation densities the continuum contribution
by free carriers begins to dominate. It should be noted, however, that the inten-

sities used in the TA measurements are much higher compared to steady-state ab-
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Figure 2.6: (a) Transient photomodulation spectra measured at ¢ = 0 ps for MAPbI; thin
films, with the 400 nm excitation wavelength. Inset shows the corresponding absorption
spectra for the film, where two different excitons, £; and E, and the interband P4, transi-
tion between them, are assigned. (b) Decay dynamics of PB and P4, bands up to 500 ps.
Reproduced with permission from ref. [82] Copyright 2016, Wiley-VCH.

sorption measurements or actual working conditions. This means that free charge
carriers will dominate in perovskites with exciton binding energies comparable to
or even larger than the thermal energy at room temperature. Another interesting
study by Zhai et al. revealed that the TA spectrum of MAPDI; films obtained by
pump-probe spectroscopy in the visible to mid-IR (450-4000 nm) consists of a
large photoinduced bleaching band (PB) at 750 nm and an adjacent photoinduced
absorption band (P4,) at shorter wavelengths, as well as another photoinduced
absorption band (P4;) peaking at 1500 nm (Figure 2.6a). PA4; showed different
decay dynamics compared to PB and P4, (Figure 2.6b) and was therefore assigned
to different existing species. In particular, PB and P4, were interpreted as a result
of the band filling effect caused by the photocarriers. For the P4, since the energy
peak of the P4, band (1500 nm, 0.8 V) perfectly matched the separation between
the excitonic states at 750 nm (£; = 1.66 e¢V) and 500 nm (£, = 2.48 V), as seen
in the steady-state absorption spectrum. The P4, band was therefore assigned to
an optically allowed excitonic transition from E; to E,."” Many other studies us-

ing transient techniques in perovskite films show the ultrafast behavior of localized
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excitons,®” biexcitons,* trions,*

I'and multiple exciton generation." For exam-
ple, He et al. reported that the radiative recombination of photogenerated species
in solution-processed MAPbX; is dominated by excitons weakly localized in band
tail states under the excitation level near the working regime of solar cells, and such
an exciton localization effect was generally found in several solution-processed per-
ovskite films."" Interestingly, Weerd et al. have demonstrated highly efficient carrier
multiplication in CsPbl; nanocrystals, with a threshold close to the energy conser-

[86

vation limit of twice the bandgap."* Such efficient carrier multiplication may lead

to next generation solar cells that can overcome the Shockley-Queisser limit.

2.3 FREE CHARGE CARRIERS

2.3.1 CARRIER MoTION

The transport of free charge carriers in semiconductors is mainly governed by two
mechanisms: driftand diffusion.”” Diffusion with characteristic parameter D refers
to the movement of charge carriers from regions of high to regions of low charge car-
rier density without an externally applied electric field. Drift with the characteristic
parameter () mobility refers to the charge carrier movement caused by an external
electric field. The diffusion coefficient and the charge carrier mobility can be related

via the Einstein relation®*!

=g (2.3)
where g is the electric charge. This relationship provides the ability to determine D
by experimentally evaluating the charge carrier mobility. This is much easier than
determining it by solving various diffusion models. On the other hand, carrier mo-
bility can be determined by knowing the diffusion coefficient. In hybrid lead-based
perovskites, the highly efficient charge carrier collection strongly depends on the

long charge carrier diffusion length (ium), which is due to sufficient charge carrier
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lifetimes.””) Whereas the carrier mobility is modest at best compared to classical in-

organic semiconductors.

2.3.2 DIFFUSION LENGTH

Diftusion processes occur in every semiconductor material. Generally, charge car-
riers generated by light or electricity appears near the surface, creating a gradient of
charge carrier density in the direction of the mass of the material. When a gradient
of carrier concentration exists, carriers are moved by random motion through dif-
fusion from areas of high carrier concentration to areas of low concentration. The
diffusion length is the average length that a charge carrier travels between genera-
tion and recombination, and is defined as L, = VD7."! Here 7 is the lifetime of
the charge carriers. As mentioned earlier, L}, affects the efficiency of charge carrier
extraction in semiconductors and is therefore an important property to consider.
The carrier lifetime 7z is usually determined from transient measurements, while
D can be derived from the diffusion model in the absence of an electric field.""

[o1]

Methods such as PL quenching,” time- and spatially-resolved transient absorption
microscopy (TAM),"” transient PL-scanned imaging microscopy"” have been ap-
plied in perovskites to determine D and thus the diffusion length L. The diftusion
length in perovskites varies between 100 nm and more than 100 um depending on
the determination method.”~"!

Transient PL quenching (PLQ) is a common method for determining the carrier
lifetime and diffusion length for perovskites by measuring different configurations
(with quenching layers) and modeling the PL decay with the diffusion model (Fig-
ure 2.7a). Using the PL quenching technique, Stranks was one of the first to demon-
strate that the diffusion lengths for electrons and holes were similar ((129 + 41) nm
forelectronsand (105 + 32) nm for holes) in the MAPDI, films.”" Not surprisingly,
anumber of studies have shown that the carrier diffusion lengths measured on poly-
crystalline thin films were significantly shorter than those of single crystals due to
95,96]

the existence of grain boundaries - less than a few pm versus more than 100 wm.!

While ensemble methods for determining diffusion length are not able to monitor
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Figure 2.7: a) Photoluminescence quenching method. Time-resolved PL measurements of
MAPDI, films with a hole (spiro - OMeTAD, red) quenching layer, or an electron (PCBM,
blue) quenching layer or an insulating PMMA (black) layer. Reproduced with permission
from ref. [94] Copyright 2013, Science Publishing Group. b) Transient absorption mi-
croscopy method. The figure shows 2D imaging of the carrier density profile in MAPbI; at
different pump—probe delay times. The scale bar in the figure is 300 nm. Reproduced with
permission from ref. [92] Copyright 2015, Nature Publishing Group.

the influence of grain boundaries on charge carrier transport, transient absorption
microscopy (TAM) is a suitable tool to study the behavior of charge carriers both
in time and in space. In TAM, the pump beam is fixed at a known position while
the probe beam is scanned relative to the pump position and an image is formed. In
such images, the spatial distribution of carrier density can be directly visualized as a
function of pump-probe delay. At 0 ps, the TAM image represents the initial car-
rier population generated by the pump pulse. At later delay times, the TAM image
reflects carrier diffusion away from the initial excitation volume. Carrier diffusion
is represented by the evolution of the carrier distribution profile over time (Figure
2.7b). Charge carrier diffusion of polycrystalline MAPDI; in space and time was
demonstrated by Guo et al. using TAM.P A diffusion length of ~ 220 nm was
directly visualized using the probe delay window of 2 ns. Using the PL lifetime of
~ 50 ns derived from modeling the time- and space-dependent carrier density with
the in-plane 2D diffusion model, an estimated diffusion length of = 1.2 um was ob-

tained. Imaging time-resolved PL-scanned microscopy is another tool to directly
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Figure 2.8: (a) A schematic presentation of the charge carrier excitation, diffusion, and
recombination processes in perovskites. (b) PL intensity images (upper panels) and a set
of PL kinetics collected at different diffusion distances (lower panels) of a CH;NH,PbI;,
NW (a) and NP (b) and a CH;NH;PbBr; NW. The red circles indicate the positions and
diffusion distances where the PL kinetics is extracted. Black solid lines are the fits of the
PL kinetics by the diffusion model. Reproduced with permission from ref. [93] Copyright
2015, American Chemical Society.

study charge carrier diffusion in time and space for the perovskites. Using this tech-
nique, Tian et al. have studied single crystal MAPbI; and MAPbBr; nanowires and
nanoplates. The measurement was based on the diffusion of charge carriers after
an excitation pulse from an excitation point to another position, where the change
in charge carrier density can be observed by the time-resolved PL as a function of
the delay time (Figure 2.8a). The diffusion parameters (diffusion coefficient, charge
mobility, and recombination constants) can then be extracted (Figure 2.8b) from
the fits of the PL kinetics by a diffusion model. The core of imaging microscopy is
the use of a galvano-mirror in the PL collection path. By rotating this mirror, the PL
collection point is scanned over the entire sample with a fixed excitation position.
In this way, a PL intensity image is generated that reflects the spatial distribution of
charge carriers in the perovskite sample. The delay time between the excitation and
the emitted photons is detected using the time-correlated single photon counting
model. By globally fitting the PL kinetics at different positions to the in-plane 2D

diffusion model, the diffusion coefficient was estimated to average (14.0 + 5.1) um
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HOIP Architecture  Carrier Type  Mobility (ecm?/V's) Technique  Ref.

MAPbI,  film e 1.4 PLQ [91]
film h* 0.9 PLQ [91]
film e 0.7 PLQ [94]
film h* 0.4 PLQ [94]
film > 35 TRTS [97]
film > 20 TRTS [98]
film > 29 MWC [99]
film > 71 MWC [100]
film > 8 Hall [101]
film > 12.8 Hall [102]
sc h* 2.5 SCSL [38]
sc h* 164 SCSL [37]
sC h* 105 Hall [37]
sc h* 24 TOF [37]
film > 2.0 (lateral) PhC [103]
film > 1.1 (lateral) TPC [104]

Table 2.1: Experimentally determined values for charge carrier mobility in MAPbI; per-
ovskite

for MAPbI; and (6.0 + 1.6) um for MAPbBr;, regardless of the shape of the nanos-

tructures.””

2.3.3 CARRIER MOBILITY

There are two categories of measurement methods for the experimental determina-
tion of charge carrier mobility, namely non-contact and contact probing
techniques.">””%*~"l The table 2.1 shows experimentally determined values for
the charge carrier mobility of hybrid perovskites. It is easy to see that the reported
values are very different even for perovskites of the same composition, which means
that they strongly depend on the measurement technique used.

Non-contact techniques include the above mentioned PLQ, TAM and transient
PL - scanned imaging microscopy. In these techniques, the charge carrier mobility

is determined from the derived diffusion coefficient via the Einstein relation. An-
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[98,105]

other very widely used technique is time-resolved THz spectroscopy (TRTS).
This method is sensitive only to free carriers and excludes any excitonic contribu-
tion. The advantage of TRTS is that it studies material properties without contact
artifacts. Due to the high frequency of THz radiation, TRTS investigates charge car-
rier transport in a relatively short range. Contact probing techniques are also com-
monly used to determine the charge carrier mobility of perovskites. Space Charge
Limited Current (SCLC) is one of the reference techniques that measures current

738101 The curve obtained can be

density (/) as a function of applied voltage (V)
divided into three regions: 1) a linear ohmic region at low bias where the electrical
conductivity (s) can be calculated, 2) a trap-filled region at medium bias where an
estimation of the trap density is possible, and 3) a trap-free SCLC region at high
bias where the charge carrier mobility is determined. (Figure 2.9a) The mobility is
then calculated according to the Mott-Guerney law!™ J = 9¢ul* [ (8L*), where ¢
is the dielectric constant and L is the thickness of the sample, is used to derive the
charge carrier mobility. The derivation of ¢ assumes that the current is generated
by only one type of charge carrier and that the current flow is limited by drift and
not by trapping or energetic disorder. Another commonly used electrical measure-
ment technique is the time-of-flight (TOF) measurement, which is based on the
transit time 7, required for the charge carriers to drift through the sample under
the applied electric field.””**) The TOF method can measure both hole and electron
mobilities separately (fixed positive and negative biases are applied to measure hole
and electron mobilities, (Figure 2.9b) respectively) and determine different levels
of trap states, while light illumination and relatively thick films (4500 nm) are re-
quired to ensure that charge carriers traverse the depletion region to reach accurate
mobility values. The transit time 7, can be determined by measuring the photocur-
rent flowing through the sample. The carrier mobility x can then be extracted from
the relationship!? ¢ = L/(E - T,), where L is the thickness of the sample and E
is the applied electric field. A variation on the TOF theme is the charge extraction
by linearly increasing voltage (CELIV) method. To measure charge carrier mobil-

ity, a triangular voltage is applied instead of a rectangular voltage pulse to extract
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Figure 2.9: (a) Characteristic SCLC measurement J — V" trace (purple markers) show-
ing three different regimes for MAPDI; (at 225 K). A linear ohmic regime (/ « ¥, blue
line) is followed by the trap-filled regime, marked by a steep increase in current (/ 3,
green line). Reproduced with permission from ref. [38] Copyright 2015, Science Publish-
ing Group. (b) Characteristic TOF measurement logarithm / — ¢ profiles measuring the
hole and electron mobilities of MAPbI, neat film. (c) Characteristic TOF measurement
logarithmic J — # profiles with the hole and electron measurement regimes of MAPDI,; neat
film. Reproduced with permission from ref. [108] Copyright 2015, American Chemical
Society. (d) Temperature dependence of Hall mobility in MAPbBr; single crystal, inset
shows a optical micrograph of a MAPbBr, single crystal with metal contacts in a Hall bar
geometry. Reproduced with permission from ref. [109] Copyright 2015, Science Publish-
ing Group.

the intrinsic or photogenerated charge carriers by dark or photo CELIV, but no dis-
tinction can be made between the type of charge carriers (Figure 2.9¢). The carrier
mobility can be determined from g = 2d* /3(A [V At)z.,,., where d is the thickness
of the active layer, AV"/ At is the voltage of the ramp of the applied triangular voltage
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pulse, and ,,,, is the time at which the value of the current density is maximum.""”!
The magnetic field is also used to determine the charge carrier mobility. The prin-
ciple of Hall effect measurement is based on the deflection of charge carriers in a
magnetic field, resulting in a generated Hall voltage (V7;) across the sample (Figure
2.9d).5>**”1 The mobility can be extracted from p = oLV /(I - B), where o is the
conductivity obtained from resistance measurements, L is the sample thickness, 7 is
the current and B is the magnetic field.

In summary, the contact techniques better characterize the properties of a single
charge carrier, since either the electron or the hole is extracted. However, the mea-
surements made are affected by the type and quality of the contacts. It seems that the
large differences in mobility values even between perovskites with the same compo-
sition and measurement technique are related to the systemic errors and limitations
of the different measurement techniques. For example, the hole mobility values
of single-crystal MAPbI, from SCSL measurements vary from 2.5cm”V™"'s™ to
164cm> Vs making it very difficult to obtain an appropriate mobility value for
a given perovskite type in a given morphology. As suggested by Herz,"" it is more
informative to determine the average mobility values for the perovskites using the
available data. As shown, the averaged carrier mobility for polycrystalline MAPbI,
thin films with the contributions of electrons and holes is 2.4 cm” V™! s ' from the
long-range PLQ measurements and 37 cm® V™'s™ from the short-range THz and
microwave conductivity measurements (MWC), indicating the effect of grain boun-
daries slowing carrier motion.

The difference in charge carrier mobility of perovskites and organic semiconduc-
tors is considerable, but small compared to typical inorganic semiconductors such
as Si or GaAs. Therefore, it is very important to understand the mechanism that
limits the carrier mobility in hybrid perovskites. Limiting mechanisms can be di-
vided into intrinsic and extrinsic categeories. Intrinsic properties are fundamental,
while extrinsic ones are related to material defects and fabrication quality. From
Drude’s model of electrical conduction!*! where 4 = g7, /m”, it is known that the

charge carrier mobility g is influenced only by the the charge carrier effective mass
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m” and electron-phonon scattering time 7,. The experimentally determined effec-
tive masses of charge carriers in hybrid lead perovskites are very similar to those of
Si or GaAs,” so that the lower mobility can be attributed to the shorter scatter-
ing times. The interaction of charge carriers with the vibrations of the crystal lat-
tice involves the scattering of the acoustic phonon deformation potential scattering

and Frohlich coupling with the longitudinal optical (LO) phonons." It has been

[117 [118]

demonstrated both theoretically!"” and experimentally™ that, in particular, Froh-
lich coupling with LO phonons in hybrid lead perovskites affects the charge carrier
mobility at room temperature. Thus strong ionic character of metal-halide bond
of hybrid perovskite induce large Fréhlich coupling constants (y;). Also relatively
low energy modes of the coupled LO phonons (£, = hw;,) for perovskites for
examples ~4.2 — 25 meV for MAPbL;"*"”) vs 31 meV for GaAs"" leads to easier
Frohlich interactions at room temperature. The same logic could be applied in or-
der to explain higher carrier mobilities found in Iodide as compared to Bromide hy-
brid perovskites. Since Pb — I bond has lower ionicity as compared to Pb - Br bond,
Frohlich coupling will be reduced, thus higher carrier mobility at room tempera-

ture.['®

I Using this model, it is possible to determine the highest possible charge
carrier mobility if all extrinsic limiting properties are ignored. For MAPbI,, it is
200 cm? V1571020 Exerinsic properties, however, are unavoidable and will signif-
icantly reduce the carrier mobility in real systems. For example, crystal grain size
is one of the most important limiting factors for carrier mobility, as evidenced by
mobility measurements from thin films to single crystals. Impurities in the mate-
rial create additional scattering centers that also negatively affect carrier mobility, as
does energetic disorder with regions of structural instability or structural transitions

in perovskites. Therefore, to maximise the benefits of perovskite semiconductors,

proper manufacturing quality control is essential.

29



2 Literature Overview

Absorption Thermalizati Radiati Def isted Auger recombination

Electron Direct Indirect

Phonon

Dephasing

E, O\,

Photon

Figure 2.10: Generalized carrier generation and recombination scheme, including
radiative, defect-assisted, and direct and indirect Auger recombination pathways.

2.4 CHARGE CARRIER RECOMBINATION

2.4.1 GENERAL RECOMBINATION MODEL

In general, there are three pathways by which photoexcited energy is released. The
initial decay begins with a very radip cooling of hot carriers and the additional en-
ergy of the excited species is released by radiative and non-radiative recombination
mechanisms. In radiative recombination, the energy is released by light emission,
while in non-radiative recombination the excess energy is converted to heat. Charge
carrier recombination can also be divided into important classes: 1) excitonic re-
combination, 2) bimolecular radiative recombination, 3) trap-assisted recombina-
tion (Shockley-Read-Hall), and 4) nonradiative Auger recombination (Figure 2.10).
The first recombination process is inherently excitonic, while the others involve free
charge carriers. In bimolecular recombination, an electron moves from the conduc-
tion band to the empty valence band (hole). This band-to-band transition is usually
a radiative transition. Trap-assisted recombination refers to the recombination of
trapped charge carriers. When an electron gets trapped (falls into a different energy
level due to an impurity or defect in the lattice), the trapped electron moves into an
empty valence band in a second step and thus recombines. Auger recombination
is a three-body process in which an electron and hole recombine in a band-to-band
transition, but the resulting energy is released to another electron or hole.

To study the recombination dynamics of charge carriers, stationary PL measure-

ments are usually used together with time-resolved PL kinetics.'%1??! Figure 2.11a
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Figure 2.11: (a) Trap-mediated (1% order), bimolecular (2" order), and Auger (3" order)
recombination decay rates of MAPDI, as a function of injected carrier density, respectively.
Reproduced with permission from ref. [106] Copyright 2014, Wiley-VCH. (b) PL decays
from MAPbI; with different initial photoexcitation densities. Solid lines are fits from the
model. Reproduced with permission from ref. [123] Copyright 2014, American Physical
Society

plots various recombination components as a function of charge carrier density ().
At low carrier densities with 7z 10 cm™, first-order trap-assisted recombination
dominates, second-order bimolecular radiative recombination manifests in the car-
rier density range of = 10V < n <10” cm™, and the third-order Auger process
begins to play atz 10" cm™. Different carrier density ranges (or excitation intensi-
ties) thus lead to different domminant recombination mechanisms. In real systems,
however, these mechanisms usually intertwine and lead to very complicated carrier
recombination dynamics (Figure 2.11b). A universal kinetic model is usually used

to model the carrier dynamics””

% =G — kyn — kyn* — ks’ (2.4)
where 7 is the time-dependent total carrier density, G is carrier generation term
which depends on exitentaion intensity by G = af,, and k; (Y, &, (cm?s7™) and
ky (em®s7') are the monomolecular, bimolecular, and three-body Auger recombi-
nation rate constants, respectively. Normally generation term G can be excluded by
using ultrashort laser pulses. Since £y, &,, and k5 are proportional to 7, n*, and 7,

€y are also termeda as the 5 5 an order recombination rate constants.
they are also termed as the 1%, 24, and 3" ord binat t tant
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2.4.2 RECOMBINATION RATES IN PEROVSKITES

Transient absorption (pump-probe),”””* transient PL (TRPL),"""**) transient THz
(TRTS),!"*****l and microwave spectroscopy (MWC)P>* are used to study the dy-
namics of charge carrier recombination and to extract the corresponding recombi-
nation rates from the kinetic model for perovskites. Although &, could be derived
from fitting the kinetic data, it is usually determined by TRPL and used as a fixed
parameter in the global fitting analyses to determine the higher-order rates because
the monomolecular process can be isolated from the higher-order processes by ap-
plying low charge carrier densities. Typical values for recombination rate constants
are summarised in the Table 2.2.

The monomolecular £, rate constant is highly dependent on the quality and crys-
tallinity of the perovskite. For MASnlj, for example, 4, is almost three orders of
magnitude higher than the same constant in MAPbI;. It is known that MaSnI,
undergoes very rapid oxidation from Sn2* to Sn**, resulting in faster recombina-
tion of electrons.!! The same &, acceleration is also observed in the FAPDI, system,
which is known for compositional instabilities and amorphous morphologies.”!
These studies suggest that £; can be controlled by the fabrication process. By im-
proving the quality of the material, it is possible to suppress the energy loss channel
in perovskites. While the bimolecular £, rate is a fundamental property of the ma-
terial that does not depend on external factors, but on the bright side £, values for
perovskites are comparable to GaAs (3.7 x 107'° cm® s™).0> The simple Langevin
model is commonly used to predict the £, rates. The model relates the bimolecu-
lar £, constant to the charge carrier mobility x by £, = re/(g¢,),l"”” where ¢ is the
elementary charge, ¢, is the dielectric constant of free space, and epsz/on, is the rel-
ative dielectric constant of the material. This model assumes that recombination
occurs as soon as an electron and a hole move within their common capture radius,
which is presumably larger than their mean free path length. From the Langevin
model, it appears that £, can be accelerated by increasing the mobility x and slowed
down by increasing 7 due to the screening of the electron-hole interaction. Hertz

has shown that the experimentally determined value of £, to carrier mobility ration
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HOIP Architecture £, (s') &, (cm’s')  ky (cm®s™')  Ref.
MAPbI, flat film 15x10°  0.6x107°  1.6x107%  [97]
meso ALO;  14x10°  9.2x107°  1.3x107  [106]
MAPbI, Cl.  flat film 12x10° 11x107°  02x107%  [106]
FAPbI, flat film 7x10°  11x107°  02x107%  [65]
FAPbBr, flat film 21x10° 11x1070  15x107%  [69]
FAPbBr, meso TiO,  8x10°  14x107° [125]

Table 2.2: Experimentally determined recombination parameters for different HOIPs.

for MaPbl; was four orders of magnitude lower than the value predicted by the
Langevin model."* This deviation is highly desirable because it allows for long car-
rier diffusion lengths, L;,. Probably the most accurate bimolecular recombination
constant, k,, was obtained by Blancon et al. using confocal TRPL spectroscopy,
which allows suppression of other decay channels. At excitation intensities relevant
to photovoltaic applications, £, is on the order of 10~ cm® s.0*) Auger recombi-
nation in normal cell operation conditions is relatively weak and can be neglected
for photovoltaic applications. However, higher nonradiative Auger energy losses
may occur in high charge density applications such as lasers. It has been found that
ks varies in a small range of (0.2-0.6) x 1072 em®s™ for various organic cations,
halides, and film architectures. This is twenty five times higher than for GaAs.!""!
Methods for determining recombination rate are often combined with temper-
ature dependent to gain further insight into recombination mechanisms. Millot et
al. have shown thatin the temperature range (8 K-360 K), which includes all crystal
phases of perovskites, the £, value increases monotonically with increasing temper-
ature, implying that monomolecular recombination occurs mainly by charge trap-
ping by ionized impurities. The bimolecular constant £, decreases significantly with
increasing temperature, along with the decrease in charge carrier mobility as pre-
dicted by the Langevin model.””? The Auger rate constant &5 is also strongly tem-
perature dependent and phase specific in MAPbI;, as the energy and momentum

conservation requirements in this process make the many-body interactions sensi-
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tive to the electronic structure. Although the universal kinetic model only considers
processes that occur in the bulk, it neglects diffusion of charge carriers and non-
radiative recombination at the surface. It is nevertheless a very useful and widely
used model for determining the fundamental recombination rate constants. While
there are several papers claiming that the recombination kinetics in polycrystalline
MAPDI; can be completely determined by the dynamics of carrier diffusion and
non-radiative recombination at the surfaces, based on a diffusion-surface recombi-

nation model,"”*"* the universal kinetic model is much easier to apply.

2.5 MIGRATING SPECIES

In the course of the development of HOIP devices, several puzzling phenomena oc-
curred. The first was the hysteresis in the 7 — V" curves!”” (dependence of the curve
on the direction and speed of the bias scan). Second, it was observed that changing
the polarity of the poling of MAPbI; films, photovoltage and currents can be in-
verted"*" and third, it was found that the dielectric response in the low-frequency
range increases by three orders of magnitude when illuminated with photons above
the bandgap.!*! None of the above observations can be explained by semiconduc-
tor theory, so other mechanisms must be considered. In principle, all ions that make
up a perovskite material can migrate under an electric field and contribute to men-

tioned effects.l'*

I How easily an ion moves in a solid material is characterized by the
activation energy (£,) of an ion and the migration rate (7,,).

The migration rate (7,,) is proportional to (—E,/kzT). The E, depends on the
crystal structure, ionic radius, and ionic charge. For inorganic halide perovskites,
ionic conduction is already well studied and has been attributed to the migration
of halide vacancies with E, of 0.2 ¢V-0.4 ¢V.I"" Ion migration in MAPbI, has also
been studied both theoretically™” and experimentally."*”) However, there is still a
debate on the origin, types, and mechanisms of ion migration in hybrid perovskites.
Temperature-dependent conductivity measurements showed that MAPDI; is a mi-

xed ionic-electronic conductor in the dark. The activation energy for the moving
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Figure 2.12: (a) Migration path of I” ions along the I —I~ edge of the PbI; ™ octahedron
in the MAPDbI; crystal calculated from density functional theory (DFT) method. (b) Illus-
tration of the migration paths for I” ions (A), Pb>" ions (B,C) in the Pb—I plane, and MA*
ions (D) in the MA - I plane that was used for the calculation of activation energies. Repro-
duced with permission from ref. [137] Copyright 2015 Nature Publishing Group.

species was found to be 0.43 eV.I"*" This value compares well with values for all in-
organic perovskites. The similarity of £, is not surprising considering that the film
morphology, defect concentration, or grain boundaries are very similar in both ma-
terials. However, the question of what actually migrates in MAPbI; and how large
the diffusion coefficient is is still open. By applying photocurrent relaxation exper-
iments to MAPDI; perovskite, Enames et al. estimated £, to be 0.60 eV-0.68 ¢V
and compared this value with theoretical results obtained from first-principles cal-
culations for different ions in MAPDbI; perovskite. In the theoretical model, I~ was
assumed to move with a curved pathway (Figure 2.12a) along the I-1I edge of the
Pbl, octahedron (path A, Figure 2.12b) with a lowest £, of 0.58 ¢V. Pb>* along the
diagonal of the unit cell (path B, Figure 2.12b) was found to have the highest £, of
2.31eV. MA" in the (100) plane along the [100] direction (path D, Figure 2.12b)
was determined to have an E, in between of 0.84 ¢V. The calculated result for I”
ions agreed well with the experimental results. From this, Enames et al. concluded

thatI” is the most mobile ion in the MAPbI,; perovskite lattice.!”” In another the-
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oretical work by Azpiroz et al, E, was calculated to be 0.08, 0.80 and 0.46 ¢V for I”
, Pb>" and MA* respectively. From these values it was concluded that I ions can
migrate through the MAPDI, film within a very short time scale of ws. This value
is in contradiction with experimental results where the hysteresis effect or the pho-
tovoltaic switching rate in the MAPDbI; based devices are usually observed in a time
scale of seconds. For this reason, the observed slow current response was attributed
to the MA™ or Pb** (path C, Figure 2.12b) ions."*"! Although different publications
give different numerical values for £, all agree that I” ions are more easily mobile
in the perovskite lattice than MA™ or Pb*" ions.

The first direct observation of ionic motion was found for MA™ ions using pho-
tothermally induced resonance microscopy (PTIR). This technique allows direct
imaging of MA™ distribution by combining the chemical signal of Fourier trans-
form infrared spectroscopy (FTIR) and atomic force microscopy (AFM) imaging.
Yuan et al. presented images of the redistribution of MA™ ions after electrical pol-
ing in MAPDI;. After applying a small electric field of 1.6 V y.m_l for 100s, MA*
ions depleted from the center and the anode region and gathered around the cath-
ode region (Figure 2.132).1"* This was the first direct evidence of MA™ migration
in hybrid perovskites. From these experiments, £, was determined to be 0.36 eV
based on the conductivity changes () of the MAPbI; films. The value obtained
is slightly smaller than the 0.46 or 0.84 eV predicted by first-principles calculation
methods.!"” This discrepancy is not surprising, since the calculated E, is responsi-
ble for ion migration in a bulk crystal, while the measured ionic conductivity might
be dominated by ion migration at the grain boundaries. Although theoretical cal-
culations predicted that the I” ions are the most mobile ions in the MAPDbI, films,
there is no direct observation of I” ions at room temperature to date. Experiments
performed with energy dispersive X-ray spectroscopy (EDX) showed no obvious re-
distribution of I” ions, so it remains unclear whether the I” ions migrate at room
temperature.!**),

A study by Yang et al. showed a possibility that I” ions migrate at elevated tem-
perature.'”” In their study, the MAPbI, film was embedded in a solid-state electro-
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Figure 2.13: (a) PTIR images of the distribution of MA™ before and after electrical poling
for 100 s and 200's, where the electrode spacing is 100 um. Reproduced with permission
form ref. [134] Copyright 2015 Wiley-VCH. (b) Optical images of the lateral MAPbI; per-
ovskite solar cell with a mobile Pbl, thread, which formed and migrated at 330 K along the
applied electrical field direction. Reproduced with permission form ref. [141] Copyright
2015 Wiley-VCH.

chemical cell. After applying a bias voltage for one week at 323 K, the formation of
lead iodide (PbI, ) was observed at the interface between the Pb anode and MAPbI;,
which could be the reaction product of the migrated I” with the Pb anode, How-
ever, this observation is more likely due to the instability of the MAPbI; perovskite
and can be explained by the decomposition of the MAPDI; crystal due to the leav-
ing of MA" ions from the near-anode region, which was observed in another study
by Xiao et al."”! Another study by Yuan et al. investigated the electric poling effect
on the lateral MAPDI, solar cells at 330 K and observed the formation of Pbl, clus-
ters with a width of 5 pum-15 um, which could migrate along the applied electric
field (Figure 2.13b).!"" This migration was explained by a reversible transformation
between MAPbI; and Pbl, phases driven by the electric field due to a massive mi-

gration of MA" and I” ions. This study provided the first experimental evidence
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Figure 2.14: The progress of efficiency in the perovskite solar cells.

for the massive migration of I” vacancies at elevated temperature. The results ob-
tained demonstrate that both the MA™ ions and the I” ions in the MAPbI, films
migrate ata relatively small electric field of 3 V/um at 330 K, while the Pb** remains

immobile within the resolution of the EDX measurement.

2.6 APPLICATIONS

Not surprisingly, hybrid perovskites with the properties already mentioned are very
versatile in application. In general, 3D bulk perovskites with low exciton bind-
ing energies are used in photovoltaics from solar cells to field-effect transistors and
photodetectors. Low-dimensional perovskites, on the other hand, which tend to
have excitonic properties due to the higher exciton binding energies, are more suit-
able for light-emitting diodes and lasers. One application that has attracted enor-
mous attention since the first demonstration of a working device with an efficiency

of 3.8 %! is perovskite solar cells (PSCs). Over time, immense efforts have been

38



2 Literature Overview

made to increase the efficiency of perovskite solar cells (the increase in efficiency
over time is shown in Figure 2.14) using various tactics, from changing the mate-
rial composition to modifying the interfaces. For example, McMeekin et al. found
that the incorporation of Cs** cation into the perovskite lattice leads to higher crys-
tallisation and improved stability. Thus, perovskite cells prepared with the compo-
sition FA 43Cs 1, Pb(I, (Br, 4); achieved a over 17 % power conversion efficiency
(PCE).'"" Saliba et al. showed that a triple Cs/MA/FA cation blend

(Cs (MA1,FA 53); - Pb(Iy g3Bry17)5, 0 < x < 0.15) with improved structural and
thermal stability can yield a stabilised PCE of over 21 %.!'* Yang et al. presented a
mixed perovskite of (FAPbI;), os(MAPbBr;), o5 with potentially reduced intrinsic
defects for non-radi-ative recombination and extended PL lifetime by introducing
additional I” ions into the organic cation solution. The resulting perovskite so-
lar cells had a certified PCE of 22.1%."“) Jeon et al. fabricated highly efficient and
thermally stable PSCs by using a fluorene-terminated hole transport material whose
HOMO energy level is well matched to a mixed perovskite

((FAPbIL;), 9s(MAPDBr3), os). The PCE of these cells was reported to be 23.2 %,
with a certified PCE of 22.6 %.!"") In 2022, Min et al. achieved a new efficiency
record for perovskite solar cells by forming an interlayer between a SnO, electron-
transporting layer and a halide perovskite with a PCE of 25.8 % and retaining 90 %
of their original efficiency after S00 hours of continuous light exposure. The au-
thors claim that the interlayer has atomically coherent features that enhance charge
extraction and transport from the perovskite layer and form fewer interfacial de-
fects.l)

Another much investigated area of application is hybrid perovskites as active lay-
ers in light-emitting diodes, as they have great colour purity and easy wavelength
tunability! (Figure 2.15¢) First working device was presented by Tan et al. with
0.1% external quantum efficiency.!"*”). Strategy to improve performace was to apply
reduced dimmesnionallity perosvkties with larger exciton binding energies for exci-
ton emission which can improve the PLQY at low excitation intensity and thus to

some extent overcomes the limitation of bimolecular recombination (low PLQY)
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Figure 2.15: a) Widely wavelength-tunable lasing from single-crystal MAPbX, (X = Cl, Br,
Iand mixed Cl/Brand Br/I) nanowires at room temperature. Inset: optical image of asingle
MAPDbBr; nanowire with a length of 13.6 pm under excitation above the lasing threshold.
Reproduced with permission from ref. [146] Copyright 2015, Nature Publishing Group.
b) Gain and responsivity of a single-crystal MAPbBr; photodetector. The highest gain and
responsivity are about 5 x 107 and 1.6 x 10" AW, respectively. Inset: optical image of the
photodetector device. Reproduced with permission from ref. [147] Copyright 2018, Wiley-
VCH. ¢) CsPbX; NCs (X = Cl, Br, I) colloidal solutions in toluene under UV lamp (1 =
365 nm) and representative PL spectra (4 = 400 nm for all but 350 nm for CsPbCl; sam-
ples) Reproduced with permission from ref. [148] Copyright 2015, American Chemical
Society.

in the bulk perovskites. Wang et al. demonstrated PeLEDs based on self-organized
multiple quantum wells with EQE of 11.7 %.1°" Alternatively, external passivation
of the perovskite materials was also used to improve the EQE of PeLEDs by supress-
ing the nonradiative recombination. Lin et al. mixed a CsPbBr; perovskite with a
MABr additive. Obtained sructure passivates the nonradiative defects in CsPbBr;
crystals, which greatly enhanced the PLQY and resulted in a record EQE of 20.3 %
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of the based PeLEDs."" Cao et al. fabricated PeLEDs with a peak EQE of 20.7 %, by
simply introducing amino-acid additives into the perovskite precursor solutions for
effectively passivating the perovskite surface defects and thus reducing the nonradia-
tive recombination.!”” Whereas, unlike the above discussed multilayered PeLEDs,
the single-layered PeLED device is fabricated of a perovskite emitter sandwiched be-
tween two electrodes. The EQE of a single-layered PeLED device was found to be
of 5.7 % for a CsPbBr; based thin film device."”!

Perovskites are also excellent gain materials for developing high-performance las-
ing devices. Xing et al. was first to report spontaniuos amplified emmision of
MAPDBX;, perovskite thin film processed at low temperature.” Room temperature
perovskite lasing was demonstrated by Deschler et al. via embedding MAPbI,_, CI,
perovskite thin films into a DBR Fabry—Pérot Cavity." Beyond the usage of thin
films coupled with external cavities, perovskite nanostructures such as nanoplates,
nanowires and quantum dots that can serve as both active media and microcavities
are also demonstrated to be good candidates for small solid-state lasers. Zhu etal. in
this area demonmstrated wavelength-tunable lasing effect from MAPbX; (X = Cl,
Br, I) nanowires (Figure 2.15a) with pretty low lasing threshold (220 nJ cm™2).0!

In addition to typical applications in photovoltaics, LEDs and lasers, perovskites
have also attracted much attention as visible light region photodetectors. Yang et al.
reported a photodetector based on a single-crystal MAPbBr thin film with a gain of
50 million, a gain bandwidth of 70 GHz, and a detection limit of 100 photons at a
modulation bandwidth of 180 Hz.!" This remarkable performance (Figure 2.15b)
was achieved by replacing the polycrystalline thin film with the single-crystal thin
film. As well as perovskite photodetectors fabricated on rigid substrates, the con-
struction of flexible perovskite photodetectors with perovskite films on flexible sub-
strates was also demonstrated, with sensitivity (R) values ranging from a few to hun-
dreds of mA WL.054 For example, Hu et al. demonstrated high-performance flexi-
ble MAPDI; photodetector by developing a novel evaporation method to fabricate
uniform and hole-free perovskite films on flexible substrates. The device sensitiv-

ity was 81 AW ™" at a low working voltage of 1V, which is three orders of magni-
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tude higher than previously known flexible perovskite thin film photodetectors.!™”!
These flexible photodetectors showed excellent bending stability and durability un-
der various bending situations while maintaining their optoelectronic performance.
Zhang et al. fabricated a novel perovskite-erbium-silicate nanosheet hybrid pho-
todetector with a remarkable spectral response at1.54 um . Outstanding sensitiv-
ity and external quantum efficiency comparable to previously reported microscale
silicon-based sub-bandgap photodetectors have been demonstrated in these devices.
More importantly, the response speed is 900 us, which is five orders of magnitude
faster than previously reported silicon-based hot electron photodetectors at teleco-

mmunication wavelengths.
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3.1 TRANSIENT PHOTOLUMINESCENCE
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Figure 3.1: Schematic representation of TCSPC measurement setup.

Transient PL is one of the most important measurement methods for investigat-
ing questions about charge carrier recombination processes. Time-correlated sin-
gle photon counting (TCSPC) is a statistical technique for recording time-resolved
fluorescence data that provides kinetic information about the excited state. This
technique uses a pulsed laser with a high repetition rate that repeatedly excites the
sample. The fluorescence of the sample is collected by parabolic mirrors, passed
through a monochromator and detected with a single photon counting detector.
Single photon detection is performed with an avalanche photodiode or other pho-

tomultiplier. Schematic representation of the TCSPC setup is show in Figure 3.1.
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The photoluminescence decay kinetics in this work were measured using the Ed-
inburgh Instruments TCSPC fluorescence spectrometer F900. The pulsed picosec-
ond diode laser EPL-470, which produces 72 ps pulses at 470 nm with a repetition

rate of 500 kHz (interval 2 us) was used for the sample excitation.

3.2 ELECTRIC FIELD-INDUCED LUMINESCENCE

QUENCHING

Electric field-induced luminescence quenching is an advanced PL measurement tec-
hnique that uses an electric field to modulate PL properties. Itis possible to use this
technique with continuous illumination to directly observe the changes in lumines-
cence due to the electric field, or to use it in a pulsed mode and observe modulated
PL transients. A typical measurement setup and kinetics is shown in Figure 3.2. For
steady-state liuminescence registration, fast spectrometers or photomultiplier tubes
are used, depending on the time constants of the occurring processes. The electric
field is generated by a function generator and the sample is excited with a stable CW

diode laser.
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Figure 3.2: a) Schematic representation of an EFILQ measurement setup in steady state
operation. b) Conceptual representation of EFILQ measurement kinetics.
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In this work, EFILQ in stedy-state mode was measured with AvaSpec-HS1024
x58 fiber-optic spectrometer (Avantes) or the photomultiplier tube (Hamamatsu
H10721-20), depending on the duration of the applied voltage. The sample was
biased with function generator (Tektronix AFG3101) and Continuous-wave 635
nm SmW diode laser (CPS635, ThorLabs) was used for sample excitation.

EFILQ in ultrafast mode were performed by Hamamatsu Streak camera operat-
ing in synchroscan regime. The samples were excited by 515 nm, 80 fs duration light
pulses generated by Femtosecond Yb:KGW laser (Light Conversion Ltd.). Excita-
tion intensity was of about 100 nJ/cm2. The laser operated at a repetition rate of 80
MHz, however mechanical chopper was additionally used to produce pulse packets
of 500 ps duration at 15 Hz repetition rate. The pulse packets were synchronized
with the electrical pulses of 25 ms duration. This setup enabled measurements of
the PL kinetics at different times before and after the electrical pulse onset by turn-
ing the pulse packet arrival time relatively to the onset of the electrical pulses. The

time resolution of the entire system was approximately 13.0 ps.

3.3 TRANSIENT ELECTROLUMINESCENCE

Transient EL is a commonly used technique to study the properties of optoelec-
tronic devices. It can be used to obtain a dispersion parameter related to structural
disorder as well as information on carrier dynamics, mobility, and trapping. This
technique also allows high excitation densities to be achieved in the devices under
investigation, which can be used to study the lasing effect in new materials. he tran-
sient EL signal is obtained by exciting the sample with selected waveform voltage
pulses. The obtained emission is collected with optical lenses and passed to a photo-
multiplier tube connected to the oscilloscope. The general scheme of the transient
EL measurement is shown in Figure 3.3. The voltage /] across the resistor R; mea-
sures the external current flowing through the sample; the voltage V, across Rp,,

measures the current generated by light.

45



3 Experimental Methods

Generator

A PeLED
S é\ PM|

® | b
% %.,M

Figure 3.3: Schematic representation of an Tr-EL measurement scheme.

—"1"7

2

The transient EL in this work was measured with a Hamamatsu H10721-20 pho-
tomultiplier tube. The devices under investigation were exited with rectangular
voltage pulses generated by the Tektronix AFG3101 function generator. The cur-
rent was measured with an Agilent Technologies DSO5054A oscilloscope with an

input resistance of 50 Q.

3.4 TRANSIENT PHOTOCURRENT

In transient photocurrent (TPC) measurement, the device under investigation is
irradiated with modulated light (typically a short laser pulse) and the transient pho-
tocurrent decay is measured in the time domain, from which important informa-
tion about the charge carrier dynamics can be obtained. An advantage of this tech-
nique is that it is relatively easy to implement and that such measurements can be
performed on complete devices under conditions that approximate real operating
conditions. A typical schematic representation of the measurement setup is shown
in Figure 3.4a. The sample is kept in a short-circuit condition, i.e. it is connected
to a small resistor (50 Q). An external electric field is generated by a fuction gen-
erator for carrier extraction and the laser pulse creates a perturbation in the device
current, which is measured on the oscilloscope as a voltage drop ¥ across the resis-

tor, which can be converted into a transient current by applying Ohm’s law (Figure
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3.4b). Analysis of the decay provides information about the recombination and ex-
traction processes of the charge carriers. Itis important to note that the RC current
from the sample is subtracted from the photocurrent to obtain the current gener-
ated only by light.

The photocurrent transients in this work were measured with an Agilent Tech-
nologies DSO5054A oscilloscope with an input resistance of SO Q using excitation
laser pulses from the Topas-C optical parametric amplifier (Light Conversion Ltd.)
pumped through the Integra-C femtosecond Ti:Sapphire laser (Quantronix Inc.),
which generates pulses of =150 fs with 430 Hz repetition rate. The samples under
investigation were biassed with rectangular voltage pulses generated with the Tek-

tronix AFG3101 function generator.

Generator

discharging

(a) (b)

Figure 3.4: a) Schematic representation of an TPC measurement setup. b) Conceptual
representation of TPC measurement kinetics.

3.5 TiMe-DELAYED COLLECTION FIELD

Time-delayed collection field (TDCF) measurement technique is a variant of TPC
measurement method performed with the same equipment. It provides additional
information on carrier density decay and mobility kinetics. In the conventional im-
plementation, the sample is excited at zero voltage (V,,,,) while the extraction voltage

(7,

ext

) is applied after a variable time delay (Figure 3.5a). The dependence of the to-
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tal extracted charge (cumulative current) on the delay time between the optical ex-
citation and the application of the extraction voltage represents the decrease of the
charge carrier density at zero bias voltage. On the other hand, the initial photocur-
rent is equal to the product of charge carrier density and charge carrier mobility;
therefore, the TDCF can be used to follow the evolution of the charge carrier mo-
bility. Furthermore, the field dependence of charge generation can be studied by
changing the generation voltage while keeping the time delay short.

In this work, a new flip-field variant of the TDFC technique was introduced for
the study of hybrid perovskite films. In this case, the generation and extraction volt-
ages have opposite signs (Figure 3.5b). Thus, the photogenerated charge carriers
initially drift in one direction and are extracted in the opposite direction after a cer-
tain time. This measurement provides information about spatial traps that hinder

the extraction of the charge carriers.
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Figure 3.5: Conceptual representation of TDCF a) conventional b) flip-field
measurement kinetics.
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4 REsuULTS AND DISCUSSION

In this chapter an overview of the scientific publications A-F is given, which is di-

vided into individual articles.

4.1 OVERSHOOT EFrFecT IN HYBRID PEROVSKITE SOLAR

CELLS

In the first article of this work (Paper A), electroluminescence (EL) spectroscopy
was used to study charge carrier dynamics in hybrid perovskites solar cells under
charge injection conditions. These processes are equally important for solar cells
and LEDs because electrons and holes recombine in perovskite wether they are pho-
togenerated (photoluminescence) or electrically injected (electroluminescence), so
photovoltaic and electroluminescent efficiency are closely related."””"* Therefore,
EL spectroscopy provides useful information about solar cell properties. It has been
used to determine open-circuit voltage losses and some other photovoltaic parame-
ters.[8-1¢0]

First, the dynamics of PL, EL and current of solution-processed
(CsSFAMAPD(IBr, _,)) triple-cation perovskite solar cell under a DC voltage was in-
vestigated. The observed dynamics of the measured parameters on a slow time scale
(seconds/minutes, Figure 4.1), shows remarkably different behaviour. The PL (Fig-
ure 4.1a) is only weakly voltage dependent, and shows a rapid partial drop during the
first 20 s and then remains constant. On the other hand, the intensity of EL is very
weak at first and then increases for a few minutes (Figure 4.1b). The electric current

also increases, but faster, and is substantial from the beginning. To investigate this
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Figure 4.1: a) PL intensity dynamics after starting optical excitation. Blue kinetics corre-
sponds to the absence of external electric field, and the red one shows the corresponding
dynamics when 0.7 V forward bias was applied. b) Experimental (dark gray) and simulated
(magenta) EL intensity (left axis) and electric current (blue) kinetics (right axis) measured
while applying 0.7 V forward bias.

EL behaviour, the fast dynamics of EL (microseconds) under pulsed voltage bias was
studied. Figure 4.2a shows a typical time response of EL intensity and electric cur-
rent density in a perovskite solar cell driven by a rectangular voltage pulse. After an
initial capacitive peak, the current additionally decreased slightly during the voltage
pulse. The appearance of EL was delayed by several microseconds, and its inten-
sity gradually increased in contrast to the current response, followed by the strong
short-duration spike (overshoot) observed immediately after the voltage was turned
off. However, depending on the duration and amplitude of the applied voltage, the
temporal profile of EL was also complex (Figure 4.2b, c). The delay time varied ap-
proximately inversely proportional to the applied voltage, with an additional delay
of about 1 us caused by the charging of the geometric capacitor, which delayed the
voltage growth on the sample.

When the charge transmitted through the sample was held constant while the du-
ration and voltage of electric pulse were changed (Figure 4.2b), the maximum EL
intensity at the end of the electric pulse (10-30 ps) was almost identical before the
overshoot. This indicates that the intensity of EL is determined by the transmitted
charge rather than the applied voltage. However, at higher voltages, the EL kinetics
showed a qualitatively different behaviour: after reaching its maximum, the inten-

sity of EL partially decreased again (Figure 4.2¢). As mentioned earlier, termination
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Figure 4.2: a) Current density kinetics (gray, right axis) after the application of 20 us du-
ration and 1.3 V rectangular voltage pulse (red) and EL kinetics measured at 770 nm (blue,
left axis). b) EL transients, measured at identical transmitted charge density per electrical
pulse of 80 nC/cm?, but different pulse durations and voltages. c) EL transients created by
20 us 1.6,1.9,2.2,and 3V pulses. The inset shows the decay of the EL pulse.

of the voltage pulse triggered an abruptincrease in intensity of EL (Figure 4.2). This
EL peak showed a strong and non-monotonic dependence on the parameters of the
applied electrical pulses. At a constant electrical pulse duration of 20 us, the peak
decreased with voltage but increased again at high voltages (Figure 4.2c). A similar
non-monotonic dependence was also observed by changing the duration of the elec-
trical pulse and its amplitude at a constant transmitted charge (Figure 4.2b). Short
high-voltage pulses produced only a weak peak that increased with pulse duration,
but long and low voltage pulses again produced a weaker peak.

A model that can explain the EL evolution in perovskite solar cells on both slow
(seconds/minutes) and fast (microseconds) time scales is shown schematically in Fig-

ure 4.3. It links the dynamics of free charge carriers to the redistribution of ions in
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Figure 4.3: Model for the electroluminescence overshoot pulse formation. Left-hand-side
graphs show device operation in regime a), taking place before accumulation of ions, and
right-hand-side graphs represents operation in regime b), achieved after ion accumulation
on the perovskite layer edges. Blue and red circles show distributions of electrons and holes,
respectively, while red and blue squares represent distributions of corresponding ions. Red
lines show radiative carrier recombination. Numbers in the top left graph indicate energies
of the valence and conduction band edges.

the perovskite layer. Two performance regimes of the device can be distinguished:
a) before the redistribution of mobile ions and b) after the device has been exposed
to the external electric field for some time, resulting in observable ion redistribution
within the perovskite. In regime a), electrons and holes are injected across small
barriers of TiO, and Spiro - MeOTAD, drift through the perovskite, and accumu-
late near interfaces with charge carrier transport layers due to high extraction bar-
riers. In regime a), electrons and holes are injected across small barriers of TiO,
and Spiro - MeOTAD, drift through the perovskite layer, and accumulate near in-
terfaces with charge carrier transport layers due to high extraction barriers. A very

weak EL signal is observed in this regime, limited by two factors: 1) weak recombi-
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nation of charge carriers as they drift through the layer of accumulated charges of
opposite sign, and 2) even weaker recombination in the perovskite bulk due to the
very small overlap between the distributions of accumulated electrons and holes.
The accumulation of charge carriers near perovskite interfaces may be limited by
surface recombination"*) and/or permeation through the energy barriers at high
voltages. Termination of the applied voltage pulse eliminates the electric field, (or
even reverses it for a short time), resulting in a mixing of the spatial distribution of
electrons and holes by diffusion, leading to an increase in luminescence intensity ob-
served as the overshoot effect. In contrast, the redistributed mobile ions in regime
b) form the p-i-n structure with high hole and electron densities near the interfaces
of the transport layers. The injected electrons and holes drift rapidly through the
perovskite layer toward the opposing electrodes until they reach regions doped with
opposite charge carriers. There they recombine rapidly, causing the strong EL sig-
nal. Due to the fast recombination, the injected electrons and holes in regime b) do
not accumulate in the perovskite layer, so the overshoot effect does not occur.
These observations led to the first statement of the thesis: the accumulation
of charge carriers in the perovskite layer under forward voltage causes the electro-
luminescence overshoot effect, while the ion redistribution induced by the electric
field minimizes the accumulation of charge carriers and the overshoot effect in per-

ovskite solar cells.
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4.2 IMPORTANCE OF BALACED INJECTION CURRENT IN
PeELEDs

In the second article of this work (Paper B), previously described implementation of
the transient EL spectroscopy was used to investigate a phenomenon known as effi-
ciency roll-off in hybrid perovskite LEDs.!"*” Despite the rapid advances in PeLEDs,
the EQE tends to decrease at high current density (/). The current density corre-
sponding to a 50 % drop in EQE (/) is in the range of ~ 10~100 mA /cm? for many
PeLEDs, and such a drop is undesirable when targeting high brightness applica-
tions or ultimately injection lasing. Several mechanisms have been proposed to ex-
plain the EQE roll-off at high current densities, notably Auger recombination,**'**
Joule heating, and charge imbalance.'*” For example, using pulsed driving, Kim et.
al demonstrated that PeLEDs can sustain / up to 150 A /cm?* without signs of Auger
recombination.!"”) They attributed the observed EQE roll-off to Joule heating com-
bined with unbalanced charge injection into the device. Joule heating increases the
local temperature of the device, which increases the dissociation rate of the excitons,
and it can affect the charge transport properties of the organic layers.!"“! It is impor-

tant to notice, that balancing the charge injection resulted in significantly lower roll-
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Figure 4.4: (a) EQE and radiance of a champion (in terms of operating current range)
PeLED employing 2D/3D perovskite and 10 % Alq;-doped bphen. Schematic in the inset
present various material layers and their thickness used in fabrication for PeLEDs. Photo in
the inset shows a bright device operating at 50 mA / cm?. (b) Unipolar devices to quantify
only one type of current flowing through the device for study the charge balancing effect.
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Figure 4.5: Electroluminescence transients of 2D/3D PeLEDs with pristine bphen as ETL
obtained by pulsed driving (20 kHz voltage pulses). a) The duration of the pump pulse
and the voltage were varied, keeping the average current the same. The inset in a) shows
the dependence of the peak EL intensity on the current density during the pump pulse. b)
The pump pulses had a fixed width of 10 ps. Cyan and gray lines show voltage and current
pulses, respectively. All transients were obtained more than 5 minutes after the pump pulse
train was turned on.

off in organic LEDs (OLEDs)"“” and quantum dot LEDs"” at high /. For a device
operated under unbalanced charge injection conditions, the excess charge could leak
through the device, reducing its EQE."l The excess carrier concentration may also
annihilate singlet excitons.""”)

To thoroughly investigate the balance between charge injection/and transport in
Pe-LEDs and its influence on EQE roll-off, improved PeLED devices were fabri-
cated. Stoichiometric tuning of the 2D/3D perovskite films resulted in high EQE,
indicating dominant radiative recombination at / = 0.1-1mA/ cm?. Systematic
control of charge injection into the emitting layer minimized the EQE roll-oft up
to / =200 mA/cm?, and the optimized devices maintained EQE =10 % up to / =
200 mA/cm? (Figure 4.4).

A model explaining the importance of charge balance at high current densities
was constructed from pulsed bias transient electroluminescence measurements. Fig-
ure 4.5 shows EL transients for 2D/3D PeLEDs with pristine bphen as ETL, in-
duced by periodic 20 kHz electrical pulses of varying duration from 5 to 25 ps.

During these measurements, the average current was kept identical by adjusting the
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Figure 4.6: Top panel a) and b) show driving of PeLEDs by periodic pulses. At low ap-
plied pulse bias, accumulation of positive (+) and negative () ions and/or vacancies is de-
termined by the built-in field (negative E,,,,,,,,;) by screening it during intervals between
voltage pulses. The pulse action creates potential pockets at the opposing interfaces, leading
to separation and accumulation of electrons and holes. Once the electrical pulse is termi-
nated, electrons and holes move and mix causing fast recombination and an EL overshoot
(Figure 4.5b). High-voltage pulses generate opposite ion distribution and a potential shape
that facilitates carrier leakage rather than accumulation and, thus, no overshoot. After a
high-voltage pulse, potential pockets for electrons and holes are formed (at built-in electric
field) which cause carrier accumulation at zero applied voltage. Bottom panel c)-f) show
PeLEDs operation at steady-state applied voltage at various current regimes when ions al-
ways cause electric field screening. ¢) and d) show PeLED performance at low voltage and
weak current when carriers efficiently recombine; e) and f) illustrate electron accumulation
next to positive electrode and leakage.

pulse voltage, which also ensured identical charge injection during the voltage pulse.
This condition was important because otherwise the results varied greatly depend-
ing on the pulse duration and voltage. It is assumed that this condition helps to
ensure that the spatial distribution of mobile ions remains the same. As shown by

the inset in Figure 4.5, the intensity of the EL peak increases linearly with current,
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indicating no efficiency roll-off for a pulse current density of at least 300 mA /cm”.
The EL transients (Figure 4.5), however, show that the intensity of EL decreases on
a time scale of tens of microseconds. Figure 4.5b shows the EL transients obtained
when the average current was reduced by lower voltage pulses. The transients show
complex EL dynamics. The short EL spike reported earlier (overshoot effect) is also
evident in the PeLEDs. In hybrid perovskite devices, mobile ions can redistribute
during the application of an external voltage. This phenomena can explain the dif-
ference observed between the dynamics of EL at higher voltages (Figure 4.5a) and
lower voltages (Figure 4.5b), as shown in the schematic diagram in Figure 4.6. The
shape of the electric potentials across the perovskite layer is determined by the ap-
plied voltage, the built-in electric field, and the distribution of mobile ions. The
ions move relatively slowly (on a time scale of minutes), so their distribution can
be expected to remain unchanged throughout the measurement period, i.e., during
the pulse action and the intervals between pulses, which are determined by the aver-
age electric field generated by the electric pulse and the built-in field (short circuit)
between pulses which are in opposite directions. At low voltage and short duration
of the electric pulses, the built-in field dominates and creates an ion distribution
profile that shields the built-in field between the electric pulses and creates poten-
tial pockets during the action of the voltage pulses, as shown in Figure 4.6a. The
injected charge carriers, which avoided recombination when passing through the
perovskite layer, accumulate in these potential pockets but mix when the electric
pulse is removed. This leads to rapid recombination of the charge carriers, which
can be observed as EL overshoot. At high pulse voltages (Figure 4.6b), the pulses
and ions redistribute accordingly. They produce strong potential drops at the in-
terfaces, resulting in a rapid drift of the injected charge carriers and their escape to
the opposite electrode. This prevents the accumulation of charge carriers, which
leads to the absence of an overshoot effect in the intervals between voltage pulses,
which in turn leads to the accumulation of charge carriers that neutralize the ionic
charge. This explains the dynamics of EL during the voltage pulse shown in Figure

4.5a. The pulsed dynamics of EL demonstrates the importance of the spatial car-
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rier distribution for PeLED operation and allows schematic plots to be drawn for
the steady state PeLED performance in different regimes (Figure 4.6¢c-f). The ion
distribution is determined by the average field. In steady-state mode, the external
field dominates over the built-in field and causes field screening effect in the centre
of the perovskite layer (Figure 4.6c). The charge carriers recombine efficiently in a
flat potential region (Figure 4.6¢, ¢). In the case of an unbalanced, stronger elec-
tron current, the recombination region shifts toward the hole-injecting electrode
(Figure 4.6d). In the case of a strong and unbalanced current, the recombination
region shifts strongly toward the positive electrode. The recombination cannot pre-
vent the accumulation of electrons and their leakage to the positive electrode, which
reduces the efficiency of PeLED performance.

These results led to the second statement of the thesis: an unfavorable space
charge distribution leads to a roll-off of the external quantum efficiency in hybrid
perovskite light-emitting diodes, which can be avoided by a balanced injection cur-

rent.
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4.3 MULTIPHASE PERFORMANCE DyNaMIcs oF PELEDs

In the third article of this work (Paper C), ionic motion in PeLEDs was investi-
gated, since many problems such as performance hysteresis,!**'*”! variations in EL
EQE and PL efficiency!”*""" are related to ion movement under electrical stress. The
performance hysteresis in perovskite solar cells has been extensively studied and at-
tributed to the changes in perovskite transport layer interfaces or to the movement

of mobile ions. "7

74 Ton motion in metal halide perovskites is a very complex and
poorly understood phenome-non. In general, all the constituents of metal halide
perovskites - halides, lead, and organic cations - can form vacancies, interstitials, and
anti-sites, that can be mobile and act as charge carrier traps."**>"*) On the other
hand, theoretical evaluations show that only a few of them form deep traps that act

as nonradiative recombination centers,!"”

I'while shallow traps have a negligible ef-
fect on trap-assisted recombination.!”” In lifetime measurements of PeLEDs, it is
consistently observed that various PeLED stacks improve over a period of minutes
to hours before they begin to degrade.!”*"** The persistent improvement in EQE
of PeLED under applied positive voltage (so-called stressing regime) was explained
by the movement of mobile excess iodine ions filling vacancies and decreasing the
concentration of iodine interstitials, thus acting as deep carrier traps.”*"*). Con-
sequently, PeLEDs exhibit complex performance dynamics over a wide timescale
range, which has been commonly attributed to ionic motion. However, the re-
ported time scales, the intensity of the observed changes, and their association with
specific types of ions are highly variable, suggesting that this issue requires further
attention.

First, the EL and current dynamics of a PeLED based on MAPDI; perovskite
were studied upon abrupt application of the pump voltage. After the first applica-
tion of a constant voltage to the PeLED, only for a few minutes, a significant growth
of EL intensity and electric current was observed. Figure 4.7a shows the kinetics of
normalized EL intensity and current growth at room temperature after application

of 2 V. Immediately after the voltage was applied, the EL intensity was very weak
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Figure 4.7: EL and current dynamics in pristine PeLEDs under first-time application of
2V. a) Normalised EL (bluelines) and current (black lines) growth kinetics, measured (solid
lines) and simulated (dashed lines, see below for discussion) b) Arrhenius plot for the slow
EL growth time constant 7; (blue), fast current growth time constant 7; (grey line), and slow
current growth time constant 7, (black).

butincreased and reached a plateau after a few minutes at room temperature (know
as stressing effect’”"'). The electric current was nonvanishing from the beginning
and then increased 3—5 times, but the growth rate was much faster than that of EL.
The initial current was almost constant during tens of ms and produced almost no
EL during this time. It should be noted that the delayed growth of EL cannot be
explained by the charging of the sample capacitance, since according to the prop-
erties of the device RC this process should occur on a time scale of several s, i.e.,
about 10* times faster. Therefore, the initial absence of EL suggests that either a)
the initial current is generated by the injection of only one type of charge carrier,
which then escapes to the opposite electrode and does not generate EL, or b) EL is
not present due to rapid non-radiative recombination. The EL starts to grow after
about 100 ms, and up to about 10 s it grows simultaneously with the current. Nev-
ertheless, the intensity of EL remains low during the first 10 s. The faster growth
starts only when the current almost stabilizes, suggesting that the later growth pro-
cess is not related to carrier injection. Following previous works it is natural to relate
the observed processes to the motion of ions in the hybrid perovskite. The kinetics
of the current growth can be fitted quite well (dashed black line in Figure 4.7a) with

the bi-exponential rise functions. The EL kinetics was successfully fitted (dashed

60



4 Results and Discussion

blue line in Figure 4.7a) by using the same time constants 7;, 7, and adding an ad-
ditional delayed, slow-saturating growth component (for details on the fitting, see
Paper C). Figure 4.7b shows the determined activation energies £, of the mobile

ions from the Arrhenius equation 4.1

k; =k, exp(—kE—‘}) (4.1)
B

where k£, = 7', ky Boltzmann constat and 7 is the absolute temperature. The
Arrhenius plot yields surprisingly identical activation energies of about 175 meV
for all three processes, strongly suggesting that they all have the same physical ori-
gin, i.e., are related to the same type of ions. According to the theoretical studies,
iodine interstitials and vacancies have the lowest activation energies, ranging from
80 meV to over 800 meV in various publications.!"*" #0761
energy values (£, = (137 + 28) meV and (190 + 50) meV) have been determined

experimentally from the light soaking-induced PL enhancement and attributed to

I Very similar activation

the motion and annihilation of iodide interstitials and vacancies.'*>*¥ The attribu-
tion of the observed dynamics to iodine species is consistent with other publications
claiming that iodide defects are particularly important in optoelectronic devices be-

cause they can move easily when an electric field is applied.!"*"#>!+'%

I According to
Dong et. al, the movement of the negatively charged iodine interstitials I” occurs
on a time scale of tens of seconds.['*! A similar conclusion that the redistribution of
iodide defects causes reversible variations in current and EL intensity on a time scale
of seconds was also recently suggested by the analysis of performance hysteresis of
FAPbI; PeLEDs.!"”). Samples under investigation were prepared under iodine-rich
conditions from a solution containing 20 mol % excess PMAI (benyzlammonium
iodide), suggesting that iodide interstitials inside the crystallites or iodine ions at
the crystallite boundaries should be the dominant defects.!”>'* Although the role
of other types of charged mobile species cannot be completely ruled out, all evidence
suggests that the I” ions are responsible for the observed PeLED performance dy-

namics.
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Figure 4.8: Stressing-induced processes monitored by pump pulse trains. a) EL intensity
and b) current dynamics monitored by short positive voltage pulses of 1.45 V, during follow-
ing types of stress and relaxation: stressing by 100 mA / cm? current (red dots); relaxation at
zero applied voltage (black dots); stressing by negative —1 V voltage (blue dots); light soaking
at 0V voltage (magenta dots).

To obtain information about the stressing characteristics, an investigation tech-
nique was developed to decouple the monitoring of the PeLED parameters from the
stressing effects. To stress the device, 100 mA / cm? current density was applied (the
voltage was approximately 1.7 V) for different time intervals, and after each stressing
interval, the PeLED status was monitored with a series of square pulses with an am-
plitude of 1.45 V and a duration of 5 ps, followed by a 30 ps rest period for 30 ms.
These short low-voltage monitoring pulses only slightly affected the performance
of the PeLED. This study protocol made it possible to separate the stressing of the
PeLED from the monitoring of its parameters. It also allowed to study the recovery
of the PeLED performance after the stress current ended, as well as the effects of

other influences such as negative voltage and light soaking effects. To obtain more
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information about the state of the PeLED, the current and EL spectra were recorded
simultaneously. Figure 4.8 shows the EL and current kinetics measured for the un-
treated sample at different time intervals after application of a positive (red dots),
or negative (blue dots) voltage, during relaxation (0 V) (black dots), and under light
ilumination at (1 sun intensity at 0 V) (magenta dots). The initial EL intensity of
the unstressed sample was very weak. The growth of EL was 2—3 times slower than
at a constant voltage of 2'V, obviously due to the weaker current generated by the
lower stressing voltage of 1.7 V. In addition, the current-induced Joule heating at
higher current densities increases the junction temperature,'*” which may acceler-
ate the process due to its highly thermally activated nature. The current growth
was less significant than when a constant voltage was applied, apparently due to the
non-negligible influence of the monitoring pulses. After termination of the stress-
ing voltage, both EL and the current gradually decreased. During several hours, the
current decreased to the same value as it was before stressing, whereas the EL in-
tensity decreased only by less than 20 %. Moreover, the decay rates of EL and the
current kinetics were very similar. The second application of stressing voltage after
2.5 h and the third application after 22 h caused very rapid EL growth, even to a
higher value than obtained during the first stressing session. Surprisingly, after this
rapid initial increase, the EL intensity slowly decreased during the second and third
stressing sessions, in contrast to the steady increase during the first session. The ex-
perimental data described above lead to the stressing scenario shown schematically
in Figure 4.9. The intensity of EL is determined by three processes: rapid reversible
EL growth consistent with bi-componential saturating current growth with time
constants 7; and 7,; slow persistent EL growth with time constant 73; and reversible
EL decay. The time constants vary as a function of applied voltage and tempera-
ture. This model naturally explains the two striking differences observed during the
first and subsequent stressing sessions, namely the greater EL intensity and its de-
cay observed during the subsequent stressing sessions. During the first session, the
reversible EL decay is compensated by the irreversible EL growth, which does not

occur during the subsequent sessions.
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Stressing Relaxation

Stressing

EL intensity

Time

Figure 4.9: Major stressing-induced processes. EL development kinetics (solid magenta
line), bi-exponential current growth causing rapid reversible EL growth component (dash-
dotted blue line), slow irreversible EL growth component (dotted green line), and reversible
EL decay (dashed red line). The numbers show time constants of various processes at room
temperature at 2 V stress voltage obtained from exponential fitting

To gain deeper insight into the stressing dynamics and independently verify this
proposed multicomponent scheme, the stressing-induced dynamics of several other
PeLED parameters: EL wavelength, PL efficiency and its decay kinetics, sample ca-
pacitance, and electro-absorption (EA) were measured. Stressing-induced changes
of these parameters are shown in Figure 4.10. The initial developement phase of EL
lasts approximally 20 s at RT, during this time it was observed how other PeLED pa-
rameters change. Figure 4.10a shows the dynamics of PL intensity observed during
sample stressing. The intensity of PL was measured at 0 V when stressing voltage
was temporarily turned off. As can be seen in the inset of Figure 4.10a, the intensity
of PL decreases slightly in the first ten seconds, i.e., during the initial development
phase. Thereafter, it increases more than 2.5-fold during the slow irreversible EL
growth phase. Termination of stressing voltage also leads to a rapid increase in PL
intensity. Figure 4.10b shows the PL decay kinetics, revealing a biexponential de-
cay. The kinetics were measured at 0 V after the sample was stressed for the indi-
cated time interval. Comparing the PL decay kinetics before and after 15 s of ap-
plied stressing, we find that the fast stressing-induced PL intensity decay is mainly

caused by a faster PL decay on a time scale of tens of ns. The PL decay for unstressed
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Figure 4.10: Changes of various PeLED parameters, induced by stressing with
100 mA /cm?® current. a) PL intensity dependence on stressing time (red points) and re-
laxation at applied zero voltage (black points), b) PL decay kinetics in sample stressed for
different time intervals, c) wavelength of the EL band maximum, d) EA at 780 nm, and e)
capacitance kinetics during sample stressing.

samples has also been measured under variuos negative and positive voltages that do
not reach the EL operating point. The applied voltage mainly alters the slow de-
cay phase, apparently by changing the electric field within the perovskite layer and
thus the charge carrier extraction. This means that the faster PL decay observed in
the short-time stressed sample may also be caused by the change of the electric field
within the perovskite film. This assumption is supported by the EA measurements
(Figure 4.10d), which show an increase in the EA signal after short stressing. The
EA signal is proportional to the square of the electric field strength, so changes in
the EA signal should be considered indicative of the redistribution of electric field
strength across the perovskite film thickness. Additional support is also provided
by the capacitance measurements, which show an increase in capacitance during
the fast stressing phase (Figure 4.10¢), indicating that the electric field in the stressed

sample is concentrated in the thinner perovskite layer. The initial fast stressing phase
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Figure 4.11: Schematic representation of potential surfaces and ion distributions at dif-
ferent phases of the PeLED stressing. a) Under built-in electric field, I” ions (blue symbols)
and vacancies V" (red symbols) accumulate next to PCBM and Poly TPD electrodes, respec-
tively. b) Abrupt application of stressing voltage creates electric field potential with barriers
for electron and hole injection, and results in only weak EL because of the spatial separation
of electron and hole densities. ¢) Redistribution of I” ions and vacancies (assumed to be
less mobile) reduces barriers for both electrons an holes and also causes ion recombination.
d) EL intensity increases when ion recombination eliminates majority of vacancies acting as
recombination centers.

also changes the EL spectrum; the wavelength of the luminescence peak exhibits a
slight red shift (Figure 4.10c). The shift in emission wavelength was attributed to the
interference of EL radiation emitted toward the transparent electrode and reflected
from the metal electrode: The red shiftindicates that the recombination zone moves
away from the interface with the electron transporting layer.'>'"”) Thus, this is an-
other indication that the fast stressing phase changes the distribution of the elec-
tric field and consequently the distribution of charge carriers within the perovskite
layer. All the observations described above suggest that the fast phase is caused by
ionic motion, which alters the electric field distribution within the perovskite layer.

All observed experimental data led to a qualitative model, which is shown schema-
tically in Figure 4.11. At 0V, different work functions of the electrodes generate

an electric field in the perovskite layer that is opposite to the direction of the elec-
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tric field during operation of the PeLED. This field accumulates negative mobile I
ions adjacent to the PCBM electron transport layer, while positively charged vacan-
cies accumulate near to the hole transport layer (PolyTPD). The accumulated ions
partially or completely screen the electric field in the central part of the perovskite
layer. The field screening would be assymetric, as shown in Figure 4.11a for the case
of different concentrations of positive and negative ions. This potential shape indi-
cates that the flat potential in the central part of the perovskite layer causes slow ex-
traction of photogenerated charge carriers. Therefore, the untreated sample shows
relatively weak PL quenching (as shown in Figure 4.10b) which is caused by the
extraction of the charge carriers. Applying the stressing voltage does not immedi-
ately change the ion distribution, resulting in the initial potential shape as shown in
Figure 4.11b. This potential shape creates additional barriers for charge carrier injec-
tion, while the additional barrier for hole injection of about 200 meV is caused by
the difference between the work functions of the perovskite and the hole transport-
ing layer. The barriers for electrons and holes are different, so the injection of one
type of carrier can be partially or almost completely blocked, resulting in a very low
EL. Subsequently, the applied stressing voltage causes the ions to drift away from
the interfaces with the transport layers, reducing the barriers to carrier injection.
The potential then takes the form shown in Figure 4.11c, allowing for efficient in-
jection of both electrons and holes, and thus a more efficient EL. However, the role
of positive and negative ions seems to be very different in the samples studied. This
is because: a) identical activation energies obtained for different processes strongly
suggest that one type of mobile ion strongly dominates, and b) the concentration of
iodine interstitials in the iodine-rich samples is likely to be much greater than that
of iodine vacancies. Figure 4.11 shows the dominant role of I"™ ions. It should be
noted that other processes that can change the current and thus the EL intensity
cannot be completely excluded. For example, the applied voltage can cause changes
in the contact resistance of the electrodes and thus carrier injection rates. However,
changes in the intensity of the perovskite PL and the EL wavelength, which occur

simultaneously with the current and EL growth suggest that all these processes are
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interconnected and caused mainly by the processes in the perovskite layer. On the
other hand, ion injection into the transport layers has been shown to be at least par-
tially responsible for the PeLED EQE roll-off and degradation that occur at higher
voltages and for longer times."*'*”

Slow permanent EL growth. The slow stressing phase starts with a delay of
about 25 s at RT after application of the stressing voltage. It results in a sharp in-
crease in EL intensity while the current remains at the same level as in the preceding
fast stressing phase. The slow stressing phase also causes an almost threefold perma-
nent increase in the intensity of PL (Figure 4.10a). As can be seen in Figure 4.10b,
the slow stressing phase increases the initial intensity of PL kinetics, slows its decay
during the first 10 ns, but does not change the decay of PL on a time scale of # >
10 ns (red and magenta curves obtained after 15 s and 30 min stressing). The PL ki-
netics at # > 10 ns is attributed to carrier extraction, so this process does not change
during the slow stressing phase. On the other hand, the fast initial PL decay should
be attributed to carrier trapping. Therefore, the growth of EL and PL during the
slow stressing phase is therefore a manifestation of the enhanced efficiency of radia-
tive recombination, apparently caused by the reduced nonradiative Shockley-Read-
Hall recombination associated with carrier trapping. This conclusion is supported
by the increased open-circuit voltage of the stressed PeLED operated as a solar cell,
which is also indicative of the reduced non-radiative relaxation. This slow phase, as
mentioned earlier, is characterized by the same activation energy as the fast phases,
strongly suggesting that it is also related to the motion of the iodine ions.

A similar PL enhancement of MAPDI; perovskites induced only by optical soak-
ing, is a well-known phenomenon. It has been explained by excitation-induced spa-
tial redistribution and recombination of iodine interstitials and vacancies which act

5.2 Such recombination is not possible in PeLEDs be-

as recombination center
fore their stressing because, according to the presented model, the built-in electric
field concentrates the iodine ions and vacancies in narrow layers adjacent to the op-
posing transport layers so that they are spatially separated and cannot recombine.

The applied stressing voltage pulls the ion populations toward each other, they mix,
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as shown in Figure 4.11c, and begin to recombine. Thus, the delayed start of the
slow permanent EL growth phase at about 25 s corresponds to the time required for
the charged species to redistribute and mix in the perovskite layer. Recombination
of the iodide defects takes about 10 min at RT and longer at lower temperatures.
The rate of recombination of the iodide defects is proportional to the diffusivity of
the more mobile species, so the rate of this process, as well as the processes due to
ion redistribution, is characterized by the same activation energy. Recombination

of the I interstitials and vacancies!"*>'*!

permanently reduces the concentration of
the recombination centers. Atdifferention and vacancy concentrations, the smaller
species, in this case V*, suffer relatively larger losses.

Reversible EL decay. This reversible process, observed as a partial decay of the
intensity of EL during the repetitive device stressing (Figure 4.8) and shown by the
red dashed line in the diagram of Figure 4.9, reduces the intensity of EL, but does
not significantly change the current, PL, EL wavelength, and EA (Figures 4.8 and
4.10). This process shows a fast component of several minutes and a much slower
decay on a time scale of hours. During the initial first-time stressing this decay is
masked by the increase in EL described above. During repeated stressing, the rapid
decay phase also competes with the EL growth, resulting in somewhat faster EL
saturation compared to the current. Similar decay processes have been observed and
studied in detail in previous publications:""*>**) the fast decay component has been
attributed to heating of the sample by the current flow, while the slow component
is related to the partially reversible degradation of the device, which is probably also
related to ions.

Relaxation after stressing. Termination of the stress voltage leads to a simul-
taneous decay of the current and the EL intensity (Figure 4.8, black dots), as the
restored built-in electric field pulls the ions back to their initial position, as in un-
treated sample, restoring the barriers to charge carrier injection. However, the ini-
tial state of untreated sample is not fully restored, since the trap density and the
ion density irreversibly decrease, as described above. It should also be noted that

the current and EL decrease much more slowly during relaxation than during re-
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peated stressing, although both processes should be caused by the movement of I~
ions. According to the model of ion redistribution presented above, the processes
of stressing and relaxation are not identical. First, because of the different electric
field strengths and it’s spatial distributions. The recombination of I” with V™ re-
duces the ion density and can also change the dynamics. Finally, the stressing and
relaxation processes may also differ in that ion movement during PeLED stressing
occurs in the presence of charge carriers, while no charge carriers are present during
relaxation. Ithas been reported that ion diffusivity is enhanced by optical excitation,
but the mechanism of this phenomenon remains unclear.!”” Thus, ion diffusivity
may be enhanced by charge carriers, both photogenerated and injected, which ac-
celerates ion motion during stressing.

Impact of negative voltage. Applying a negative voltage to the stressed sample
after its relaxation at OV resulted in an additional decay of EL intensity and current
(Figure 4.8, blue dots). The enhancement of the internal electric field beyond the
built-in value led to a stronger accumulation of ionic species and additionally in-
creased the barriers for charge carrier injection. After termination of the negative
voltage, current and EL intensity gradually recovered to the values characteristic of
stressed samples at zero applied voltage (Figure 4.8). Application of negative volt-
age for a prolonged period showed additional slow EL decay and almost completely
quenched the EL after 25 h. We hypothesize that a strong negative voltage applied
over along period of time causes a redistribution of less mobile ions, probably MA™,
which further increase the barriers to carrier injection. Subsequent application of a
positive stressing voltage returned the device to the strong electroluminescent state.

Light soaking. The effect of light soaking on the intensities of PL and EL was
also investigated by illuminating the PeLED with white light of 1 sun intensity.
Surprisingly, no significant changes in PL intensity and its decay kinetics were ob-
served in the pristine, unstressed sample.!"*>'*’l However, light soaking increased the
current of a non-stressed sample by about 20 % and doubled the intensity of EL,
which, however, remained about ten times lower than after current stressing. Con-

sequently, the influence of light soaking was similar to the influence of the fast-
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stressing phase. Light soaking of the stressed sample also caused similar changes to
additional current stressing, i.e., an increase in current and EL intensity, which later
relaxed when light soaking was terminated.

The model presented above explains this unusual influence of light soaking in a
similar way to perovskite solar cells, where the redistribution of ions or vacancies is
driven by a photoinduced voltage that generates an additional electric field."" The
optical excitation of PeLED generates an open circuit voltage as in solar cells. This
reduces the built-in electric field similar to an applied positive voltage. The reduced
internal electric field causes redistribution of iodine ions, reducing or eliminating
barriers to carrier injection, resulting in an increase in current and EL.

These considerations led to the third statement of the thesis: electric field-
induced redistribution of ions of a single type in the perovskite layer causes complex
multiphase dynamics of electroluminescence and current in MAPbI; perovskite

light-emitting diodes.
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4.4 ELECTRIC FIELD-INDUCED LUMINESCENCE

QUENCHING IN PELEDs

In the fourth article (submitted paper F) of this work, we used our implementa-
tion of the time-resolved photoluminescence measurement technique on different
time scales to investigate the phenomenon of electric field-induced luminescence
quenching (EFILQ) in MAPbI; based PeLEDs to directly observe the electronic
processes in the perovskite. This is a very suitable technique to study PeLEDs, first
because there is no carrier injection under reverse bias, and second because it not
only studies the recombination of carriers, but also provides information about the
carrier trap population, the influence of ionic motion, the extraction barriers for
carriers, and the changes that occur in the active material during device operation.

First, the simple PL and EL relationship was examined. Figure 4.12a shows that
the intensity of PL increases more than two times as the applied voltage is gradually
increased from —2.5 V to +1.2 V. (The PL signal for forward voltages was measured
directly on top of the EL signal and the pure PL intensity was obtained in this case
by subtracting the EL from the total luminescence intensity) At higher forward volt-
ages, the obtained PL intensity decreased slightly. The sharp increase in EL signal
hindered the PL measurements at higher forward voltages. The determined volt-
age dependence of the PL intensity is quite expected. The PL intensity is highest
at about +1.2 V, which roughly corresponds to the EL threshold voltage when the
carrier injection is still insignificant, but the internal electric field is approximately
compensated. The situation suddenly becomes more complicated when the applied
voltage changes abruptly. Figure 4.12b shows the dynamics of PL, caused by abrupt
voltage changes between +1 V (without exceeding the PeLED operating threshold)
and —2 V. The intensity of PL changes in a very complex way, involving a combina-
tion of instantaneous (within the time resolution of less than a second), hundreds
of seconds, and even much slower processes.

To investigate the fast PL modulation processes, a sinusoidally modulated voltage

was applied. The PL modulation was performed with a 0.1V AC voltage applied
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Figure 4.12: a) Dependence of MAPbI; PeLED photoluminescence (filled symbols) and
electroluminescence (open symbols) intensity on applied voltage. Inset shows the geometric
structure and schematic of the electronic energy levels of the studied PeLED b) PL intensity
measured by abrupt variation of the applied voltage between —2 Vand +1V.

along with a constant offset. Figure 4.13a shows the PL modulation intensity di-
vided by average PL intensity as a function of voltage modulation frequency, which
was varied in the range 0.1-10 kHz. The PL modulation intensity increases signifi-
cantly with modulation frequency in the range of 0.1-1 kHz and stabilizes at about
9kHz. Thus, this type of measurement is insensitive to the slow PL changes that
occur on the time scale of seconds, indicating that the fast PL. modulation occurs
on the sub-millisecond or faster scale. Since photochemical processes can hardly oc-
cur that fast, the fast PL quenching has been attributed to electronic processes that
change the carrier concentrations or their radiative recombination rate. The weaker
PL quenching at lower frequencies suggests that some processes on a millisecond
time scale appear to reduce PL quenching by reducing the electric field strength.
Such processes are typically attributed to ionic motion.!"**">"7!

Figure 4.13b shows the dependence of the relative PL modulations (alternating
PL intensity divided by average intensity) induced by a 0.1 V AC voltage on the off-
set voltage. Measurements were made at a frequency of 6 kHz, at which the screen-
ing of the electric field by moving ions should be negligible. The relative quenching
is approximately constant at negative voltages, but increases almost twofold at about

+1V and decreases rapidly near the EL threshold voltage when, ideally, there is no
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Figure 4.13: a) Dependence of the relative PL modulation on the frequency of the sinu-
soidal 0.1 V voltage with a =1 V offset. b) Dependence of the relative PL. modulation on the
sinusoidal 0.1 V voltage on the voltage offset. The inset shows the modulated PL intensity
at different offset voltages.

carrier extraction and no injection. A further increase in the offset voltage again
causes a stronger luminescence modulation caused by the appearance of the EL sig-
nal. However, the abrupt drop in modulation confirms the conclusion drawn ear-
lier that the PL intensity drop induced by an abrupt voltage change is actually caused
by a direct PL quenching due to the electric field and not by a voltage-induced ma-
terial change.

In addition, EFILQ properties were investigated with a periodic rectangular mod-
ulated voltage. The periodic modulation allowed to average the kinetics of PL and
to track the dynamics of PL with high time resolution. Figure 4.14 shows the dy-
namics of PL when negative voltage pulses were applied relative to an offset volt-
age of +1V. The offset of +1 V was chosen to avoid PL quenching due to carrier
extraction and to ensure that the internal electric field was weak or absent; here-
after referred to as a compensating voltage. The negative voltage drop resulted in an
immediate (within sub-millisecond time resolution) decrease in PL intensity, con-
sistent with effective PL modulation by high frequency sinusoidal voltage. Fig-
ure 4.14b the voltage dependence of the initial relative PL quenching calculated as
APL,|PLy = (PLy, — PLy)/PL,, where PL is the PL intensity at compensating
voltage of 1V and PLj, is the PL intensity under the applied voltage pulse. The
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Figure 4.14: a) Photoluminescence dynamics induced by rectangular electric pulses mea-
sured at various negative pulse voltages with constant +1 V offset. The inset shows the mag-
nified kinetics at the time of termination of the pulse. b) The dependence of the maximum
PL quenching intensity on the voltage of the negative pulse.

initial relative PL quenching was approximately proportional to the voltage drop,
and reached a slight saturation at large voltage drop values. The intensity of PL
was quenched more than two times at the highest =3 V voltage used, and then par-
tially recovered within a few milliseconds. This process can be attributed to a conse-
quence of the redistribution of mobile ions which screens the applied electric field.
Some unusual details of the dynamics of PL also deserve attention. First, the recov-
ery rate of PL intensity after application of a negative voltage pulse depends strongly
on the pulse voltage. The recovery takes about S ms after a voltage drop from +1V
to +0.5 V and more than 20 ms when the voltage drops to —2 V. Second, the inten-
sity of PL after stabilisation is remarkably independent of the negative pulse voltage.
Third, the intensity of PL drops again when the negative voltage is turned off and
recovers with similar dynamics as observed when the negative pulse is applied, as
shown by the inset in Figure 4.14a. Thus, the rapidly recovering PL drop occurs
with both a negative and positive voltage jump.

The model shown in Figure 4.15 explains these details. The applied voltage of
+1V approximately compensates for the built-in voltage (Figure 4.15a) and com-
pletely suppresses the internal electric field and EFILQ. An applied negative volt-

age initially produces an approximately homogeneous electric field distribution in
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Figure 4.15: Model of the electronic levels of MAPbI; PeLED a) under constant 1.1 V volt-
age, b) immediately after voltage drop to reverse voltage, c) after screening of the electric field
at reverse voltage, d) immediately after termination of the reverse voltage pulse.

the perovskite layer (linearly changing electric potential, as shown in Figure 4.15b),
resulting in strong PL quenching. The redistribution of ions almost completely
screens the electric field in most of the perovskite layer independent of the applied
voltage (Figure 4.15¢), leading to a partial recovery of PL to a level almost inde-
pendent of the applied voltage. Moreover, the screening of the weak electric field
requires only minor shifts of the ions and this process is fast and occurs within a
few ms, as shown by the kinetics obtained at low pulse voltage (Figure 4.14a, curve
+0.5V). On the other hand, the screening of the strong electric field requires the
accumulation of a large fraction of the available ions drifting over a long distance
through the perovskite layer, so that the drift time increases to more than 20 ms at
high applied voltages. PL quenching induced by the termination of the negative
voltage pulse is also consistent with the proposed model. As Figure 4.15d shows,
after the termination of the voltage pulse, the accumulated ions generate an electric
field in the opposite direction, which also causes a separation of the electron and
hole distributions and consequently triggers the PL quenching, which gradually re-
covers as the accumulated ions diffuse.

To obtain additional details about the electronic quenching mechanism, ultra-
fast PL kinetics were measured at DC or pulsed voltages. In addition, PL decay
kinetics were measured at different times after application of the voltage pulse. Fig-

ure 4.16 shows the PL kinetics measured under DC and pulsed voltages. PL de-
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Figure 4.16: (a) Kinetics of transient photoluminescence measured at +1V and 0V DC.
(b) PL kinetics under negative voltage pulses of 30 ms duration from 1V offset to —2'V.
Kinetics were measured at various delay times relative to the start of the voltage pulse. The
curve at —1 ms were measured before the voltage pulse, i.e. at +1V.

cay is slightly slower at +1V constant (compensating) voltage than at 0 V, which is
consistent with the PL intensity at steady state (Figure 4.12a). Figure 4.16b shows
the kinetics measured at different times before and after application of rectangular
negative pulse of =2V, relatively to the compensating +1V voltage. The kinetics
measured 1 ms before the negative pulse is identical to those measured under con-
stant +1V voltage. However, the kinetics measured during the pulse action were
sensitive to the timing of the optical pulse relative to the onset of the voltage pulse.
In addition, comparison of Figures 4.12a and 4.12b shows that the pulsed voltage
causes more significant changes in PL kinetics than the constant voltage. Impor-
tantly, the initial PL amplitude was independent of the constant applied voltage,
but decreases when the pulsed voltage is applied. This difference is due to the struc-
tural and electronic quenching mechanisms that occur at constant and pulsed volt-
ages, respectively. The structural changes lead to the appearance of additional PL
quenching centers and only change the PL decay rate. On the other hand, the elec-
tronic mechanism, can reduce the recombination rate of the charge carriers very
rapidly, thus affecting the initial amplitude. Comparison of the PL kinetics before

and immediately after application of the negative pulse shows that the applied volt-
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age causes an attenuation of the initial PL intensity and induces a faster decay dur-
ing the first =500 ps, but the PL decay rate remains remarkably independent of the
applied voltage in the 1000—-2000 ps range. The kinetics measured at longer times
after the application of voltage pulse shows both a weaker decrease of the initial PL
intensity and a less significant acceleration of the PL decay rate, which is consistent
with electric field screening. Consequently, we can clearly distinguish between in-
stantaneous and gradual PL quenching phases, often referred to as amplitude and
rate quenching. Rate quenching is consistent with the charge carrier extraction pic-
ture presented above. The field-induced acceleration of PL decay is an expression
of charge carrier extraction and the redistribution of the electron and hole "clouds”.
Surprisingly, the electric field strongly accelerates the initial faster PL decay phase
observed during the first hundreds of ps, while it does not change the second slower
PL decay phase at times longer than 1 ns. The fast MAPbI; PL decay phase is usually
attributed to carrier trapping.”"”? This attribution leads to the logical conclusion
that the electric field strongly accelerates the extraction of non-captured carriers, but
only weakly changes the kinetics of the trapped carriers.

The instantaneous PL quenching phase deserves special attention. It is much
faster than the carrier extraction and spatial redistribution processes described above.
Therefore, it is more likely to be due to the reduced radiative recombination rate of
excitons or geminate charge pairs. The studied perovskite film of PeLEDs consists of
grains with a diameter of 10 nm. Under the influence of an electric field, the wave
functions of electrons and holes within the single grain can be shifted in opposite
direction, which decreases their radiative recombination rate. The carrier mobility
within a single crystalline grain is expected to be much higher than the macroscopic
mobility, which is reduced by intergranular junctions that create barriers to carrier
movement.'”” Therefore, the carrier shift within the grain can be very rapid, causing
the instantaneous PL quenching phase.

The results presented above lead to the fourth statement of the thesis: electric

field-induced luminescence quenching in MAPbI; perovskites is determined by the

78



4 Results and Discussion

direct effect of the electric field on the charge carrier distributions and the influence

on the spatial redistribution of ions in the perovskite layer.
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4.5 ENERGY BARRIERS IN HYBRID PEROVSKITE F1LMS

In the last article of this work (Paper D), the motion dynamics of charge carriers
was investigated. Electrical contact measurement techniques: transient photocur-
rent and time-delayed collection field were used to study polycrystalline MAPbI,
perovskite films deposited on interdigitated Pt electrodes (IDE). The chosen sample
configuration provides the opportunity to study the lateral motion of photogener-
ated charge carriers in the perovskite film, which are not affected by the interfacial
phenomena or additional layers usually present in sandwich-configuration devices
such as solar cells or LEDs.

To investigate the physical processes in the perovskite, conventional transient ph-
otocurrent measurements were performed at different temperatures. Figure 4.17a
shows the photocurrent kinetics measured at different temperatures. The initial
photocurrent values show no clear dependence on temperature, suggesting that the
generation of charge carriers and their initial mobility are temperature-independent.
A similar temperature-independent charge carrier mobility during the first hun-
dreds of ps was also reported for conjugated polymers!”* or a weak temperature de-
pendence for hybrid perovskites.””) A weak temperature dependence was observed
for the photoluminescence decay of MAPbI;. However, Figure 4.17a shows that
the photocurrent decays much faster at lower temperatures. At low temperatures,
higher photocurrent is also measured on a longer time scale (several us). This is
to be expected because fewer carriers are extracted when the photocurrent drops
very quickly and therefore more carriers remain in the sample. The voltage depen-
dence of the photocurrentkinetics shown in Figure 4.17b also differs qualitatively at
100 K from that at room temperature: the photocurrent decays faster and the slow
photocurrent component almost disappears at low bias voltage. This behaviour in-
dicates that charge carriers are quickly trapped at low temperatures, while a strong
electric field gradually pulls the charge carriers out of the traps and maintains a weak

photocurrent for several ps.
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Figure 4.17: a) Photocurrent kinetics at different temperatures measured at 2V applied
voltage and 15 nJ/ cm? excitation intensity, b) photocurrent kinetics at 100 K at different
applied voltages.

To further investigate the decay of charge carrier density and mobility kinetics,
the TDCF measurement technique was applied. Figure 4.18a, b shows the kinetics
of charge carrier extraction at different extraction times at 323 K and 100 K and the
insets show the kinetics of the cumulative current. At room temperature, both the
initial and cumulative current decrease rapidly with delay time due to the rapid re-
combination of the charge carriers. The kinetics of the cumulative current clearly
shows two extraction phases: the fast one, which lasts hundreds of ns, and the slow
one, which lasts several us. The fast extraction phase decreases rapidly at longer ex-
traction delays and practically disappears at delays longer than 5 us. While the slow
phase remains constant for several ps, it gradually becomes dominant and decreases
on a time scale of several tens of ps. It is plausible that the slow phase corresponds
to the extraction of trapped charge carriers, which are only weakly aftected by the
recombination of the charge carriers and therefore survive for several tens of mi-
croseconds. The situation changes drastically at low temperatures (7'= 100 K, Fig-
ure 4.18b).

The peaks of the photocurrent are sharper at low temperatures, which is consis-
tent with the faster decay of the charge carrier mobility. More importantly, the peak
intensity is less dependent on the delay time, indicating that, first, the recombina-

tion of charge carriers is significantly suppressed and, second, the mobility does not
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Figure 4.18: TDCF data obtained with 0V pre-bias and 2V extraction voltages at
15 nJ/em® excitation intensity. Carrier extraction kinetics at different extraction pulse de-
lays at a) 293 K and b) 100 K. Insets show the kinetics of cumulative current obtained by
integrating the extraction kinetics. ¢) Dependence of peak extraction current values on ex-
traction delay times at different temperatures.

significantly decrease during the waiting time at 100 K. The kinetics of the cumu-
lative current also show that despite the strong initial current, only about 20-30 %
of the charge carriers are extracted during the short, intense current pulse, while the
dominant charge carrier extraction occurs on a time scale of several microseconds.
All processes that determine the current kinetics, such as recombination, decrease
in mobility and charge carrier extraction, are therefore relatively slow. From this
information, the important question arises, what process could cause such a rapid
drop in the extraction current? This discrepancy can be resolved by assuming that
the charge carrier mobility does not change during the waiting time between car-
rier generation and the application of the electric extraction pulse, but decreases

rapidly as soon as the electric field is applied. In other words, the charge carrier mo-
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bility only starts to decrease when the charge carriers start to drift under the applied
electric field. This behaviour suggests that the rapid drop in mobility is caused by
energy barriers that impede carrier drift, rather than energy traps. This is to be ex-
pected in a perovskite material, which consists of small crystalline grains. At low
temperatures, the charge carriers generated by light are confined in a single grain
and their properties do not change with time. They also do not recombine when
generated in different grains. When the electric field is applied, the charge carriers
drift rapidly, but only over short distances until they reach the grain boundaries.
Figure 4.18c, which plots the initial currents as functions of the delay time at dif-
ferent temperatures, shows that the survival time of the charge carriers gradually
increases at lower temperatures. Since Shockley-Read-Hall (SRH) recombination
dominates at the low excitation intensity used, the increasing carrier lifetime at low
temperature should be due to the decreasing SRH recombination rate. This finding
is consistent with the proposed barrier-controlled charge carrier movement. At low
temperatures, charge carriers are trapped in individual perovskite grains and cannot
reach trapped charge carriers in neighbouring grains.

To verify the mechanism of barrier-limited charge carrier extraction, a modified
TDCEF technique with field flipping was created. During optical excitation, differ-
ent voltage pulses with different polarity and offset (pre-bias) were applied. Figure
4.19 shows the kinetics of the photocurrent measured with 2 V extraction voltage
at different pre-bias voltages and different temperatures. A photocurrent peak was
observed immediately after the optical excitation, which is determined by the charge
carrier extraction with pre-bias voltage. Applying an extraction voltage of 2 V causes
another peak to appear. The second peak is stronger when the pre-bias voltage and
the extraction voltage have opposite polarity. This is particularly evident at a tem-
perature of 100 K - the second peak is weak when the pre-bias and extraction voltage
have the same polarity and becomes very strong when a high pre-bias with opposite
polarity is used. This behavior confirms the character of spatially confined charge
carrier motion at lower temperatures. Under the applied electric field, the charge

carriers drift rapidly but only over short distances within the perovskite grains until
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Figure 4.19: Photocurrent kinetics at three different temperatures obtained by modified
TDCF measurements under 15 nJ /cm? excitation intensity when collection voltage of 2V
was applied 60 ns after optical excitation pulse, which was applied under different voltages

and polarity pre-bias fields.

they reach the grain boundaries and cause a very rapid photocurrent decay. If the
direction of the electric field is reversed, the charge carriers drift back to the oppo-
site side of the perovskite grain and produce a strong current until they reach the
boundaries again. Importantly, the strong second peak also shows that the charge
carriers are not trapped in energy traps during the waiting period. As the temper-
ature increases, this behavior becomes less pronounced; the intensity of the extrac-
tion peak becomes almost independent of the direction of the pre-bias at 323 K. At
room temperature, the dependence of the extraction current on the pre-bias voltage

is much less pronounced than at 100 K, but stronger than at 323 K. This indicates
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that the charge carriers can overcome energy barriers at room temperature, but the

influence of the barrier on the movement of the charge carriers is still significant.
These results led to the fifth statement of the thesis: there are potential bar-

riers to lateral carrier movement in the polycrystalline hybrid perovskite films that

impacts carrier mobility, diffusion and recombination rates.
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1. Ton motion and spatial accumulation at the interfaces significantly affect the
functional mechanism of hybrid perovskite solar cells under the charge in-
jection condition, leading to two different working regimes a) before and b)
after ion redistribution. The electroluminescence overshoot effect observed
in regime a) could be of particular interest for the development of electrically

pumped perovskite lasers.

2. Balanced electron and hole current leads to improved external quantum effi-
ciency, EQE roll-off, and lifetime of 2D/3D perovskite light-emitting diodes.
This is related to the spatial charge carrier distribution in the perovskite emis-
sion layer. If a balanced carrier transport/injection is ensured, the leakage of
excess carriers through the device can be avoided up to high current densi-
ties. This is very important when targeting high brightness applications in

perovskite light-emitting diodes.

3. Complex changes in electroluminescence and current in MAPDI; perovskite
ba-sed light-emitting diodes occurring on different time scales are caused by
the mig-ration of ions of a single type. The spatial redistribution of charged
species along the perovskite layer thickness not only changes the shape of the
electric potential and the barriers to charge carrier injection, but also acts as
non-radiative recombination centers. A deeper understanding of the func-
tional mechanism in perovskite light-emitting diodes could be of great im-

portance for device optimization when it comes to high-efficiency devices.
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4. Electric field-induced PL quenching in MAPbI; perovskites is determined
by three processes: a) direct influence of electric field on charge carrier den-
sity and distribution in the perovskite layer (electronic part), b) electric field
screening by mobile ions, and c) electric field-induced change in material
structure. Structural changes are mainly responsible for EFILQ at constant
voltage, while the electronic part causes immediate quenching of PL inten-
sity when voltage pulses are applied. Two electronic quenching mechanisms
are also distinguished: one for charge carrier separation in the individual per-
ovskite crystal grains and one for the entire perovskite layer. The extraction
of charge carriers from the perovskite layer and the spatial separation of elec-
tron and hole "clouds” cause PL variations on the order of tens and hundreds
of picoseconds, while the instantaneous quenching is caused by the displace-
ment of electrons and holes in the individual perovskite grains within a few
ps. The electronic PL quenching part is strongly influenced by the screening
of the electric field induced by the mobile ions and occurs within tens of mil-
liseconds at room temperature. All the processes described should be taken
into account when analyzing the performance of perovskite devices, as they
cause the hysteresis in solar cells and the complex electroluminescence and

current dynamics of perovskite light-emitting diodes.

5. The main processes controlling lateral carrier motion in polycrystalline
MAPbDI; perovskite films were determined using transient photocurrent and
modified time-delayed collection field techniques together with temperature
variations. Analysis of the obtained data showed that potential barriers in the
grain boundaries, rather than carrier traps, are responsible for the rapid de-
crease in carrier mobility at low temperatures. Temperature-dependent mea-
surements revealed thatat room temperature and even at higher temperatures
potential barriers still play an important role in determining charge carrier
mobility, diffusion and recombination rates.The paradigm shift findings are
of great importance for devices fabricated in lateral configurations, such as

field-effect transistors, photodiodes, photodetectors, and lateral solar cells.
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SANTRAUKA

lVADAS

Perovskitas — Cal'iO5 mineralas atrastas 1839 metais vokieciy mineralogo Gustav
Rose Uralo kalnuose ir pavadintas mineralogo Lev Alekseyevich von Perovski gar-
bei. Mineralai dél susikaupusiy priemai$y tamsiai rudi, o gryni — skaidras. Iskasamy
mineraly kietumas 5.5—-6, tankis nuo 3.98 iki 4.26 g/ cm?, 0 atspindzio koeficientas
sickia 2.38. Perovskito pavadinimas $iuo metu naudojamas apibrézti placiai jungi-
niy klasei pasizyminciai Cal'iO5 struktara ir apraSoma ABX; struktarine formule.
Perovskito struktaros junginiai, placiai sutinkami gamtoje. Vienas jy (Fe, MG)SiO;
labiausiai paplitusi uoliena Zemés plutoje sudaranti 38 % Zemés masés. 1940 me-
tais atradus BaTiO; dielektrines ir feroelektrinés savybés susidoméjimas perovski-
tais pradéjo augti. Neilgai trukus BaliO; buvo pritaikytas elektronikos pramonéje
gaminant kondensatorius ir elektromechaninius keitiklius, véliau pradétas taikyti ir
netiesinéje optikoje, bei medicininiuose tyrimuose. Tyrinéjant Bal'iO; kristalus ir
sickiant pagerinti jy savybes buvo susintetina daugybé naujy perovskitiniy junginiy
su jvairiausiomis fizikinémis ir cheminémis savybémis. Vieni jdomiausi Sios klasés
junginiy — hibridiniai perovskitai struktairoje apjungiantys mazg organinj katijong
ir neorganinj metalo halido anijona. Pirma karta tokie junginiai aprasyti 1978 metais
vokie¢iy mokslininko Dieter Weber. Véliau1990-2000 metais $iuos junginius buvo
bandoma taikyti organinéje elektronikoje gaminant tranzistorius ir $viesg emituo-
jancius diodus, taciau tikrasis hibridiniy perovskity potencialas atsiskleidé tik 2009
metais, kada pirma kartg jie buvo panaudoti saulés elementy gamyboje. Pirmojo

MAPDbI; perovskito saulés elemento efektyvumas sieké 3.8 %, po 4 mety jau 15 %,
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02022 metais buvo pasiektas naujausias efektyvumo rekordas siekiantis 25.8 % taip
priartéjant prie 31 % teorinio efektyvumo limito. Perovskity technologija besivysty-
dama tokiu grei¢iu, efektyvumu jau aplenké ir Cd Te saulés elementus, kurie uzima
antrg vietg saulés elementy rinkoje. Taip pat hibridiniai perovskitai sékmingai nau-
dojami ir kitose optoelektronikos srityse: fototedektoriams, $viesos diodams ir foto-
tranzistoriams gaminti. Kuriami perovskitiniai prietaisai efektyvumu nenusileidzia,
o kai kurir lenkia, klasikiniy technologijy gaminius. Perovskity s¢kme lémeé jy i$skir-
tinés fizikinés savybés: draustinés juostos tarpas, sugerties koeficientas, kravininky
judris — labai panasios j klasikiniy neorganiniy puslaidininkiy, o tuo paciu itin ma-
za kristaliniy defekty koncentracija ir galimybé lieti medziaga tiesiogiai i§ tirpalo -
tipiskos organiniams puslaidininkiams. Tac¢iau gamtoje visos geros savybés turi sa-
vo kaing, ne i§imtis ir hibridiniai perovskitai, susiduriantys su rimtais stabilumo ir

atsikartojamumo isSakiais.

DISERTACIJOS TIKSLAI

Nors hibridiniy perovskity taikymas optoelektronikoje ir susilauké didZiulio déme-
sio pastaraisiais metais, taciau daugelis fundamentiniy klausimy apie kravininky ge-
neracijg i§traukima ir rekombinacija, bei joninj judéjima vis dar lieka neatsakyti. To-
kios Zinios leisty identifikuoti limituojancius veiksnius siekiant tolimesnio prietai-
sy efektyvumo, bei stabilumo parametry gerinimo. Sio darbo tikslas buvo detaliau
panagrinéti pagrindinius optoelektroninius procesus jvairiy hibridiniy perovskity
prietaisuose paruosty skirtingose architektarose. Fiksuoti, bei i$analizuoti joninj
judéjima hibridiniuose perovskituose ir identifikuoti jo daromg jtaka kravininky

pernasai, bei optolektroniniy prietaisy veikimui.

Di1s ERTACIJOS UZDAVINIAI

* Idiegti ir taikyti nestacionarios elektroliuminescencijos matavimo metodika

hibridiniams perovskitams tirti.
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* I$analizuoti elektroliuminescencijos kinetikas ir susieti jas su kravininky di-

namikos vyksmais hibridiniy perovskity prietaisuose.

* Idiegti ir pritaikyti kinetinius elektrinius ir optinius matavimo metodus jony

judéjimo hibridiniuose perovskituose tyrimui.

* Istirti laisvyjy kravininky dinamikos procesus ir jvertinti joninio judéjimo

jtakq kravininky rekombinacijai ir i$traukimui.

GINAMIEJI TEIGINIAI

1. Kravininky kaupimasis perovskito sluoksnyje nulemia elektroliuminescen-
cijos signalo antimpulsio atsiradima, o elektrinio lauko sukeltas judriy jony

persiskisrtymas perovskito sluoksnyje §j efekta mazina.

2. Nepalankus erdvinio kravio pasiskirstymas perovskitiniuose viestukuose su-
kelia i$orinio kvantinio na§umo charakteristikos krytj, o elektrony ir skyliy

injekcijos srovés subalansavimas, leidzia $io efekto iSvengti.

3. Elektrinio lauko sukeltas vienos rasies jony judéjimas perovskito sluoksny-
je sukelia sudétinga daugiakomponente MAPDI; $viestuko elektroliumines-

cencijos ir srovés dinamika.

4. Elektrinio lauko indukuotas fluorescencijos gesinimo mechanizmas MAPbI,
perovskite priklauso nuo elektrinio lauko daromos jtakos kravininky pasi-

skirstymui ir jony persiskirstymo perovskito sluoknsyje.

5. Lateraliniam kravininky judéjimui polikristalinése hibridiniy perovskity ple-
velése egzistuoja energetiniai barjerai darantys jtaka, kravininky judriui, difu-

zijai ir rekombinacijai.
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NAUJUMAS IR AKTUALUMAS

* Pritaikyta nestacionariosios elektroliuminescencijos matavimo metodika yra
jautri ir tinkama joninio judéjimo ir jy erdvinio pasiskirstymo tyrimams hib-

ridinio perovskito optoelektroniniuose prietaisuose.

* Sukurta matavimo metodika, panaudojant jvairias elektriniy impulsy formas
ir trukmes leidZianti tiesiogiai stebéti elektrinio lauko sukeltus poky¢ius hidri-

dinio perovskito sluoksnyje laikui bégant.

* DPastebeétas elektroliuminescencijos signalo antimpulsio atsidarimas hibridi-

nio perovskito saulés elementuose.

* Eksperimentiskai nustatyta jony rasis daranti pagrinding jtaka hibridiniy pe-

rovskity $viestuky elektroliuminescencijos ir srovés dinamikai.

* Sukurti ir jdiegti klasikiniy nestacionariyjy matavimy metodiky patobulini-
mai leido itirti energetiniy barjery egzistavima ir jy daroma jtaka kravininky

judriui polikristalinése hibridiniy perovskity plévelése.

TYRIMO METODIKOS

Be rutininiy nuostoviosios sugerties ir fluorescencijos matavimy, didelis démesys
buvo skiriamas naujy nestacionariyjy dinaminiy metody adaptavimui ir taikymui
hibridiniy perovskity tyrimui. Darbe naudotos matavimo technikos: nestaciona-
rioji fluorescencija (laike koreliuoty pavieniy fotony skai¢iavimas) ir elektroliumi-
nescencija, elektriniu lauku moduliuota fluorescencija, fotosroviy kinetikos, uzdel-
stojo iStraukimo lauko bei apverstojo i§traukimo lauko variacijos. Laikiniai procesai,

siame darbe, buvo nagrinéjami pradedant pikosekundémis ir baigiant dienomis.
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REZULTATAI IR APTARIMAS

Pirmajame pristatome darbe (publikacija A) buvo panaudotas nestacionariosios ele-
ktroliuminescencijos tyrimo metodas skirtas nagrinéti kravininky dinamikai hibri-
dinio perovskito saulés elementuose, krivio injekcijos salygomis. Darbe buvo paro-
dyta, jog nestacionariosios elektroliuminescencijos spektroskopija, yra jautri ir tin-
kama joninio judéjimo hibridiniame perovskite stebéjimui ir tyrimui. Analizuojama
elektroliuminescencijos signalo dinamika laiko skalése nuo ms iki s atskleidé egzis-
tuojantj elektroliuminescencijos signalo antimpulsj, atsirandanti po elektrinio im-
pulso i$sijungimo. Pasialytas veikimo mechanizmas aiskinantis tokio antimpulsio
atsiradimo priezastis, joninio judéjimo jtaka lemiancia antimpulsio dinamikos po-
ky¢ius ir jo s3saja su prietaiso veikimo charakteristikomis. UZregistruotas jony ju-
déjimas ir jy kaupimasis sluoksniy sandarose, lemiantis skirtingus saulés elemento
veikimo réZimus.

Antrajame darbe (publikacija B) anks¢iau pristatytas nestacionariosios elektro-
liuminescencijos tyrimo metodas buvo panaudotas 2D/3D architektiiros hibridinio
perovskito $viestukams tirti. Buvo siekiama iSsiaiskinti kas lemia $viestuko iSorinio
kvantinio na§umo charakteristikos krytj. Nustatyta, jog svarbiausia vaidmenj atlie-
ka nesubalansuota elektrony ir skyliy injekcijos srové. Subalansavus srove galima
i$vengti dideliy srovés nuotékiy uztikrinant nekintancias iSorinio kvantinio nasu-
mo vertes, net ir esant dideléms injekcijos jtampos vertéms. Darbe pristatytas deta-
lus mechanizmas, aiSkinantis io efekto atsiradimo priezastis ir eiga, aptarti badai ir
galimybés tokio efekto i§vengimui.

Trediasis darbas (publikacija C) buvo skirtas tolimesniam hibridinio perovskito
Sviestuky tyrimui, pasinaudojat nestacionariais elektroliuminescencijos, fluorescen-
cijos ir srovés matavimais buvo stebima $viestuko veikimo charakteristiky evoliucija
bégant laikui. Sukurta ir pristatytg matavimo metodika leidZianti tiesiogiai stebéti
elektrinio lauko sukeltus pokycius perovskito sluoksnyje. Nustatyta, kad sudétinga
Sviestuko elektroliuminescencija ir srovés dinamika nulemia joninis judéjimas pe-

rovskito sluoksnyje. I$analizavus elektroliuminescencijos ir srovés procesy gyvavimo

95



Santranka

trukmes, buvo jvertinta pagrindiniy jony aktyvacijos energija siekianti =175 mV,
kuri atitinka jodido jony energija perovskito kristale.

Ketvirtasis darbas skitas fluorescencijos gesinimo elektriniu lauku tyrimui
MAPDI; perovskito $viestukuose. Pristatytos matavimo metodikos leidZiancios tir-
ti fluorescencijos gesinimo elektriniu lauku procesus nuo ps iki s tinkamos hibridi-
niams perovskitams tirti. Tyrimui panaudos skirtingos elektriniy impulsy laikinés
charakteristikos ir formos leido jvertinti skirtingos prigimties procesus veikiancius
skirtingose laiko skalése. Nustatyti trys pagrindiniai procesai lemiantys elektriniu
lauku indukuotos fluorescencijos gesinima. Be tiesioginio elektrinio lauko jtakos
kravininky tankiui ir jy pasiskirstymui, elektrinis laukas taip patindukuoja ir judriy
jony persiskirstyma perovskito sluoksnyje, dél ko atsiranda iSorinio elektrinio lauko
ekranavimas pasireiskiantis kaip fluorescencijos gesinimo signalo atsistatymas. Ult-
raspartieji fluorescencijos gesinimo elektriniu lauku matavimai atskleidé kravininky
atsiskyrimo procesus vykstancius atskirame kristalo domene, o taip pat stebimas ir
elektrinio lauko sukeltas kravininky itraukimas j kontaktus. Darbe detaliai apra-
Somi gesinimo vyksmai ir aptariamas jy veikimo mechanizmas.

Penktajame darbe (publikacija D) panaudojus nestacionarios fotosrovés ir uz-
delstojo iStraukimo lauko matavimus, buvo tiriamas lateralinis kravininky judéji-
mas polikristalinése MAPbI; perovskito plévelése. Stebima kravininky dinamika
bégant laikui, nuo suzadinimo iki jy i§traukimo j kontaktus, taip pat analizuojami
ir kravininky rekombinacijos bei jy patekimo j gaudykles procesai. Darbe prista-
tyta modifikuota apverstojo iStraukimo lauko matavimo technika leidusi nustatyti
egzistuojancius energetinius barjerus lateraliniam kravininky judéjimui hibridiniy
perovskity plévelése. Temperatarinés priklausomybés atskleidé, jog didZiausia jtaka,
kravininky judriui energetiniai barjerai daro 100 K temperataroje, taciau reiskinys

stebimas ir kambario ar aukstesnéje temperataroje.
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ISvADOS

1. Jony judéjimas aktyviame perovskito sluoksnyje ir jy kaupimasis sandarose
daro jtaka hibridinio perovskito saulés elemento veikimo charakteristikoms
kravio injekcijos salygomis. Skiriami du veikimo rézimai: a) iki ir b) po jony
persiskirstymo aktyviame sluoksnyje. ReZime a) stebimas elektroliumines-
cencijos antimpulsis gali bati bati svarbus, siekiant sukurti elekeri$kai kau-

pinama hibridinio perovskito lazerj.

2. Subalansuota elektrony ir skyliy injekcijos srové lemia didesnj iSorinj kvantinj
nasumg ir geresnj stabiluma 2D/3D hibridinio perovskito $viestukuose. Tai
sicjama su erdviniu kravininky pasiskirstymu emisiniame sluoksnyje, uztikri-
nus injekcinés srovés balansg galima i$vengti pertekliniy kravininky kuriamo
srovés nuotékio, net esant dideléms injekcijos jtampos vertéms. Rezultatas

reik§mingai svarbus kuriant didelio skais¢io hibridinio perovskito Sviestukus.

3. Skirtingose laiko skalése stebima sudétinga elektroliuminescencijos ir srovés
dinamika MAPDI; perovskito $viestukuose yra nulemta vienos rasies jony
judéjimo perovskito sluoksnyje. Jony sankaupos sandiros sluoksnyje kuria
energetinius barjerus kravininky injekcijai, ir veikia kaip nespindulinés re-
kombinacijos centrai. Gilesnis veikimo mechanizmo supratimas, svarbus ku-
riamy prietaisy optimizavimui, siekiant nasiy ir stabiliy hibridinio perovskito

$viestuky realizavimo.

4. Elektrinio lauko sukeltas fluorescencijos gesinimas MAPbI; perovskituose
priklauso nuo nuo trijy pagrindiniy procesy: a) elektrinio lauko jtakos kra-
vininky tankiui ir jy pasiskirstymui (elektroniné dalis) b) elektrinio lauko ek-
ranavimo jonais, c) elektrinio lauko sukelty poky¢iy medziagoje. Isskirti du
elektroninés gesinimo dalies mechanizmai: sugeneruoty kravininky atsisky-
rimas ir judéjimas 1) atskiram kristalite 2) visam perovskito sluoksnyje. Kra-
vininky i§traukimo jtaka fluorescencijos gesinimui stebima 10-100 ps laiko

skaléje, o kravininky atsiskyrimas atskiram kristalite jvyksta trumpiau nei per
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kelias ps. Taip pat elektroniné fluorescencijos gesinimo dalis, stipriai priklau-
so nuo elektrinio lauko ekranavimo judriaisiais jonais, pasireiskianc¢io ms lai-
ko skaléje. Aprasyti procesai — veiksniai sukeliantys stebima srovés histere-
z¢ saulés elementuose ir sudétingg elektroliuminescencijos ir srovés dinamika
$viestukuose, tod¢l svarbis analizuojant hibridiniy perovskity optoelektro-

ninius prietaisus.

. Naudojat laikinius fotosrovés ir modifikuotg uzdelstojo istraukimo lauko,
matavimo metodus, nustatyti pagrindiniai veiksniai darantys jtaka laterali-
niam kravininky judéjimui MAPbI; perovskito polikristalinése plévelése.

Atskleisti energetiniai barjerai egzistuojantys kristaly gradeliy riboje — pag-
rindinis veiksnys lemiantis greitg kravininky judrio mazéjima bégant laikui.
Rezultatai svarbas kuriant ir analizuojant vertikalios architektaros hibridiniy
perovskity optoelektroninius prietaisus: lauko fototranzistorius, fotodiodus,

lateralinius fotodetektorius ir vertikalius saulés elementus.
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ABSTRACT: High performance of both photovoltaic and electroluminescent devices
requires low nonradiative recombination losses. In perovskites, such loses strongly
depend on the carrier traps related to the mobile ions and vacancies, causing I-V
hysteresis of solar cells and influencing the performance of other optoelectronic devices,
such as photodetectors and LEDs. To address the dynamics of the mobile ions, here we
investigate electroluminescence time evolution in perovskite solar cells under constant
and pulsed voltage conditions. We propose a model, accounting for the spatial ion
accumulation and explaining the complex electroluminescence dynamics both on fast
(microseconds) and slow (seconds) time scales. We demonstrate the appearance of a
high-intensity short electroluminescence peak (overshoot pulse) immediately after
termination of the electrical pulse. The generation of a giant overshoot pulse suggests a
simple way to achieve high pulsed luminescence intensity with a low current density,
which opens new prospects toward optical gain and implementation of electrically

EL Intensity

Voltage applied

Voltage turned off

pumped lasers.

ynamic processes in perovskites related to the carrier trap

formation, migration, and accumulation, as well as
formation and deactivation of nonradiative recombination
channels, cause the well-known photocurrent hysteresis
problem’ and govern the time evolution of photo- and
electroluminescence.” They depend in a complex way on the
material chemical structure and morphology, as well as on
experimental conditions, and therefore still remain weakly
explored and understood. These processes are equally
important for solar cells and LEDs; photovoltaic and
electroluminescence efficiencies are closely interrelated.”*
Therefore, electroluminescence (EL) spectroscopy gives useful
information about properties of solar cells. It has been
employed to identify open-circuit voltage losses and some
other photovoltaic parameters.”™® Here we demonstrate that
transient electroluminescence is very sensitive to the ion
accumulation and their spatial distribution and therefore is a
powerful tool to address the ion dynamics and related
electronic processes in solar cells and LEDs.

We studied the EL dynamics of solution-processed triple-
cation perovskite solar cells (CSFAMAPb(I,Br,_,))” (see the
Supporting Information for more detail) by applying either a
constant or pulsed forward voltage. The observed current, EL,
and photoluminescence (PL) dynamics on a slow time scale,
presented in Figure 1, exhibit remarkably distinct behavior.
The PL (Figure la) is weakly voltage-dependent, shows a fast
partial decrease during the initial 20 s, and then remains

7 ACS Publications — © 2019 American Chemical Society
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constant. On the other hand, the EL intensity is initially very
weak and increases for several minutes (Figure 1b). The
electric current also increases, albeit faster, and is sizable from
the very beginning.

Slow processes such as migration of ions or vacancies, carrier
trapping, etc., taking place in perovskites during seconds and
minutes, have been widely discussed."™"" Ton redistribution
may affect nonradiative carrier recombination and charge
carrier injection,'”"* or even cause the formation of a p-i-n
structure due to the accumulation of mobile ions next to
perovskite/contact layer interfaces.'” As demonstrated for
light-emitting electrochemical cells, an increased conductivity
of p and n layers may significantly affect carrier recombination
by concentrating the electric field in the central undoped
region."”"® Very weak initial EL can hardly be explained by the
fast nonradiative recombination, because it would also result in
weak PL. Therefore, initially weak EL yield may be due to
injection of only one charge carrier type and/or reduced
radiative recombination rate, caused by, for example, spatial
separation of injected electrons and holes, which in turn may
change in time during the formation of the p-i-n structure.
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Figure 1. (a) PL intensity dynamics after starting optical excitation.
Blue kinetics corresponds to the absence of external electric field, and
the red one shows the corresponding dynamics when 0.7 V forward
bias was applied. (b) Experimental (dark gray) and simulated
(magenta) EL intensity (left axis) and electric current (blue) kinetics
(right axis) measured while applying 0.7 V forward bias.

To clarify this EL behavior, we investigated the fast EL
dynamics under pulsed voltage bias. To avoid uncertainties
caused by the slow processes, these measurements were
performed after more than 10 min following the application of
periodic voltage pulses, when the slow response reached a
steady state. Figure 2a presents a typical temporal response of
the EL intensity and electric current density in a perovskite
solar cell driven by a rectangular voltage pulse. After an initial
capacitive current spike, the current additionally slightly
decreased during the entire voltage pulse. The EL appearance
was delayed by several microseconds, and its intensity, in
contrast to the current behavior, gradually increased, followed
by the strong short-lived spike (overshoot) observed
immediately after the voltage was switched off. However,
depending on the duration and amplitude of the applied
voltage, the EL temporal profile was also more complex (see
Figure 2b,c). The delay time (when EL exceeded measurement
sensitivity) varies approximately inversely proportionally to the
applied voltage, with an additional delay of about 1 us (see
Figure S3) caused by charging of the geometrical capacitor,
retarding the voltage growth on the sample. The voltage-
dependent delay is most likely caused by the accumulation of
charge carriers inside the perovskite layer, as will be discussed
below. However, other processes, such as the population of
carrier traps or fast migration of ions, cannot be completely
excluded. It should be mentioned that the overall EL dynamics
including the overshoot signal is a fundamental property of
perovskites because we observed it not only in the perovskite
compositions shown here but also in perovskites of different
compositions, including classical methylammonium lead iodide
(MAPI) (see Figure S4) and quasi-two-dimensional perov-
skites. We have also studied perovskite devices protected from
moisture and oxygen by sealing them with a polymer. Both
sealed and unsealed devices behaved very similarly during the
measurements. However, sample degradation was observed at
high operation voltages.

When charge transmitted through the sample was kept
constant while changing the electrical pulse duration and
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Figure 2. (a) Current density kinetics (gray, right axis) after the
application of 20 us duration and 1.3 V rectangular voltage pulse
(red) and EL kinetics measured at 770 nm (blue, left axis). (b) EL
transients, measured at identical transmitted charge density per
electrical pulse of 80 nC/cm? but different pulse durations and
voltages. (c) EL transients created by 20 us 1.6, 1.9, 2.2, and 3 V.
pulses. The inset shows the decay of the EL pulse.

voltage (Figure 2b), the maximal EL intensity at the end of the
electrical pulse (10—30 us) prior the overshoot was almost
identical. This suggests that the EL intensity is determined by
the transmitted charge rather than the applied voltage.
Meanwhile, at higher voltages, EL kinetics exhibited
qualitatively different behavior: after reaching its maximum,
the EL intensity then partly decayed again (Figure 2c).

As mentioned, the termination of the voltage pulse triggered
an abrupt increase of the EL intensity (Figure 2). This EL peak
showed a strong and nonmonotonic dependence on the
parameters of the applied electrical pulses. At constant
electrical pulse duration of 20 us, the peak decreased with
voltage but increased again at high voltages (Figures 2c and
S3). A similar nonmonotonic dependence was also observed
by changing the electrical pulse duration and its amplitude at a
constant transmitted charge (Figure 2b). Short high-voltage
pulses created only a weak peak, which increased with the
pulse duration, but long and low-voltage pulses resulted in a
weaker peak again. In addition, the peak, as well as the regular
EL intensities, showed some still unclear variations depending
on the sample treatment history. For instance, the strongest

DOI: 10.1021/acs jpclett.9b00618
J. Phys. Chem. Lett. 2019, 10, 17791783
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Figure 3. Model for the electroluminescence overshoot pulse formation. Left-hand-side graphs show device operation in regime a, taking place
before accumulation of ions, and right-hand-side cartoons show operation in regime b, achieved after ion accumulation on the perovskite layer
edges. Blue and red circles show distributions of electrons and holes, respectively, while red and blue squares represent distributions of
corresponding ions. Red lines show radiative carrier recombination. Numbers in the top left graph indicate energies of the valence and conduction

band edges.

peak exceeding regular EL intensity more than 30 times was
obtained with 20 us and 1.8 V pulses (see Figure SS).

We have also measured EL transients at constant applied
voltage but different pulse durations (see Figure S6a,b). These
results show that the overshoot can be obtained only with a
certain set of the parameters. We attribute the influence of the
pulse durations to the modifications of mobile ion distribution,
as discussed below. Ion redistribution was suggested to be
responsible for the observed current—voltage hysteresis of
perovskite solar cells. Such hysteresis presented in Figure S7
indicates that ion migration plays an important role in the
investigated devices as well.

The formation of a EL peak after termination of the voltage
pulse has been previously observed in organic LEDs and is
known as the electroluminescence overshoot (EQ).'™"® It was
attributed either to the recombination of detrapped holes with
electrons or to the redistribution of accumulated charge
carriers. Although the basic EO formation mechanism in the
perovskite solar cell may be similar as in organic LEDs, ion
redistribution in the former plays an additional crucial role,
making the EO properties much more complex. To relate free
charge carrier dynamics and recombination with the ion
redistribution, we propose a model that is schematically
illustrated in Figure 3 and, as we show below, can explain the
EL evolution in perovskite solar cells on both slow (seconds—
minutes) and fast (microseconds) time scales. We distinguish
two extreme device performance regimes: (a) before
redistribution of mobile ions and (b) after the device is
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exposed to the external electric field for a longer time, resulting
in notable ion redistribution within the perovskite layer.

In regime a, electrons and holes injected over small barriers
from TiO, and Spiro-MeOTAD, respectively, drift through the
perovskite layer and, facing high extraction barriers, accumulate
close to the interfaces with carrier transport layers. In this
regime, one would observe very weak EL signal that is limited
by two factors: (i) weak charge carrier recombination while
quickly drifting through the layer of the accumulated charges
of the opposite sign and (ii) even weaker recombination in the
perovskite bulk due to very small overlap between the
distributions of the accumulated electrons and holes. Carrier
accumulation next to perovskite interfaces is most likely
limited by the surface recombination'’ and/or permeation
through the energy barriers at high voltages. Termination of
the applied voltage removes the electric field, or even inverts it
for a short time, and causes mixing of electron and hole spatial
distributions by diffusion, consequently increasing lumines-
cence intensity observed as an overshoot effect. Alternatively,
in regime b, redistributed mobile ions form the p-i-n structure
with high hole and electron densities next to interfaces with
TiO, and Spiro-MeOTAD layers, respectively. Injected
electrons and holes quickly drift through the perovskite layer
toward opposite electrodes until reaching regions doped with
opposite charge carriers. Therein they rapidly recombine,
causing the strong EL signal. Because of the fast recombina-
tion, injected electrons and holes do not accumulate inside the
perovskite layer in regime b, and therefore the overshoot effect
should be completely absent.

DOI: 10.1021/acs jpclett.9b00618
J. Phys. Chem. Lett. 2019, 10, 17791783



Copies of publications

The Journal of Physical Chemistry Letters

The above-described experimental data correspond to the
intermediate regime, when the doped regions are formed, but
the doping level is not sufficient to completely prevent
accumulation of the injected charge carriers. Application of low
voltages results in weak ion redistribution and material doping;
thus, the recombination of the injected carriers with the
equilibrium carriers is relatively slow, which in turn allows
significant carrier accumulation. Then the device’s perform-
ance is similar to the regime a, enabling the formation of a
strong overshoot pulse. On the other hand, application of
higher voltage leads to more pronounced ion redistribution
and, accordingly, a higher doping level. As a result, carrier
recombination in the doped regions accelerates, causing
stronger steady-state EL but minimizing accumulation of
injected charge carriers and the overshoot pulse, as was indeed
observed experimentally (Figure 2c).

The detailed mathematical description of this EL model is
presented in the Supporting Information. Briefly, we have
modeled time evolution of charge carrier concentration by
means of the Einstein—Smoluchowski diffusion equation,
additionally taking into account electron—hole recombination.
We also assumed that some cations and anions are mobile on a
time scale of tens of seconds, their initial densities being free
parameters. Exposed to the external electric field, these mobile
ions drift through the perovskite layer until their densities
reach steady-state exponential distributions near the corre-
sponding electrodes. For simplicity, we also assumed identical
electron and hole properties. The carrier mobility used in our
model was of § cm?V™'s™!, which is in the range of typically
reported values of 1—-100 cm?>V~'s71.>°7** The used
electron—hole radiative recombination rate of y = 3 ym® s™*
is close to the one reported in ref 5. The model also accounts
for formation of the doped regions at the perovskite interfaces
due to mentioned ion redistribution as well as charge carrier
trapping into nonradiative traps, responsible for a PL decay
with a time constant of 130 ns (see Figure S2b).

The modeled long-term (seconds to minutes) EL evolution
is shown with magenta line in Figure 1b. The model
reproduces the experimentally observed continuous EL growth
from zero to the steady-state value. Calculated EL dynamics
under pulsed excitation corresponding to the above-described
experimental data are presented in Figure 4. The model
quantitatively reproduces all observed EL dynamical proper-
ties: delayed EL growth, its partial decay on a microsecond
time scale, and formation of the overshoot pulse. It also
predicts an intensity decrease immediately after the voltage
switch-off that was indeed experimentally observed at the
highest voltage in Figure 2c, as well as the growth of the EO
amplitude with the increase of voltage pulse durations under
constant current density (Figures 2b and 4a) and its decrease
at high voltages (Figures 2c and 4b). The total quantitative
agreement between the modeled and experimental curves was
not completely achieved. This is not surprising because the
model is significantly simplified: we assumed identical
properties of anions and cations, of electrons and holes, and
did not account for such phenomena as material inhomoge-
neity, electric field screening, etc. Currently, we have little
information about these processes; therefore, our approach was
to keep the model simple, including as few free parameters as
possible.

Nevertheless, our model explains the main EL dynamic
features, which validates it and makes it useful for under-
standing and controlling both solar cell and LED performance.
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Figure 4. (a) Calculated EL transients at different pulse durations and
voltages but identical transmitted charge density of 80 nC/cm® per
electrical pulse. (b) EL kinetics, calculated for 20 us pulses of different
voltage (see Figure 2 for the corresponding experimental data).

Simulation results (presented in Figure S10) indicate that the
overshoot pulse intensity might be further amplified by
reducing the surface recombination rate as well as charge
trapping.

The overshoot effect may be particularly interesting in the
development of electrically pumped perovskite lasers. To date,
only optically pumped perovskite lasers have been demon-
strated.”” "> Electrical pumping of perovskite or other
solution-processed lasers would open new exciting possibilities
for their application; however, their realization still meets
serious difficulties. The high current density needed to achieve
optical gain and the concomitant device heating are among the
major limiting factors.”>*” The giant overshoot effect, enabling
high pulsed luminescence intensity with a low current density
by accumulating charge carriers inside a perovskite layer may
facilitate circumventing this problem. The overshoot effect
resembles quality switching (Q-switching) in lasers, used to
obtain high power short pulses with long pumping pulse.
Further increase of overshoot pulse intensity may be achieved
by developing perovskites with higher luminescence yield as
well as by engineering of the device architecture permitting a
higher density of accumulated charge carriers by minimizing
the density of mobile ions or surface recombination.
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Reduced Efficiency Roll-Off and Improved Stability
of Mixed 2D/3D Perovskite Light Emitting Diodes

by Balancing Charge Injection

Azhar Fakharuddin,* Weiming Qiu, Guillaume Croes, Andrius DeviZis, Rokas Gegevicius,
Alexander Vakhnin, Cedric Rolin, Jan Genoe, Robert Gehlhaar, Andrey Kadashchuk,

Vidmantas Gulbinas,* and Paul Heremans*

Perovskite light emitting diodes (PeLEDs) have reached external quantum
efficiencies (EQEs) over 21%. Their EQE, however, drops at increasing current
densities (J) and their lifetime is still limited to just a few hours. The mecha-
nisms leading to EQE roll-off and device instability require thorough inves-
tigation. Here, improvement in EQE, EQE roll-off, and lifetime of PeLEDs is
demonstrated by tuning the balance of electron/hole transport into a mixed
2D/3D perovskite emissive layer. The mixed 2D /3D perovskite layer induces
exciton confinement and beneficially influences the electron/hole distribu-
tion inside the perovskite layer. By tuning the electron injection to match the
hole injection in such active layer, a nearly flat EQE for J = 0.1-200 mA cm™, a
reduced EQE roll-off until J = 250 mA cm?, and a half-lifetime of ~47 h at J =
10 mA cm~2 is reached. A model is also proposed to explain these improve-
ments that account for the spatial electron/hole distributions.

1. Introduction

Solution processed organometallic hybrid perovskites have
emerged as a successful material for a range of optoelectronic
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devices, such as light emitting diodes
(LEDs), lasers, and photodetectors.l') The
remarkable progress of these devices is
mainly made via controlling the defect
states responsible for nonradiative recom-
bination. This resulted in a photolumines-
cence quantum efficiency (PLQE) >70% in
perovskite thin films.2? Several methods
have been shown to allow the external
quantum efficiency (EQE) of perovskite
LEDs (PeLEDs) to reach up to 21%: by
using nanocrystals;*’ by employing
hybrid perovskite materials with 2D/3D
crystal structurel®”) to confine charge car-
riers spatially; by using 2D/3D perovskite
passivated with an insulating polymer;®!

by anion exchange in colloidal quantum

dot films leading to a low trap-state den-

sity.”] Despite the rapid progress made in
PeLEDs, the EQE tends to drop at high current density (]), a
phenomenon known as efficiency roll-off.'% The current den-
sity corresponding to 50% EQE drop (Jo) for many PeLEDs is in
the range =10-100 mA cm25¢811 Such roll-off is undesirable
when targeting high-brightness applications or ultimately injec-
tion lasing.

Various mechanisms have been proposed to explain the EQE
roll-off at high current densities, in particular Auger recombina-
tion,'213] Joule heating, and charge imbalance.'*l For example,
Zou et al.’ suggested that the EQE roll-off is caused by lumi-
nescence quenching due to nonradiative Auger recombina-
tion, which was suppressed by tuning the width of quantum
wells in 2D/3D perovskite employing a multiple quantum well
structure. Kim et al.' demonstrated via pulsed driving that
PeLEDs could withstand J up to 150 A cm™ with no sign of
Auger recombination. They assigned the observed EQE roll-off
to Joule heating combined with imbalanced charge injection
into the device. Joule heating increases the local temperature of
the device, thereby enhancing the exciton dissociation rate, and
it may affect charge transport properties of organic layers.!”)
Balancing the charge injection resulted in significantly reduced
roll-off in organic LEDs (OLEDs)!'” and quantum dot LEDs!!%
at high J. The role of such balance, however, still remains unex-
plored for PeLEDs. For a device operating in imbalanced charge
injection conditions, the surplus charge could leak through the

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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device, thus reducing its EQE.'”] The excess carrier concentra-
tion may also annihilate singlet excitons.!') Notably, in OLEDs,
charge balance also determines where the excitons are formed
and their concentration. In OLEDs, an exciton density spread
across the emitter thickness is preferred over excitons concen-
trated close to an interface, as this causes exciton—exciton anni-
hilation.l"”) A thorough investigation of the charge injection/
transport balance in PeLEDs and its influence on EQE roll-off is
therefore required. We also note negligible roll-off in a report®!
where EQE of =20.7% is demonstrated via reduced light-trap-
ping. But no detail is provided to explain the low EQE roll-off.

In PeLEDs, the peak EQE usually occurs at very low cur-
rent density (J < 10" mA cm™?).518) These devices are, how-
ever, characterized by a significant roll-off that kicks in at a
modest current density of J, = 10 mA cm™2. Some reports show
an EQE roll-off at higher current density J, = 100 mA cm™
(and beyond), and in those cases, the peak EQE is at higher |
(10-30 mA cm™?),>¥ suggesting that in these devices, a sig-
nificant trap-mediated recombination competes with radiative
recombination. A device that combines high EQE at low J and
reduced roll-off at high current density is yet to be realized. Fur-
thermore, little is known regarding the mechanisms leading to
degradation of PeLEDs. A lifetime of a few hours at [ = 1 A
cm2 was recently reported using hybrid 2D/3D perovskite, %)
which suggests that such materials can intrinsically withstand
high J.

In the present study, we improve device performance at low
as well as high | in PeLEDs employing quasi-2D perovskite
(BA-incorporating  MAPb(I/Br);, BA = n-butylammonium)
which we refer to as mixed 2D/3D perovskite. Stoichiometric
tuning of 2D/3D perovskite films leads to a high EQE, sug-
gesting dominant radiative recombination, at | = 0.1-1 mA
cm™?, whereas systematic control over the charge injection into
the emissive layer (together with optimized stoichiometry) min-
imizes EQE roll-off up to J = 200 mA cm™. We show a peak
EQE of 16.7 + 1% at 0.4 mA cm™ for the champion device.
The optimized devices maintain EQE =10% up to J = 200 mA
cm™2. Additionally, these optimized devices show a Ty, (lifetime
defined as the operation time at which luminescence drops by
half) of several tens of hours (for a best device Tsy = 47 h at
10 mA cm™ and Tso = 12 h at 100 mA cm™), which is about
the benchmark stability values reported for PeLEDs at these
current densities.*®l Extensive spectroscopy measurements of
the optimized perovskite films and devices suggest that these
improvements stem from three effects combined in a single
device: 1) the optimized stoichiometry of 2D/3D perovskites,
which leads to exciton confinement and beneficial confinement
of charge carriers in 3D domains in the mixed 2D/3D emissive
layers; 2) the control over spatial electron/hole distribution in
the perovskite semiconductor; 3) the balanced charge injection
in the optimized device stack.

2. Results and Discussion

2.1. Performance of Perovskite Light Emitting Diodes Based
on 2D/3D and 3D Perovskite

We first optimize the performance of 2D/3D PeLEDs by tuning
the perovskite stoichiometry in an LED architecture shown in
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Figure 1a. A 3D perovskite MAPD(I/Br); is used as reference. Its
stoichiometry is systematically tuned toward 2D/3D perovskite
via incorporation of the large cation BA. The BA concentration
was varied from 0% to 60% (see the Experimental Section and
Table S2 in the Supporting Information) in the precursor solu-
tion containing Pbl,. X-ray diffraction, UV-vis absorption, and
photoluminescence investigations (Figures $1-S3, Supporting
Information) unambiguously assert the mixed presence of 3D
and 2D domains in these layers. The diodes further comprise
4,7-Diphenyl-1,10-phenanthroline (bphen) and poly(4-butyl-
phenyl-diphenyl-amine), poly-TPD as electron and hole trans-
port layer, respectively.

The 2D/3D perovskite emissive layer is a dense pinhole-
free thin film (=80 nm, Figure S2b, Supporting Information),
slightly thinner than a reference 3D film (=100 nm, Figure S2c,
Supporting Information). We optimized the thickness of trans-
port/injecting layers via optical simulations (Figure S4, Sup-
porting Information) in order to maximize performance of
our PeLEDs. The detailed device performance of PeLEDs as a
function of different BAI concentrations (0-60%) is provided
in Table S3 in the Supporting Information. The optimum con-
centration of 50% BAI in the 2D/3D perovskite films results in
the highest best and average EQE, and therefore, in our fur-
ther experiments, we only use this optimized stoichiometry
of 2D/3D perovskite. We note that the electroluminescence
(EL) emission peak and EQE stabilize after several minutes
(Figures S5 and S6, Supporting Information), and, throughout
the study, we only report stabilized EQE values.

We further optimized device performance by systematically
doping the bphen electron transport layer (ETL) with a small
molecule Alq; (Tris(8-hydroxy-quinolinato)aluminum) to alter
electron transport/injection into the PeLEDs (as will be elabo-
rated in the latter sections). Figure 1c shows EQE dependency
of PeLEDs upon ETL doping. The PeLEDs employing Alq;-
doped bphen as ETL, particularly using higher doping concen-
trations, demonstrate a flat EQE for a wide range of applied
bias (injection current). This contrasts with devices with pris-
tine bphen that show significant EQE roll-off. For example, the
EQE ,;x for PeLED with pristine bphen drops by 72% at 6.5 V
(J = 161 mA cm™?), whereas the EQE,,,, of devices with 10%
and 20% doped bphen show only <20% EQE drop, up to 7 V
(J =112 and 73 mA cm™ for 10% and 20% Alq;-doped bphen,
respectively). A statistical analysis made for over 150 devices
from 12 different batches, shown in Figure 1d, supports the
fact that Alqs-doped bphen increases the highest as well as the
average EQE of PeLEDs. The highest (average) EQE of PeLEDs
made using 2D/3D perovskite films increases from 9.9% (av.
5.3%) with pristine bphen to 10.5% (av. 7.9%), 12.5% (av. 8.9%),
16.8% (av. 12.7%), and 11.1% (av. 7.1%) when the bphen ETL is
doped with 2%, 5%, 10%, and 20% Alqs, respectively. The 3D
counterparts showed significantly lower EQE (Figure S8, Sup-
porting Information).

Next, we analyze the EQE performance over a wide range of
injection current density (J = 0.05-660 mA c¢m™), well beyond
the roll-off current densities (between 10-50 mA cm2>68:11])
reported in literature. We only choose PeLEDs with pristine
(0%) and 10% doped bphen as ETL, both for 2D/3D and 3D
PeLEDs (Figure 2a). A significant roll-off is observed for 3D
PeLEDs. The peak EQE of 1.2% at 13 mA cm™2 for 3D PeLEDs

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. a) Schematic showing various material layers for PeLEDs and their thickness. The edges of LEDs are covered such that no light from the
edges can contribute to EQE.?l b) Cross-section of a complete PeLED employing 2D/3D perovskite. Scale bar: 500 nm. The lower panel shows the
symbols used to plot EQE versus voltage plot in c). The various percentages refer to the concentration of Algy in bphen ETL. Statistics made for over
150 PeLEDs with different bphen doping levels are shown in (d). The EQE (stabilized) is measured at J, 1-20 mA cm~2 (as will be discussed in subse-

quent section, the EQE remains nearly flat for J = 107'-102 mA cm).

(0% bphen) drops by more than two orders in magnitude at
66 mA cm™. This improves slightly when 10% doped bphen is
used as ETL with a device that demonstrates EQE of 4.26% and
2.26% at 66 and 100 mA cm~2 (corresponding to =42% and 69%
drop in the peak EQE). These results show that the efficiency
roll-off is significantly affected by charge transport/injection
into the device. A similar and even more pronounced trend is
observed for 2D/3D perovskite-based LEDs: The peak EQE for
the 2D/3D PeLEDs with pristine bphen ETL drops from 8.1% at
J=13 mA cm™ by almost an order of magnitude at ] = 100 mA
cm™ and the devices completely degraded at J > 200 mA cm™.
For the same perovskite emissive layer, however, the LED per-
formance greatly improves when bphen doped with 10% Alq; is
used as ETL. The peak EQE of =13.8% drops only by =26% at
100 mA cm™ (EQE 10.8%) and an EQE of 4.1% is recorded for
J =200 mA cm™.

The champion device (in terms of EQE roll-off) employing
ITO/poly-TPD/2D/3D.Per/10% bphen/Liq/Ag showed a nearly
flat EQE for ] = 0.2-150 mA cm™ (peak EQE of 15%) with neg-
ligible roll-off (EQE of 9.7% at 200 mA cm™). The J,, defined
as the current density at which the EQE drops to 50%, was
=250 mA cm™? and the device still showed EQE of 1.9% at
J = 660 mA cm™. The champion device (in terms of the
highest EQE) showed an EQE of 16.7 + 1% at ] = 0.4 mA cm™
with negligible roll-off at higher ] (Figure S10, Supporting
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Information). To show the performance reproducibility of this
best-performing device structure, we also report the average
EQE of nine devices made from different batches measured at
J up to 660 mA cm™2 (Figure 2c). The EQE trend is similar for
all devices (flat EQE over a wide J). We also note EQE =12.2%
at 100 mA cm™ in the best device, which is among the highest
reported values at such ] employing organic-inorganic hybrid
perovskites.®?1321] Contrary to the widespread literature
reporting a substantial efficiency roll-off for 2D/3D PeLEDs,
typically at J = 10-50 mA cm™2>681122 and even at lower J for
3D PeLEDs,??l our 2D/3D PeLEDs showed only a minor EQE
drop for J up to 200 mA cm™ (=50 mA cm™ for 3D PeLEDs).

2.2. Lifetime Measurements of Mixed 2D/3D PeLEDs

In order to investigate the stability of our PeLEDs, we first
carried out lifetime measurements at a constant | = 13 mA
cm2. The lifetime measurements in Figure 2d reveal that for
both 2D/3D and 3D perovskite emissive layers, the alteration of
the ETL brings about a great improvement in lifetime. Clearly,
the device stability is more strongly correlated to charge injec-
tion and transport into the device than with the initial EQE. For
example, 2D/3D PeLEDs with pristine bphen (0%) as an ETL
have a high initial EQE, but under continuous J stress, the EQE

(30f12) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) Current density (/) versus EQE plots of PeLEDs employing 3D and 2D/3D perovskites as emitter layer. 0% and 10% correspond to pristine
bphen (0%) and 10% Alq;-doped bphen as ETL. b) EQE and radiance of a champion (in terms of operating current range) PeLED employing 2D/3D
perovskite and 10% Alqs-doped bphen. Photo in the inset shows a bright device operating at 50 mA cm™. c) Average EQE and power efficiency of
eight best performing PeLEDs for a reliable comparison of data. Inset of (c) shows a typical EL spectrum of an optimized 2D/3D PelLEDs recorded at
J =50 mA cm™? (Aemission = 755 nm, full width at half maxima (FWHM) = 41 nm). d) Stability of PeLEDs shown in (a) at a constant J = 13 mA cm™.
e) Stability of champion PeLEDs employing 2D/3D perovskite and 10% Algs-doped bphen as ETL as a function of J. f) Half-lifetime (Tso) of all four
types of PeLEDs as a function of J. Inset shows EQE measured at a constant J = 10 mA cm™2. The device shows Tgs of 14.2 h (with respect to peak EQE

which was reached after 10.8 h after the start of the measurement). For details, refer to Figure S9 in the Supporting Information.

rapidly drops to near zero within 20 min. On the contrary, the
3D and 2D/3D PeLEDs (3D PeLED start at significantly lower
EQE) with 10% doped bphen as ETL show no drop in EQE
even after 90 min at the same J. These findings emphasize the
importance of charge injection balance into the PeLEDs, just as
in organic LEDs and quantum-dot LEDs.[1023]

We also measured lifetime of PeLEDs at continuous |
(10660 mA cm™?) as shown in Figure 2e for the champion
2D/3D perovskite with 10% Alq;-doped bphen. We note a rise
in EQE for the initial few minutes, which we attribute to ion
migration and halide redistribution.?) Furthermore, the EL
emission peak red-shifts during this stabilization time, after
which it remains stable throughout the measurement (see
Figure S5 in the Supporting Information for details). From the
halflifetime (Ts) plot of PeLEDs with different compositions
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(Figure 2f), we note a direct correlation between ] and Ts,.
Clearly, the doping of the ETL with 10% Alq; improves the
lifetime substantially, regardless of the emissive layer and
the injected current. For example, the Ty, for 2D/3D PeLEDs
improved from 0.8 h (for 0% bphen) to =47 h (10% bphen) in
a best device at ] = 10 mA cm™ Such lifetime value is among
the longest reported so far for PeLEDs, which typically display
lifetimes of several minutes to only a few hours, at lower injec-
tion current values.®??) Note that a Ts, up to 96 h has recently
been reported at 100 mA cm™ (EQE 3.85%).'% This excellent
performance results from the use of a new large cation 3-bro-
mobenzylammonium iodide to form the 2D perovskite and of
different injecting contacts.

The doped ETL with 10% Alg;-doped bphen yields remark-
able improvements in EQE, roll-off, and stability, particularly in

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Current-voltage curves of PeLEDs employing 2D/3D perovskite as a function of doping of ETL. b) Unipolar devices to quantify only one
type of current flowing through the device. c¢) EQE of PeLEDs employing FETCNNQ as HTL while the rest of device configuration remains the same.
For details of inset (c), refer to Figure S13 in the Supporting Information. d) HODs employing poly-TPD and 2% F6TCNNQ-doped poly-TPD as hole

transport layer, a thin layer of MoO, (5 nm), and 80 nm thick Au layer.

the devices employing 2D/3D perovskite emissive layers. Sur-
prisingly the doping of bphen with Alq; diminishes the electron
transport characteristics. Indeed, the current-voltage curves in
Figure 3a 2D/3D PeLEDs suggest that the systematic doping of
bphen with Alq; increases the resistivity of the ETL. We explain
this observation by noting that the lowest unoccupied mole-
cular orbital (LUMO) of the Alqg; is energetically lower than
that of bphen (Figure 3c).””) Therefore, Alq; molecules form
shallow electron traps in the bphen matrix. These extrinsic
traps increase the energy disorder in the matrix because the
energy width of the resulting hopping site gets effectively
broader, which hinder electron hopping reducing thus the
overall electron mobility?l To experimentally validate these
assumptions, we fabricated single-layer devices that allow only
one type of charge carrier to pass through the device.>?) The
electron-only device (EOD) consists of ITO/ZnO/PEIE/2D3D.
perovskite/bhpen(0%,10%)/LiQ /Ag (PEIE is polyethylenimine
ethoxylated) whereas the architecture of the hole-only device
(HOD) is ITO/poly-TPD/2D3D.perovskite/poly-TPD/MoOs/Au.
Thickness of all the layers in single carrier devices resembles
those in PeLEDs. The measured J-V curves (Figure 3b) demon-
strate that the electron current in EOD employing 10% doped
bphen drops by almost a factor of 10 in comparison with that
employing pristine bphen. As a result, it matches better with
the hole current passing through the HOD. Pristine bphen
has a reported electron mobility (i, = 5 x 10~ cm? V-1 s71)128]
that is fivefold the hole mobility reported for poly-TPD
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(Hy =1 x 10* cm? V! s71).12% By doping bphen with 10% Algs,
we reduce the electron transport and establish a better electron/
hole balance. Note that this direct comparison between currents
in EOD and HOD may be affected by differences in the prop-
erties of perovskite layers grown on different charge selective
contacts.’® We note however, that their morphologies revealed
by atomic force microscopy (AFM) in Figures S1 and S11 in the
Supporting Information are very similar.

In order to confirm that charge balance leads to high EQE
and long lifetime in PeLEDs employing poly-TPD as HTL and
10% doped bphen as ETL, we doped poly-TPD with a small
molecule  2,2"-(perfluoro-naphthalene-2,6-diylidene)dimalon-
onitrile (FeTCNNQ).3! The EQE of the PeLEDs employing 2%
F6TCNNQ-doped poly-TPD as HTL and 10% Alq;-doped bphen
as ETL dropped to =7%. Also, their half lifetime dropped to
around 3 min at 10 mA cm™ (Figure 3c). We attribute this to
a higher hole current in the doped HTL, as revealed by the J-V
curves of HODs employing poly-TPD and 2% F6TCNNQ-doped
poly-TPD in Figure 3d. A comparison of single carrier com-
plete devices further shows a dominant hole current in PeLEDs
when poly-TPD is doped with 2% F6TCNNQ (Figure S14,
Supporting Information). We rule out any difference in perov-
skite morphology grown on top of 2% F6TCNNQ-doped poly-
TPD solution processed thin film (Figure S15, Supporting
Information). We further reveal the importance of charge
balance by employing 2% F6TCNNQ-doped poly-TPD HTL
together with pristine bphen ETL in PeLEDs. The half lifetime
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of these devices increases significantly from =3 min (when
10% doped bphen is used as ETL, Figure 3c) to beyond 75 min
(Figure S16, Supporting Information). These results clearly
show that the excess charges (holes in Figure 3c and electrons
in Figure 2d) reduce the EQE and the operational lifetime. This
could be explained by the fact that the dominant charge carrier
can follow a direct path through the device without contrib-
uting to radiative recombination. The unbalance of charges in
both cases contributes to device degradation and EQE roll-off.
The PeLEDs with 10% Alqs-doped bphen and poly-TPD show
better tuned e/h balance over a wide range of current densi-
ties, correlated with better stability and reduced EQE roll-off.
A higher doping concentration (20% Alg;) in the bphen ETL
further reduces electron mobility (Figure 2a) so that the hole
current starts to dominate in the device. This results in reduced
EQE and higher EQE roll-off. Nonetheless, the fact that 2D/3D
PeLEDs with 10% doped bphen show the highest EQE, reduced
EQE roll-off, and significantly enhanced stability compared to
their 3D counterparts suggests that the unique flat EQE curve
(Figure 2a) also originates partly due to the intrinsic properties
of 2D/3D perovskite (as will be elaborated in discussion section
below).

2.3. Origin of Flat EQE over a Wide Range of Injection Current
Density in 2D/3D PeLEDs

Contrary to many reports where the EQE typically drops by
orders of magnitude with increasing current density,>¢811:22]
our optimized 2D/3D PeLEDs show nearly flat EQE over a
wide current range. To get more information about the physical
processes related to the above-described 2D/3D PeLED func-
tional properties, we performed transient absorption (TA) and
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thermally stimulated luminescence (TSL) investigations of both
types of perovskite films and transient electroluminescence
measurements of 2D/3D PeLEDs under device pumping by
periodic voltage pulses.

TA spectroscopy reveals remarkable differences in the
behavior of the excited states of 2D/3D and 3D perovskites
(Figure 4). This data gives evidence for exciton confinement
in the 2D/3D perovskite film. Figure 4a—d shows excitation
intensity dependent TA plots for both perovskite films. Both 3D
and 2D/3D samples exhibit bleaching of the ground state (GS)
absorption at the absorption band edge at =700 and =580 nm,
respectively. In contrast to 3D film (Figure 4e), the GS absorp-
tion recovery in 2D/3D film is much faster and independent of
excitation intensity (Figure 4f).

The most prominent phenomenological peculiarity of the
2D/3D perovskite is the presence of a broad bleaching band
below the bandgap in the 610-720 nm region. This band
appears gradually during 1-2 ps (see bleaching kinetics at
650 nm in Figure 4g), simultaneously with the partial regen-
eration of the GS absorption of the 2D phase at 580 nm
(Figure 4g). We attribute this long wavelength bleaching to the
filling by lower-bandgap 3D phase domains in the 2D/3D film
that act as traps for carriers and are crucial for the electrolu-
minescent properties of devices. The energy distance between
the 2D bandgap and this bleaching band implies trap energies
being broadly distributed between several tens and more than
300 meV.

The presence of moderately deep traps for charge carriers
in 2D/3D perovskite films have been directly confirmed by
means of low-temperature TSL measurements (see Figure 5a).
TSL measurements indicate explicitly the occurrence of charge
carrier trapping and provide insights into charge trap density
distribution in semiconducting materials.?” Noteworthy is
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Figure 4. 3D plots of the transient absorption data for 3D perovskite film. a) 100 uj cm™2 (high excitation intensity); c) 5 i) cm™2 (low excitation inten-
sity); 2D/3D perovskite film. b) 100 1) cm=? and d) 5 pJ cm2. e) Decay of the ground state bleaching of 3D perovskite film (700 nm band) and f) 2D/3D
perovskite film (580 nm) at different excitation intensities. g) Kinetics of the induced absorption (540 nm), ground state bleaching of 2D/3D perovskite
(580 nm), and bleaching below the bandgap of the 2D/3D perovskite attributed to the filling of the trap states (650 nm). For clarity, the 580 nm kinetic
is divided by the factor of 3. h) Time-resolved photoluminescence decay kinetics (excited at 470 nm) of the 3D and 2D/3D perovskite films.
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Figure 5. a) TSL measurements of 3D and 2D/3D perovskite films showing trap-density distribution measured at low temperature. The TSL curves were
recorded in a linear heating regime after excitation with 436 nm light for 10 s at 4.2 K, and the mean activation energies were estimated by fractional
TSL technique. b) Calculated internal quantum efficiency versus charge carrier density. The parameters used for calculation are in the inset of the figure.
The current density J for the B (blue line) is shown on the top axis. A typical film thickness of PeLEDs, e.g., d = 60 nm is employed. Typical 300 K value
of kg = 1(£0.5)E6 577, kyog = 1E=10 cm® 57!, and kg are adapted from literature.®l kyg, is estimated knyger = 2E-29 cm® 57" from experiments (knyger =

2-8E-29 cm® s7')1*) and theory (Kayger = 3-30 cm® s7) 13637]

the different trap concentration and trap distribution profile
of the two types of perovskites. 3D perovskite films showed
a relatively weak TSL observed only at very low temperatures
below =70 K (TSL curve maximum at =15 K) implying the pres-
ence of just shallow trap states. In contrast, the TSL signal for
2D/3D perovskites was significantly stronger, detectable to the
temperature as high as =130 K (Figure 5a) and featuring addi-
tional TSL bands at =35, 45, and 60 K. It should be noted that
since TSL excitation has been performed at very low tempera-
ture, any ion migration leading to photoinduced trap forma-
tion (“light-soaking” effect) is suppressed at T,,. = 4.2 K, and
therefore, plays no role in our TSL measurements. This is also
supported by observed invariability of the measured TSL curve
shapes upon different light exposure times ranging from 10 s
to several tens of minutes. Average trap depths evaluated by the
fractional TSL technique are also presented in Figure 5a and
show a very broad distribution of trap depths ranging from a
few meV to more than 300 meV in 2D/3D perovskite films.
This proves univocally that the specific structure of the mixed
2D/3D hybrid perovskite films gives rise to creation of moder-
ately deep charge traps, as opposed to the 3D films. This agrees
nicely with results of transient absorption measurements in
2D/3D films (Figure 4a—d) and corroborates the assignment of
the broad bleaching band observed below the bandgap to trap-
ping of the charge carriers. We attribute these traps to the minor
inclusions of 3D phase domains, which drain photogenerated
charges from the 2D phase.® Transient absorption investiga-
tions suggest that one type of the charge carriers is captured
significantly faster than the other. This process is reflected by
the partial recovery of the 2D phase absorption during first few
picoseconds, when one type of charge carriers is transferred to
the 3D phase, causing simultaneous bleaching of the 3D phase
absorption (Figure 4g). As charge carriers of another type still
reside within the 2D phase, the charges of opposite signs are
spatially separated, preventing bimolecular recombination.
That explains why the TA dynamics in the 2D/3D film is virtu-
ally insensitive to the excitation intensity (Figure 4f), in sharp
contrast to the 3D film (Figure 4e).
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After several hundreds of picoseconds, bleaching of both
3D and 2D absorptions decay simultaneously when charge
carriers of one type are also captured by 3D domains and they
recombine. This picture is also validated from the EL and PL
spectrum and kinetics, where the emission comes dominantly
from the 3D phase. The 2D emission decays very rapidly
when one type of charge carriers is trapped by 3D domains
(Figure 4h). While slowly decaying 3D fluorescence reflects
capture of another charge carrier type and their recombina-
tion. Comparison of the PL and TA kinetics also provides clear
evidence that 3D domains rapidly trap one type of charge car-
riers rather than excitons; exciton trapping would cause simul-
taneous decay of the 2D PL and of its absorption bleaching.
When both types of charge carriers are trapped in a 3D domain,
they recombine via exciton state. The exciton experiences spa-
tial confinement within the 3D domain volume. Fast trapping
of one charge carrier type has a strong influence on the PeLED
performance as it disables carrier recombination not only in
the 2D phase, but also on nonradiative recombination centers
present in the 2D/3D film. Although the presence of nonradia-
tive traps in some 3D domains cannot be excluded, they play
only a marginal role because carrier migration between sepa-
rated 3D domains is strongly restricted and carriers captured
by trap-free domains can hardly reach a nonradiative trap. The
trap-assisted nonradiative recombination is expected to be par-
ticularly important at low PeLED driving current when charge
carrier densities are low, consequently carrier lifetimes are long
because of slow bimolecular recombination (proportional to
n-p), and carriers have a high probability to be trapped by non-
radiative recombination centers. Consequently, fast trapping of
one carrier type by 3D domains in 2D/3D perovskite explains
not only higher EQE of 2D/3D PeLEDs, but also their more
effective performance at low current densities.

The origin of high EQE can be further explained by solving
the rate equation of charge carrier density (G = kyg-n +
kpag-n? + kA|,gC,-n3, where the generation rate, G = J/(q-d),
d is the film thickness, and g is elementary charge) for the
reported values of kyg, ki, and kauge- Figure S5b suggests that
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radiative recombination competes with trap-assisted recom-
bination at low carrier densities (n < 5 X 10'® cm™) and with
Auger recombination at high current and carrier densities (e.g.,
n > 10" cm™). It also highlights two important arguments.
First, a high internal quantum efficiency (IQE (EQE)) at low |
is only possible when radiative recombination dominates over
nonradiative recombination. In our experiments, we achieve
this by optimized stoichiometry in mixed-2D/3D perovskite
films as we elaborated above. Furthermore, the efficiency roll-
off that we moved from <100 to >200 mA ¢cm™ by balancing
charge injection is likely still not limited by Auger recombi-
nation in our experiments. Indeed, Auger recombination is
expected to only kick in at significantly higher current densi-
ties of the order of 100 A cm™. This corroborates experimental
findings of Kim et al.'l who found no signs of Auger recombi-
nation for a current density of up to 150 A cm™.

2.4. Pulsed Driving to Explain PeLEDs Operation

We will now discuss the EL kinetics for 2D/3D PeLEDs under
pulsed voltage driving, which enables us to develop a PeLED
operation model explaining the importance of charge bal-
ancing at high current densities. Figure 6 shows EL transients
for 2D/3D PeLEDs with pristine bphen as ETL induced by
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Figure 6. Electroluminescence transients of 2D/3D PeLEDs with pris-
tine bphen as ETL obtained via pulsed driving (20 kHz voltage pulses).
a) Pumping pulse duration and voltage were varied by keeping identical
average current. Inset in (a) shows dependence of the peak EL intensity
on the current density during the pump pulse action. b) Pumping pulses
were of fixed 10 s duration. Cyan and gray lines show voltage and current
pulses, respectively. All transients were obtained more than 5 min after
driving pulse train was switched on.
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periodic 20 kHz electrical pulses of different durations, ranging
from 5 to 25 us. During these measurements, average current
was kept identical by adjusting the pulse voltage, which also
ensured identical charge transmitted during the voltage pulse.
This condition was essential, because the results otherwise
varied strongly depending on the pulse duration or voltage. We
predict that this condition helps us to keep identical spatial dis-
tribution of mobile ions, as we will discuss below. Importantly,
as the inset in Figure 6 shows, the intensity of the EL peak lin-
early increases with the current, indicating no efficiency roll-off
for pulse current density up to at least 300 mA cm™. The EL
transients (Figure 6), however, show that the EL intensity drops
down on a tens of microsecond time scale.

Figure 6b shows EL transients obtained when the average
current was reduced using lower voltage pulses. The tran-
sients show complex EL dynamics. The most unusual fea-
ture is a short EL peak after termination of the voltage pulse,
known as an overshoot effect first reported for some OLEDs.1*!
We explain it by assuming that the electron and hole distribu-
tions are spatially separated during the electrical pulse action,
and mix upon release of the voltage pulse, thus producing an
EL peak.’ In perovskite devices, also mobile ions can redis-
tribute during application of a voltage at the electrodes. They
can explain the difference between EL dynamics at large volt-
ages (Figure 6a) and small voltages (Figure 6b), as we illustrate
in the schematic in Figure 7.

Shapes of electrical potentials across the perovskite layer are
determined by applied voltage, built-in electric field, and dis-
tribution of mobile ions. Ions move relatively slowly (minutes
time scale), therefore we assume that their distributions remain
unchanged during the total period including pulse action and
intervals between pulses, determined by the average of electric
fields created by electric pulses and built-in field between pulses
(short circuit), which are of opposite directions. At low voltage
and short durations of electrical pulses, the built-in field domi-
nates, creating an ion distribution profile that screens the built-
in field between electrical pulses and creates potential pockets
during the voltage pulse action, as shown in Figure 7a. Injected
charge carriers, which avoided recombination by passing
through the perovskite layer, accumulate in these potential
pockets, but mix when the electrical pulse is removed. This
causes fast carrier recombination observed as EL overshoot.
At high pulse voltages (Figure 7b), the average field has the
polarity determined by the applied pulses, and ions redistribute
accordingly. They create strong potential drops at the interfaces
that cause fast drift of injected carriers and their leakage to the
opposite electrode, preventing carrier accumulation and forma-
tion of the overshoot pulse upon release of the voltage pulse.
Potential pockets in this case may be formed during intervals
between voltage pulses, causing accumulation of carriers that
neutralize ion charge. This explains the EL dynamics during
the voltage pulse action shown in Figure 6a.

The pulsed EL dynamics point at the importance of the spa-
tial charge carrier distributions for the operation of PeLEDs
and enable to draw schematic pictures for steady state PeLED
performance in different regimes, which are presented in
Figure 7c—f. Ton distribution is determined by the average field.
In case of steady-state operation, the external field dominates
over the built-in field and causes a field screening in the center
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Figure 7. Top panel (a) and (b) show driving of PeLEDs by periodic pulses. At low applied pulse bias, accumulation of positive (+) and negative (-)
ions and/or vacancies is determined by the built-in field (negative E;yema) by screening it during intervals between voltage pulses. The pulse action
creates potential pockets at the opposing interfaces, leading to separation and accumulation of electrons and holes. Once the electrical pulse is ter-
minated, electrons and holes move and mix causing fast recombination and an EL overshoot (Figure 6b). High-voltage pulses generate opposite ion
distribution and a potential shape that facilitates carrier leakage rather than accumulation and, thus, no overshoot. After a high-voltage pulse, potential
pockets for electrons and holes are formed (at built-in electric field) which cause carrier accumulation at zero applied voltage. Bottom panel (c)—(f)
show PeLEDs operation at steady-state applied voltage at various current regimes when ions always cause electric field screening. (c) and (d) show
PeLED performance at low voltage and weak current when carriers efficiently recombine; (e) and (f) illustrate performance at high voltage and strong

current. Unbalanced strong current causes electron accumulation next to positive electrode and leakage.

of the perovskite layer (Figure 7c). Charge carriers efficiently
recombine in a flat potential region (Figure 7ce). In case
of unbalanced stronger electron current, the recombination
region shifts toward the hole-injecting electrode (Figure 7d).
In case of strong and unbalanced current, the recombination
region strongly shifts toward positive electrode, and recombina-
tion cannot prevent electron accumulation and their leaking to
the positively biased electrode, which reduces the PeLED per-
formance efficiency.

Although this model is significantly simplified and some of
its aspects remain hypothetical, it qualitatively explains basic
properties of PeLED performance at pulsed and steady driving
voltages as they are observed. Together with the peculiarities
of carrier dynamics in 2D/3D perovskites revealed by transient
absorption it helps to understand main EL loss channels and
gives explanation for the unprecedented wide range of the opti-
mized 2D/3D PeLED performance.

3. Conclusions

We have demonstrated improvements in external quantum effi-
ciency, EQE roll-off, and lifetime of perovskite light emitting
diodes by tuning the electron and hole transport into the perov-
skite emissive layer as well as the stoichiometry of perovskite
film. We compare 3D perovskite, MAPD(I/Br);, and a mixed
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2D/3D perovskite structure formed by incorporation of large
cations.

To explain the high EQE at low current densities (J) in
our optimized 2D/3D PeLEDs, we show, by transient absorp-
tion and photoluminescence spectroscopy, exciton confine-
ment and beneficial charge trapping in 3D domains of 2D/3D
perovskite films, which reduces carrier loss to nonradiative
recombination.

To maintain high EQE at high J, it appears that it is impor-
tant to balance electron and hole injection. The nature of the
perovskite film is also of large importance, as we note signifi-
cant roll-off in 3D PeLEDs even with balanced charges. In the
optimized 2D/3D PeLEDs, charge balancing improves EQE and
EQE roll-off, appearing only at J = 250 mA cm (for 50% EQE
drop).

To explain this result, we analyze electroluminescence tran-
sients. They point at importance of the spatial charge carrier
distribution in the perovskite emissive layer. When balanced
charge carrier transport/injection is provided, excess carriers
leakage through the device can be avoided up to high current
densities.

Finally, we also note that excess carrier concentration, both
electron and holes, heavily degrade device lifetime. In PeLEDs
employing optimized 2D/3D stoichiometry, the half lifetime
reaches a remarkable of =47 h at ] = 10 mA cm™ for optimized
charge balance.
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Our optimized PeLEDs with optimum charge injection bal-
ance into the emissive layer as well as optimized stoichiometry
of perovskite film have an EQE of =16.7 + 1% at ] = 0.4 mA cm ™2,
significantly reduced EQE roll-off (EQE 12.2% at 100 mA cm™?),
and a remarkable half lifetime =12 h at J = 100 mA cm™ (Tgs of
14.2 h at 10 mA cm™).

4. Experimental Section

Materials: Lead iodide (TCl), methyl ammonium iodide,
methylammonium  bromide  and  iso-Butylammonium  iodide
(Greatcell), 4,7-Diphenyl-1,10-phenanthroline (Lumtec Taiwan), Tris-
(8-hydroxyquinoline)aluminum (Alg;, Sigma-Aldrich), and poly-TPD
(1-Materials) were used without any further purification. All the solvents
were purchased from Sigma-Aldrich.

Device Fabrication: The devices were made on pixelated prepatterned
ITO substrates. The substrates were cleaned with Extran soap water,
distilled water, acetone, and IPA via sonication (10 min each).
Subsequently, the substrates were exposed to oxygen plasma (200 W)
for 7 min. Poly[N,N’-bis(4-butylphenyl)-N,N’-bis (phenyl)-benzidine]
also called poly-TPD (6 mg mL™" in chlorobenzene) was spin coated
on ITO substrates (1000 rpm for 30 s: acc. 5000 rpm) and annealed
at 150 °C for 20 min to form HTL. The poly-TPD films were exposed to
O, plasma (1-2 s) to improve wetting properties. The perovskite film
was deposited in a single step. At first, a warm solution (kept at 50 °C)
containing 0.3 m Pbl, and different molar ratios of BAI (Table S1,
Supporting Information) dissolved in a mixture of DMF and DMSO
(1 mL DMF, 21.6 [L DMSO) was spin coated (3000 rpm for 30 s; acc.
3000 rpm). Next to it, a solution containing different molar ratios of
MAI and MABr (Table S2, Supporting Information) was dropped on the
spinning substrates (2000 rpm for 30 s; acc. 3000 rpm). Perovskite film
formation was completed by annealing it at 80 °C for 20 min. A 40 nm
thick ETL (bphen and 2%, 5%, 10%, and 20% Alq;-doped bphen)
was deposited via evaporation (pressure < 4E~7 mbar). For doped
bphen ETL, at first, 20 nm of pristine bphen was deposited followed
by another 20 nm of bphen:Alg;. The doping ratio was controlled
via coevaporation rates of the two small molecules. LiQ (2 nm) was
evaporated to form an electron injection layer. Ag (100 nm) was used
as metal back contact that defined the active area of the devices
(0.0204 cm?).

Fabrication of Single Carrier Devices: Electron-only devices employed
an architecture  ZnO/PEIE/perovskite/bphen(0%,10%)/LiQ/Ag. ZnO
was spin coated from a solution of zinc acetate dehydrate in ethanol
(3000 rpm for 30 s) followed by annealing at 250 °C for 10 min. PEIE
dilution in 2-methoxyethanal (0.2 wt%) was spin-coated at 2000 rpm
and annealed at 100 °C for 10 min. Both ZnO and PEIE were processed
in air. Prior to spin coating perovskite, PEIE film were spin coated with
DMF to wash away excess PEIE. For hole-only device, poly-TPD or 2%
F6TCNNQ-doped poly-TPD were used as HTL. MoO, was deposited
via evaporation at <4E~7 mbar and Au (80 nm) was used as a metal
contact. For HOD employing poly-TPD on both sides, the deposition
of poly-TPD on top of the perovskite layer followed same spinning
parameter as before, however, the annealing temperature was reduced
to 80 °C (10 min) in order to avoid degradation of perovskite layer at
higher temperature.

Morphological, Structural, and Optical Characterizations: Morphology
of the films was characterized via atomic force microscopy (Bruker)
and SEM (FEI Nova 200). Crystallinity of the perovskite films was
investigated via X-ray diffractometer (Panalytical X'Pert Pro).

Photoluminescence: ~ Photoluminescence ~ was  recorded ~ with
Edinburgh-F900 (Edinburgh Instruments) fluorometer. Time-correlated
single photon counting (TCSPC) was the time-resolved technique used
to obtain kinetic traces of the photoluminescence decay. 100 or 10 ns
time window was used with 4096 bin channels. A picosecond-pulsed
diode laser EPL-470 (Edinburgh Instruments) emitting =100 ps pulses
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(2 MHz repetition frequency) at 470 nm wavelength was used as an
excitation source. The data of time-resolved fluorescence experiments
were processed and analyzed using F900 software (Edinburgh
Instruments).

Transient Absorption Sp. Py 0 Films: The transient
absorption setup was based on the amplified femtosecond laser Pharos
10-600-PP laser (Light Conversion Ltd.), operating at fundamental
wavelength of 1032 nm, repetition rate of 200 kHz, and pulse width of
<250 fs. The measurements were performed at repetition rate of 200/42
= 4.762 kHz frequency achieved by using the pulse picker. The collinear
optical parametric amplifier Orpheus PO15F2L (Light Conversion Ltd.)
was used to obtain 515 nm wavelength pulses for sample excitation.
Excitation was modulated at 4.762/6 = 0.794 kHz frequency by
mechanical chopper synchronized to the output of the pulse picker. As a
probe, pulses were used, spectrally broadened by means of continuum
generation in the sapphire crystal. The detection equipment consisted
of Andor-Shamrock SR-500i-B1-R spectrometer (Andor Technology, 150
lines mm™" diffraction grating) equipped with Andor-Newton (Andor
Technology) DU970 CCD camera (1600 x 200 pixels). The reading of the
camera was synchronized with the chopper.

Thermally Stimulated Lumi) of ite Films: TSL is the
phenomenon of luminescent emission after removal of excitation
under conditions of increasing temperature. Generally, in the TSL
method, the trapping states are first populated by photogeneration of
charge carriers, usually at low temperatures (in this case T, = 4.2 K)
in order to prevent a fast escape. The trapped charge carriers after
certain dwell time (t4,q) after terminating the excitation are released
by heating up the sample with a linear temperature ramp, and the
luminescence due to radiative recombination is recorded as a function
of temperature. In the present study, TSL measurements were carried
out over a temperature range from 4.2 to 330 K using an optical
temperature-regulating helium cryostat. Perovskite samples were cooled
down to 4.2 K and irradiated with A, = 436 nm light (cw-excitation)
selected by appropriate sets of cut-off filter from a high-pressure
mercury lamp. In these experiments, rather short excitation time =10 s
was used, in order to prevent any possible photoinduced changes in
perovskite crystal structure. Measurements were done as follows: First,
after terminating the photoexcitation, the samples were kept in dark at
a constant temperature T = 4.2 K during a certain dwell time (tg,e =
10 min in these experiments) in order to allow all isothermal emission
processes, like exciton emission and isothermal charge recombination,
to decay to negligible level. Note that immediately after photoexcitation
at 4.2 K, an intensive emission was observed from the perovskite films—
called in literature as “long isothermal afterglow.” The afterglow decay
kinetics (typically hyperbolic decay kinetics) were measured at very long
delay times from 1 to 10° s after switching off the excitation (integration
time 1 s) with the same equipment as was used for TSL measurements,
but under the condition of constant temperature (not presented here).
Second, after the afterglow signal drops to sufficiently low level, TSL
measurements were started upon heating the sample, i.e., emission
from perovskite samples was measured which was stimulated by linearly
increasing temperature from 5 to 300 K. All measurements were done in
the dark—no light excitation during TSL heating run. TSL arises due to
recombination of thermally liberated charge carriers which were trapped
on some sort of trapping states at low temperature and one normally
measures TSL emission intensity versus temperature. Note that with
TSL method, traps were detected only for one sort of charge carriers—
for the most mobile charge carrier which were expected to be trapped on
shallower states. As soon as the shallower trapped carrier was thermally
released, they recombined with deeper trapped carriers of the opposite
sign, and therefore the latter could no longer be detected at higher
temperatures. The measured TSL curve was a rather exact replica of
the in-gap trap states for one sort of charge carriers—TSL intensity was
proportional to the density of occupied trap states and that trap depth
could be measured using so-called fractional-TSL measurements.

The fractional heating TSL technique (also called the fractional glow
technique), originally proposed by Gobrecht and Hofmannl*) is an
extension of the initial rise method and is based on cycling the sample
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with a large number of small temperature oscillations superimposed
on a uniform heating ramp. The main reason for applying this method
was that the usual quantitative evaluation of the TSL glow curves is very
inaccurate, or even impossible, if the traps are continuously distributed
in energy or if there are several types of traps with discrete but very close
lying activation energies. In this case, the glow peaks fuse together, and
individual glow maxima may not be discernable. The mean activation
energy (E) was determined during each temperature cycle with a
temperature change,AT, asl*!l

_d[ini(T)]

{E)T)= W; at_f=const, AT <«T, _n<ny m

where I(T) is the intensity of the TSL, T is the temperature, and k is
the Boltzmann constant. Here, n is the number of charge carriers
released during each temperature cycle and ny, s the total number of
carriers trapped by the same sort of traps. These conditions determine
the so-called “initial rise method” which is actually the basis for
Equation (1). Since a temperature oscillation, AT, is usually much
less than mean value of T, the E could be assumed as equal to E(T),
the activation energy of traps emptied at the temperature T. A trap
distribution function, H(E), can be determined in arbitrary units asi!l

H(E)xﬁ %)

where I(E) is TSL after converting the temperature scale to the energy
scale by means of empirically accessible (E)(T) dependence obtained by
Equation (1). As one can see from Equation (2), in the case when (E)(T)
is a linear function, the TSL intensity dependence I(T) is an exact replica
of trap density-of-states distribution function.t?

Measurement of External Quantum Efficiency, Efficiency Roll-Off, and
Device Lifetime: The EQE of the PeLEDs was measured in glovebox
(see the Supporting Information for EQE calculation details) and
an integrating sphere. The photocurrent (Ipnoon) Was measured by
a Newport 818-SL-L Silicon photodetector and the spectral data
was acquired via a Flame Spectrometer by Ocean Optics. Current—
voltage (/-V) measurements were performed by an Agilent 4155C
Semiconductor Parameter Analyzer. All the device measurements
were carried out at room temperature and unencapsulated. As a time-
evolution of EQE was noted, only stabilized value was reported here.
This was particularly important while reporting EQE roll-off. For each
applied current, only the stabilized value was reported for comparison.
The lifetime measurements were measured at a fixed injection current
and the data were recorded periodically every 20-30 s.

Pulsed  Driving of PelLEDs and Electroluminescence —Transient
Measurements: EL transients were recorded by using time-correlated
single photon counting Edinburg Instruments spectrometer combined
with pulsed voltage generator. Electrical pulses, instead of optical
excitation, were used to excite luminescence. This technique enabled
high sensitivity together with sub-nanosecond time-resolution.

Optical  Simulation of PeLEDs: The optical constants of the
materials in the PeLEDs were derived from multiple angle ellipsometry
measurements using an RC2 Ellipsometer (J.A. Woollam Co.). Resulting
optical material properties were used in transfer matrix modeling of the
thin film optics of the stack.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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lon Motion Determines Multiphase Performance Dynamics

of Perovskite LEDs

Jevgenij Chmeliov, Karim Elkhouly, Rokas Gegevicius, Lukas Jonusis, Andrius DeviZis,
Andrius GelZinis, Marius Franckevicius, lakov Goldberg, Johan Hofkens, Paul Heremans,

Weiming Qiu,* and Vidmantas Gulbinas*

Perovskite light-emitting diodes (PeLEDs) currently reach up to about 20%
external quantum efficiency (EQE) and are becoming a promising technology
for display and lighting applications. Still, many issues regarding their perfor-
mance remain unresolved, particularly those related to stability, operation in
non-stationary regimes, and efficiency roll-off at high current densities. Here,
some of those issues in PeLEDs based on MAPbI; perovskite are addressed.
The authors analyze the electroluminescence (EL) and current dynamics after
the first-time voltage application and after application of sequences of voltage
pulses, at different temperatures. Analysis of the results suggests that the
complex dynamics observed on time scales from sub-seconds to minutes
and hours can be explained by the spatial redistribution of mobile species,
most likely iodine interstitials, characterized by =175 meV activation energy.
This redistribution alters the carrier injection, spatial electric field, and charge
carrier density distributions as well as density of nonradiative recombination
centers within the perovskite layer. Mathematical modeling of the ion motion
and related processes enabled to reproduce the EL and current dynamics

and to di gle compl e of processes governing the PeLED
operation.

q

them, inherent to all perovskite devices,
is the short-term and long-term stability.
PeLEDs also suffer from efficiency roll-
off limiting their brightness.”'% Another
issue, particularly important for the high-
speed device operation, is the occurrence
of hysteresis™!l and variations of the
electroluminescence (EL) EQE and pho-
toluminescence (PL) efficiency®'?) under
electrical stress.

The performance hysteresis in perov-
skite solar cells was widely investigated
and was attributed to the changes of
perovskite-transport layer interfaces or
to the motion of mobile ions.* lon
motion in metal-halide perovskites is a
very complex and still poorly understood
phenomenon. Generally, all constituents
of metal halide perovskites—halides, lead,
and organic cations—may form vacancies,
interstitials, and anti-sites, which may be
mobile and act as carrier traps.'*'® On
the other hand, theoretical evaluations
show that only few of them form deep
traps acting as non-radiative recombina-

1. Introduction

Perovskite light-emitting diodes (PeLEDs) are a promising
technology for development of wavelength-tunable, large-area,
solution-processed, flexible light sources.' These devices
have already demonstrated external quantum efficiencies (EQE)
exceeding 20%.4° However, many problems still remain
unsolved, limiting the widespread usage of PeLEDs. One of

tion centers,) while shallow traps have a negligible effect on a
trap-assisted recombination.!"”)

In lifetime measurements of PeLEDs, it is constantly observed
that different PeLED stacks improve over a timeframe of minutes
to hours, then they start to degrade.?*?2 Persistent enhance-
ment of the EQE of PeLED, under applied positive voltage
(so-called stressing regime), has been explained by the motion
of the mobile excess iodide ions that fill vacancies and reduce
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concentration of iodine interstitials, acting as deep carrier
traps.?2 Similar gradual performance enhancement under posi-
tive bias voltage was also reported for perovskite solar cells and
was likewise attributed to the motion and recombination of ions
and vacancies.?*) On the other hand, Wang et al. observed revers-
ible changes of the EQE of PeLED and also ascribed them to the
motion of iodine ions.?”! Recently, Cheng et al. reported that diffu-
sion of organic cations from the perovskite to the electron-trans-
porting layer is responsible for the EQE roll-off.?¥ Leijtens. et al.
attributed reversible changes, observed on a time scale of several
minutes, to the motion of methylammonium cations (MA*).2526]
The PeLED operation was also reported to show a fast dynamics
occurring on time scales of milliseconds to seconds.???) In case
of PeLEDs pumped by short electrical pulses, time-averaged
pumping history was shown to change the device performance.®

Consequently, PeLEDs show complex performance dynamics
on a wide timescale range, which was typically attributed to the
ion motion. However, the reported time scales, intensities of the
observed changes, and their attribution to some particular kinds
of ions are very different. And still poorly understood. Overall,
the underlying physical mechanisms of the ion motion-induced
variations in device performance still remain far from clear.

Herein, we report a detailed study of the ion motion that
causes both persistent and reversible changes of the PeLED
performance, taking place on time scales ranging from
milliseconds to hours. Temperature dependencies revealed
identical activation energies for all these processes occurring on
different time scales. We suggest a mechanism explaining the
majority of the observed changes by motion of a single type of
charged defects and their recombination with “counter” defects
acting as recombination centers. The validity of our model is
supported by numerical simulations.

2. Experimental Results and Discussion

2.1. EL and Current Dynamics

We first investigated the EL and current dynamics of a PeLED
based on MAPbI; perovskite under abrupt application of the

(a) (b)

ZnMgO (20 nm)
PCBM (20 nm)

ITO
MAPbI ; (40 nm)

PolyTPD (15 nm)

Glass/ITO

www.advopticalmat.de

pump voltage. The device structure and the corresponding
energy level diagram are presented in Figure 1. Description of
the PeLED fabrication procedures can be found in the experi-
mental section, while Figure S2, Supporting Information, gives
IV characteristics and voltage dependence of EL EQE of the
device stabilized after 30 min operation.

‘We have shown in our previous work that the use of PCBM/
ZnMgO electron injection layer significantly improves the
device stability.?) The PeLEDs have little variation in device
performance and lifetimes. The transient dynamics are highly
reproducible across multiple devices, which ensures the reli-
able and reproducible measurements in this study.

After abrupt first-time application of a constant voltage to
the PeLED, just for several minutes, we observe a significant
growth of the EL intensity and electric current. Figure 2a pre-
sents normalized EL intensity and current growth kinetics at
different device temperatures after application of 2 V voltage.
Since the firsttime voltage application can be studied only
once, curves at different temperatures were measured for
different devices formed on the same substrate.

Immediately after the voltage was applied, the EL intensity
was very weak, but it increased and reached a plateau after
several minutes at room temperature and after more than
1 h at 200 K. Similar behavior of PeLEDs has been reported
beforel’l and was denoted as stressing. The electrical current
was non-vanishing from the very beginning and then increased
3-5 times, but the growth rate was significantly faster than that
of EL. Figure 2b shows the current and EL kinetics at 297 K
on a logarithmic time scale, more clearly demonstrating the
initial growth dynamics. The initial current was almost constant
during tens of milliseconds and created almost no EL during
this time. It should be noted that the delayed growth of the EL
cannot be explained by the charging of the sample capacitance
since this process, according to the device RC characteristics,
should take place on a timescale of several microseconds, that
is, about 10* times faster. Therefore, the initial absence of EL
suggests that either a) the initial current is created by injec-
tion of only one type of charge carriers, which then leak to the
opposite electrode creating no EL, or b) EL is absent because
of fast nonradiative recombination. The EL starts to grow after
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Figure 1. ) The PeLED structure and b) corresponding energy level diagram. Numbers in (b) represent conductance and valence band boundary

energies in eV.
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Figure 2. EL and current dynamics at different temperatures in pristine

1IT (V")

PeLEDs under first-time application of 2 V voltage. a) Normalised EL (blue

lines) and current (black lines) growth kinetics, measured (solid lines) and simulated (dashed lines, see below for discussion) at three different tem-

peratures (kinetics at different temperatures are measured for different s.
temperature on a logarithmic time scale (black and blue lines, respectiv

amples, formed on the same substrate). b) Current and EL kinetics at room
ely), red and magenta lines show approximations by Equations (1) and (2)

respectively. c) Arrhenius plot for the slow EL growth time constant 7 (blue), fast current growth time constant 7 (grey line), and slow current growth

time constant 7, (black).

about 100 ms, and up to about 10 s, it grows simultaneously
with current. Nevertheless, the EL intensity remains low during
the initial =10 s. Faster growth starts only when current almost
stabilizes, which suggests that the later growth process is not
related to the carrier injection.

The current growth kinetics can be reasonably well (see red
line in Figure 2b) fitted with the bi-exponential rise functions
as:

I(t)=1, +ﬂ1[1_3"17(_”‘[1)]*'“2[l_eXP(_t/Tz)] (1)
resulting in time constants of 7 =1.7 and 7, = 25 s at room tem-
perature (RT). We have also successfully fitted the EL kinetics
(magenta line in Figure 2b) using the same time constants 7,7,
and correspondingly modified coefficients a; and a, and addi-
tional delayed slow saturating growth component:

EL(t)=a, [1—e)q>(—t/‘[1 )]+ a, [l—exp(—t/‘rz)]
+b[1-exp(-(t-At)/73)]

Here we consider that the third component equals zero while
t < At. The best fit gives At = 25 s and 73 = 97 s. These fitting
results show that the weak EL intensity during initial
several tens of seconds is proportional to the growing current
part, while the strongly increasing EL phase starts after delay
of about 25 s. Similar fitting has been also performed for the
lower temperature data. The obtained time constants are listed
in Figure 2a.

)
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Following earlier publications discussed in the Introduction,
it is natural to attribute the observed processes to the motion of
ions. We presented the time constants, obtained from the EL
and current rise kinetics at different temperatures (Figure 2a),
in Arrhenius coordinates (see Figure 2c), which enabled us
to evaluate activation energies E; of ions, responsible for
different processes:

)

where k; =7;", kg is Boltzmann constant and T is the absolute
temperature. The Arrhenius plot yields surprisingly identical,
within the experimental accuracy, activation energies of about
175 meV for all three processes, strongly suggesting that they
all have the same physical origin, that is, they are related to the
same type of ion motion.

E,
kT

ki =kio EXP(- G)

There is a large diversity in literature regarding mobile ions.
According to the theoretical studies, iodine interstitials and
vacancies have the lowest motion activation energies, ranging
in different publications from about 80 meV to more than
800 meV.[10:18:3031) Very similar activation energy values (E, =
137 + 28 meV and 190 + 50meV) as obtained by us have been
evaluated experimentally from the light soaking-induced PL
enhancement and attributed to the motion and annihilation of
iodine interstitials and vacancies.*?*3) Similar motion activation
energies have been also reported for another halide Br~
ions.?*36 It should be noted, that motion of other ions has
been also considered. For example, Liu et al. observed lateral
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Figure 3. Stressing-induced processes monitored by pump pulse trains.
a) EL intensity and b) current dynamics monitored by short positive
voltage pulses of 1.45 V, during following types of stress and relaxation:
stressing by 100 mA cm™2 current (red points); relaxation at zero applied
voltage (black points); stressing by negative —1 V voltage (blue points);
light soaking at 0 V voltage (magenta points).

drift of MA* jons during tens of seconds on a surprisingly
large, more than tens of micrometers distances.’”) However, the
reported activation energies for migration of MA* and Pb* ions
typically exceed 500 meV. Attribution of the observed dynamics
to iodine species is consistent with other publications claiming
that iodine defects are particularly important in optoelectronic
devices since they can easily move under application of electric
field 30323839 According to Dong et al., motion of negatively
charged iodine interstitials I~ takes place on a timescale of tens
of seconds.*¥ A similar conclusion that redistribution of iodine
defects causes reversible variations of current and EL intensity
on a timescale of seconds has been also recently suggested
by analyzing performance hysteresis of FAPbI; PeLEDs."
According to Buin et al., positively charged iodine vacancies
V;* should be the most mobile charged iodine defects.!”) How-
ever, our samples were prepared under iodine-rich conditions
from solution with 20 mol% excess PMAI (benyzlammonium
iodide), which suggests that iodine interstitials inside the bulk
of crystallites or iodine ions at the crystallite boundaries should
be dominating defects.”18) Although we cannot completely
exclude role of other kinds of charged mobile species, iodine
interstitials I~ seem to be the most likely mobile species mainly
responsible for the observed PeLED performance dynamics.

To get more information about the stressing properties, we
have modified our investigation technique to decouple moni-
toring of the PeLED parameters from the stressing impact. For
stressing, we applied 100 mA cm™ current density (voltage was
about 1.7 V) for different time intervals and after each stressing
interval, we monitored the PeLED status by using a series of
rectangular pulses of 1.45 V in amplitude and 5 ps in duration,
applied with 30 ps period for 30 ms (see Figure S1, Supporting
Information, for time sequence of electrical pulses). These
short low-voltage monitoring pulses only weakly affected the
PeLED performance. Such investigation protocol enabled us to
separate the PeLED stressing and monitoring of its parameters.
It also enabled us to investigate the recovery of the PeLED per-
formance after the stressing current was terminated, as well as
the effect of other impacts such as negative voltage and light
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Figure 4. Major stressing-induced processes. EL development kinetics
(solid magenta line), bi-exponential current growth causing fast revers-
ible EL growth component (dash-dotted blue line), slow irreversible EL
growth component (dotted green line), and reversible EL decay (dashed
red line). The numbers show time constants of various processes at room
temperature at 2 V stress voltage obtained from exponential fitting.

soaking. To get more information about the PeLED status, we
have also simultaneously monitored current and the EL spec-
trum. Similarly, we have also monitored stressing-induced
changes of the perovskite electroabsorption (EA), sample capac-
itance, PL intensity, and its decay kinetics.

Figure 3 shows the EL and current kinetics, measured for
the fresh sample affected at different time intervals by positive
(red points), or negative (blue points) voltage, during relaxa-
tion at zero applied voltage (black points), as well as under
light soaking by 1 sun intensity light at 0 V (magenta points).
Similar to the case of continuous stressing (Figure 2a), the
initial EL intensity of the non-stressed sample was very weak.
The EL growth was 2-3 times slower than observed with 2 V
steady-state voltage, which was apparently caused by the weaker
current created by lower stressing voltage of 1.7 V. Moreover,
current-induced Joule heating at higher current densities
increases the junction temperature,*) which can accelerate
the process due to its highly thermally activated nature. The
current growth was less significant than under application of
constant voltage, apparently because of non-negligible impact
of monitoring pulses.

After termination of the stressing voltage, both EL and cur-
rent gradually decreased. During several hours, the current
decreased to the same value as it was before stressing, while
the EL intensity decreased only by less than 20%. Moreover,
the decay rates of both EL and current kinetics were very
similar. Second application of the stressing voltage after 2.5 h
and the third application after 22 h caused very fast EL growth
even to a higher value than the value reached during the first
stressing session. Surprisingly, after this fast initial rise, the
EL intensity slowly decreased during the second and third
stressing sessions, unlike the steady increase during the first
session.

The above-described experimental data lead to the stressing
scenario schematically presented in Figure 4. We suggest that
the EL intensity is determined by three processes: fast revers-
ible EL growth congruous with the bi-componential saturating
current growth with time constants 7 and 7,; slow persistent EL
growth with time constant 7; and reversible EL decay. The time
constants vary depending on the applied voltage and tempera-
ture. This model naturally explains the two striking differences
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Figure 5. Changes of various PeLED parameters, induced by stressing with 100 mA cm™2 current. a) PL intensity dependence on stressing time (red

points) and relaxation at applied zero voltage (black points), b) PL decay kin
EL band maximum, d) EA at 780 nm, and e) capacitance kinetics during sam

observed during the first and subsequent stressing sessions,
that is, larger EL intensity and its decay observed during subse-
quent stressing sections. During the first section, the reversible
EL decay is compensated by the persistence EL growth, which
does not take place during subsequent sections.

To get more insight into the stressing dynamics and indepen-
dently verify this proposed multi-component scheme, we have
additionally measured stressing-induced dynamics of several
other PeLED parameters: EL wavelength, PL efficiency and its
decay kinetics, sample capacitance, and EA. Stressing-induced
changes of these parameters are presented in Figure 5. Below
we discuss these data sequentially by analyzing the stressing-
induced processes presented in Figure 4.

2.2. Stressing-Induced Processes

Fast reversible current and EL growth. As shown in Figure 2b,
the initial evolution phase, expressed as growth of current
together with emergence and initial development of EL, con-
tinues for about 20 s at RT. We will consider how other PeLED
parameters change during this time. Figure 5a shows the PL
intensity dynamics monitored during the sample stressing.
The PL intensity was measured at zero applied voltage when
stressing voltage was temporarily switched off. As shown in
the inset in Figure 5a, the PL intensity slightly drops down
during initial tens of seconds, that is, during the initial evolu-
tion phase. Afterward, it increases more than 2.5 times during
the slow irreversible EL growth phase discussed below. Termi-
nation of the stress voltage causes a fast PL intensity increase
again.
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Figure 5b shows the PL decay kinetics, which reveals a bi-
exponential decay. The kinetics were measured at zero applied
voltage after stressing the sample for the indicated time
intervals. Comparing PL decay kinetics before and after 15 s
stressing, we observe that the fast stressing-induced PL inten-
sity drop is mainly caused by faster PL decay on a timescale
of tens of ns. We have also measured the PL decays for non-
stressed sample under applied different negative and positive
voltages not reaching EL operation threshold. These kinetics are
presented in Figure S3, Supporting Information. The applied
voltage mainly changes the slow decay phase, apparently by var-
ying electric field inside the perovskite layer and, thus carrier
extraction. It implies that the faster PL decay observed for the
shortly stressed sample may also be caused by the modification
of the electric field within the perovskite film. This assumption
is supported by the EA measurements (see Figure 5d), which
show an increase of the EA signal after a short-time stressing.
The EA signal is proportional to the square of the electric field
strength, therefore changes of the EA signal shall be consid-
ered as an indication of the redistribution of the electric field
strength over perovskite layer thickness. Additional support
is also provided by the capacitance measurements that dem-
onstrate capacitance increase during the fast stressing phase
(see Figure 5e), indicating that the electric field in the stressed
sample concentrates in thinner perovskite layer. The initial fast
stressing phase also changes the EL spectrum; the lumines-
cence peak wavelength exhibits a slight red shift (Figure 5c).
The shift in emission wavelength was attributed to the interfer-
ence of EL radiation emitted towards transparent electrode and
that reflected from the metal electrode: the red shift indicates
that the recombination zone moves away from the interface
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Figure 6. Schematic representation of potential surfaces and ion distributions at different phases of the PeLED stressing. a) Under built-in electric
field, I~ ions (blue symbols) and vacancies V* (red symbols) accumulate next to PCBM and PolyTPD electrodes, respectively. b) Abrupt application of
stressing voltage creates electric field potential with barriers for electron and hole injection, and results in only weak EL because of the spatial separation
of electron and hole densities. c) Redistribution of I” ions and vacancies (assumed to be less mobile) reduces barriers for both electrons and holes and
also causes ion recombination. d) EL intensity increases when ion recombination eliminates majority of vacancies acting as recombination centers.

with the electron transporting layer.?82% Thus, this is another
indication that the fast stressing phase changes the electric field
distribution and consequently also the distribution of charge
carriers inside the perovskite layer.

All the above-discussed observations are consistent with con-
clusion that the fast phase is caused by the ion motion, which
changes the electric field distribution within the perovskite
layer. Although this conclusion is quite expected, the experi-
mental data described above also give important information
enabling us to consider the shape of the electric potential and
its modifications during stressing, which leads to the changes
of carrier injection and recombination. We suggest the qualita-
tive model schematically presented in Figure 6. At zero applied
voltage, different work functions of electrodes create built-in
electric field inside the perovskite layer of opposite direction
than electric field in operating PeLED. This field accumulates
negative mobile I~ ions next to the PCBM electron transport
layer, while positive ions accumulate next to the hole trans-
porting layer. The accumulated ions partly or completely screen
the electric field in the central part of the perovskite layer.
The field screening would be non-symmetrical, as shown in
Figure 6a in case of different concentrations of positive and
negative ions. This potential shape suggests that the flat poten-
tial in the central perovskite layer part causes slow extraction
of photogenerated charge carriers, therefore pristine sample
exhibits relatively weak PL quenching (as shown in Figure 5b)
caused Dby the carrier extraction.

Application of the stressing voltage does not change the ion
distribution instantaneously, therefore the initial shape of the
potential becomes as shown in Figure 6b. This potential shape
creates additional barriers for the carrier injection, while addi-
tional barrier for the hole injection of about 200 meV is cre-
ated by the difference between work functions of perovskite
and hole transporting material PolyTPD (see Figure 1). The bar-
riers for electrons and holes are different, therefore injection of
one type of charge carriers may be partly or almost completely
blocked causing very low EL.
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Subsequently, applied stressing voltage causes a drift of
ions away from the interfaces with the transporting layers,
thus reducing the barriers for the carrier injection. Finally,
ions change their positions causing reduction of injection
barriers. The potential shape becomes as shown in Figure 6c,
enabling efficient injection of both electrons and holes and,
thus, more efficient EL. However, the roles of positive and
negative ions seem to be significantly different in our samples.
This is because: a) identical activation energies obtained for
different processes strongly suggest that one kind of mobile
ions strongly dominates and b) concentration of iodine inter-
stitials in our iodine-rich samples is expected to be much larger
than that of iodine vacancies. Figure 6 accounts for the domi-
nating role of I~ ions. It should be noted, that we cannot also
completely rule out some other processes that may change the
current and, thus, the EL intensity. For example, applied voltage
may cause changes in the contact resistance of electrodes and,
thus, carrier injection rates. However, the above-described
changes of the perovskite PL intensity and EL wavelength
taking place simultaneously with the current and EL growth
suggest all these processes are interrelated mainly caused by
the processes in perovskite layer. On the other hand, ion injec-
tion into transport layers was demonstrated to be at least partly
responsible for the PeLED EQE roll-off and degradation taking
place at higher voltages and longer times.2*40]

Slow permanent EL growth. As shown in Figure 2b, the slow
(tens of minutes) stressing phase starts with a delay of about
25 s at RT after application of the stressing voltage and causes
major enhancement of the EL intensity, while current remains
at the same level as reached during the previous fast stressing
phase. The slow stressing phase also causes almost threefold
permanent enhancement of the PL intensity (Figure 5a). As
shown in Figure 5b, the slow stressing phase increases the ini-
tial intensity of the PL kinetics, slackens its decay during initial
10 ns, but does not change the PL decay on a ¢t > 10 ns time
scale (compare red and magenta curves obtained after 15 s and
30 min stressing). We attributed the PL kinetics at t > 10 ns to
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the carrier extraction, thus this process does not change during
the slow stressing phase. On the other hand, the fast initial PL
decay should be attributed to the carrier trapping. Therefore,
EL and PL growth during the slow stressing phase is a mani-
festation of the enhanced radiative recombination efficiency,
apparently caused by the reduced non-radiative Shockley—
Read-Hall recombination related to the carrier trapping. This
conclusion is supported by the increased open circuit voltage of
the stressed PeLED operating as solar cell (see Figure S4, Sup-
porting Information, for IV curves under artificial solar illumi-
nation), which is also an indication of the reduced nonradiative
relaxation. This slow phase, as was discussed, is characterized
by the same activation energy as the fast phases, strongly sug-
gesting that it is also related to the motion of iodine ions.

Similar PL enhancement of MAPbI; perovskites, only
induced by optical soaking, is a well-known phenomenon.
It was explained by excitation-induced spatial redistribution
and recombination of iodine interstitials and vacancies,?233
which act as recombination centers. Such recombination is not
possible in PeLEDs before their stressing because, according
to our model, the built-in electric field concentrates iodine ions
and vacancies in narrow layers next to the opposite transport
layers, thus they are spatially separated and cannot recombine.
Applied stressing voltage drags ion populations towards each
other, they mix, as shown in Figure 6¢, and start to recombine.
Thus, the delayed start of the slow permanent EL growth phase
at about 25 s corresponds to the time needed for charged spe-
cies to redistribute across the perovskite layer and mix together.
Recombination of the iodine defects lasts for about 10 min at
RT and longer at lower temperatures. The recombination rate of
iodine defects is proportional to the diffusivity of more mobile
species, therefore the rate of this process as well as processes
attributed to the ion redistribution is characterized by the same
activation energy. Recombination of the iodine interstitials and
vacancies permanently reduces concentration of recombination
centers. In case of different ion and vacancy concentrations, the
minor species, in our case V¥, suffer relatively larger losses.

Reversible EL decay. This reversible process observed as
partial decay of the EL intensity during the repeatable device
stressing (Figure 3) and presented by the red line in diagram
in Figure 4 reduces the EL intensity, but does not change
significantly the current, PL, EL wavelength, and EA (Figures 3
and 5). This process reveals a fast component of several min-
utes and a much slower decay on a time scale of hours. During
the first-time stressing this decay process is masked by EL
increase discussed above. During the repeatable stressing, the
fast decrease phase also competes with the EL growth causing
slightly faster EL saturation in comparison with the current.
Similar decay processes have been observed and investigated in
detail in previous publications.?22% The fast decay component
has been attributed to the sample heating due to current flow,
while the slow component is related to the partly reversible
device degradation, probably also related to ions.

Relaxation after stressing. Termination of the stress voltage
causes simultaneous decay of the current and EL intensity
(Figure 3 black points), because recreated built-in electric field
drags ions back to their initial positions as in pristine sample,
thus recreating barriers for the carrier injection. However, the
initial state of pristine sample does not recover completely
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because of the irreversible reduction of the trap and ion densi-
ties, as discussed above. It should be also noted that the current
and EL decays during relaxation are much slower than their
growth during repeatable stressing, although both processes
are expected to be caused by the motion of I~ ions. According
to the above-presented ion redistribution model, the stressing
and relaxation processes shall not be identical. First, because
of different electric field strengths and its spatial distributions.
Recombination of I~ with V*, reduces the ion density and may
also change the dynamics. Finally, the stressing and relaxation
processes may also be different because ion motion during
the PeLED stressing takes place in the presence of charge car-
riers, while charge carriers are absent during relaxation. Ion
diffusivity has been reported being enhanced by optical exci-
tation, however, the mechanism of this phenomenon remains
vague.!l Thus, ion diffusivity may be enhanced by charge
carriers, both photogenerated and injected, which makes ion
motion faster during stressing.

Impact of negative voltage. Application of the negative
voltage to the stressed sample after its relaxation at zero
voltage caused additional decay of the EL intensity and current
(see Figure 3, blue points). Reinforcement of the internal elec-
tric field above the built-in value caused stronger accumulation
of ionic species and additionally increased barriers for the car-
rier injection. After termination of the negative voltage, current
and EL intensity gradually recover to the values characteristic of
stressed samples at zero applied voltage (see Figure 3).

Application of the negative voltage for a long time interval
revealed an additional slow EL decay and almost completely
quenched the EL after 25 h (see Figure S5, Supporting Infor-
mation). We speculate that strong negative voltage applied for
a long time may cause redistribution of less mobile ions, prob-
ably MA*, which additionally increase barriers for the carrier
injection. Subsequent application of a positive stressing voltage
returned the device to the strongly electroluminescent state
again.

Light soaking. We have also attempted to investigate the
influence of light soaking on the PL and EL intensities by
illuminating the PeLED with 1 sun intensity light, similarly as
was used in Ref. 233, Surprisingly, no significant changes in
the PL intensity and its decay kinetics were observed in pris-
tine non-stressed samples (see Figure S6c, Supporting Infor-
mation). The light soaking, however, increased the current of a
non-stressed sample by about 20% and approximately doubled
the EL intensity (see Figure S6a,b, Supporting Information),
which, however, remained about tenfold lower than after cur-
rent-stressing. Consequently, the influence of the light soaking
was similar to the one produced by the fast-stressing phase.
The light soaking of the stressed sample also caused similar
changes as additional current stressing, that is, increased the
current and EL intensity, which later relaxed again when the
light soaking was terminated.

Our above-presented model explains this unusual influence
of light soaking in a similar way as was proposed for perovskite
solar cells, where redistribution of ions or vacancies was sug-
gested to be driven by photoinduced voltage creating additional
electric field.*”! Optical excitation of PeLED generates an open
circuit voltage like in solar cells. Consequently, it reduces the
built-in electric field similar to an applied positive voltage. The

© 2021 Wiley-VCH GmbH



Copies of publications

ADVANCED
ADVANCED OPTICAL
SCIENCE NEWS MATERIALS

www.advancedsciencenews.com

www.advopticalmat.de

=
- 21 —~ 1510
Ng (a) P13 R T — =0 ‘?E ()
2 A 10”3 Vacancies ——t=5s S
£ 100 s & t=25s|
< c S 100 tec0s] £ 107
s <& Y o)
z £ 2 8
2 g B x
© 50 S s .
2 € 0O S
e - S S
15 —— Recombination g £
5 ——Current density [ o < _
o0 v r T T T 0 w 7 s
0 10 20 30 40 50 60 0 10 20 30 40 5
Time (s) —_ Coordinate (nm) Coordinate (nm)
& ]
£ F1 g 20 { ——Electrons ——t=5s IS (f) —t=5s
Z 100 3 =F J—Holes  ---t=25s 3 %07 t=25s
E g 5§ qoeq tmeos 3 (t=60s
= I3 = 7 s 024 o
8 g 2 o] 5 12zl
c @2 £
8 50 £ 8" §-047£3
€ / = e 10™ 3 % -
o —— Current density ° 1 9
s / —— Electroluminescence © 1(d) i 0.6 -150
3 o T T ; 0.2 102 ; ; . 35 Coord, (vm) 40 ___
0 200 400 600 w 0 10 20 30 40 0 10 20 30 40
Time (s) Coordinate (nm) Coordinate (nm)

Figure 7. Simulated perovskite stressing dynamics. a) Time dependence of the current density j(t) (blue line, left axis), and spatial overlap of the elec-
tron and hole densities fn(x,t)p(x,t)dx determining recombination rate (red line, right axis) during the initial fast stressing phase. b) Dynamics of
the current density and EL intensity during the slow stressing phase. c) lon densities within the perovskite layer (0 and 40 nm coordinates correspond
to the interfaces with PCBM and PolyTPD respectively), calculated at different delay times, shown with shaded circles in panel a (black lines). Density
of immobile ion vacancies remained constant (yellow line). d) Calculated densities of electrons (blue lines) and holes (green lines) at the same delay
times. e) Distributions of the spatial overlap of carrier densities n(x, t) - p(x, t), calculated at the same delay times. f) Calculated electrostatic energy
of the electron in the perovskite layer at the same delay times, the inset shows electric field strength next to Poly TPD layer. In panels (c—f), point

x =0 corresponds to the interface with the electron transporting layer.

reduced internal electric field causes redistribution of iodine
ions resulting in the reduction or complete disappearance
of barriers for the carrier injection, and, as a consequence,
increase in current and EL.

3. Numerical Modeling of the Stressing-Induced
Processes

To further verify the suggested stressing mechanism, we have
modeled the ion redistribution processes and related PeLED
performance dynamics. The model is described in Supporting
Information and is based on the Einstein-Smoluchowski dif-
fusion-reaction equations. Briefly, we set the initial ion den-
sity to follow exponential spatial distribution (see dash-dotted
line in Figure 7c), corresponding to zero applied voltage, when
the electric field inside perovskite is determined by the built-in
voltage. Next, we calculated the electric field potential imme-
diately after a positive PeLED pumping voltage was applied.
Assuming that carrier transport layers are inexhaustible
carrier sources, considering that mobility of charge carriers is
several orders of magnitude larger than that of mobile ions,
and accounting for the charge carrier recombination and their
drift in the electric field produced by the externally applied
voltage and internal distribution of ions and carriers them-
selves, we calculated the resulting stationary distribution of
electrons and holes in perovskite layer as well as their current
density. Assuming that small variations in ion density do not
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significantly change the distribution of the net electric field in
the perovskite, we then propagated ion dynamics for a short
time interval, recalculated stationary distributions of charge car-
riers, and iteratively repeated the cycle. As a result, we obtained
not only the gradual ion redistribution in the net electric field
created by applied voltage, ions, and charge carriers but also the
effect of this redistribution onto the electric current and spatial
densities of the electrons and holes. During these calculations,
we accounted for carrier recombination without distinguishing
between radiative and nonradiative parts assuming just a con-
stant bimolecular recombination rate. For the sake of simplicity,
we considered motion of only negative iodine ions, which, as
was discussed, likely are dominating players. Since the very
initial stage of ion migration might be influenced by other
effects not explicitly accounted for in this model (e.g., initial
ion distribution might be not strictly exponential, pronounced
overlap of high-density distributions of ions and holes might
indirectly influence ion mobility, etc.), in the discussion below
we focus on the modeling results following the initial 5-s transi-
tional period at room temperature and correspondingly longer
period at lower temperature when ion diffusion is slower.

As already mentioned, our model directly gives time depend-
ence of the current density on a time scale of seconds, and,
finally, we calculate the EL intensity as follows. We assume that
the EL intensity is proportional to the spatial overlap of the elec-
tron, n(x), and hole, p(x), densities multiplied by efficiency of
radiative recombination, &(t), which changes due to the current
stressing:
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EL(t) o< £ (0 n(x,6) plx, ) dx “

Here, the integral is taken across the perovskite layer. For
simplicity, we also assume that the current stressing rate is pro-
portional to the current density, thus the efficiency of the radia-
tive recombination equals to:

&) =1-exp(—ku j(1)1) (5)

where j(t) is current density and kg, is the stressing rate
constant.

The model contains several variable parameters. Some of
them such as carrier mobilities, bimolecular recombination
rate, ion density, were chosen based on literature data, others
evaluated from the sample structure and geometry, remaining
are free parameters varied to achieve a reasonable agreement
with the experimental data. The parameter values used in our
calculations are listed in Table S1, Supporting Information.

Figures a shows current and recombination rate dynamics
during the initial fast stressing phase, evaluated for optimal
parameter values, while Figure 7b shows also an EL dynamics
on a longer time scale. The latter was calculated according to
Equation (5). For comparison with experimental data, the eval-
uated current and EL dynamics at different temperatures are
also presented with dashed lines in Figure 2a. A reasonable
agreement with experimental data has been obtained except
for the very initial times. Processes at lower temperatures were
calculated just assuming that the ion mobility decreases with
temperature as described by Equation (3) with activation energy
E, = 181 meV, which is close to the activation energies deter-
mined from Figure 2c.

Our inability to reproduce the very initial dynamics indicates
that some additional fast processes take place, which was not
included in the model. In our calculations, we consider that
the ion mobility is constant. In case of the disordered material,
however, the initial ion motion may be significantly faster than
determined by their mobility at longer times, as was observed
for carrier motion in disordered organic semiconductors.
Such dispersional ion motion would cause much faster initial
current growth, and its slower saturation at longer times, as
observed experimentally. The fast initial electric field redistribu-
tion may also be caused by the presence of the slow component
of the dielectric permittivity, which could be present in perov-
skites due to ferroelectric polarization.*) We cannot also com-
pletely exclude that our attribution of the observed processes
to the motion of iodine interstitials is incorrect. Some evalua-
tions suggest dynamics during tens and hundreds of seconds
may be caused by motion of MA of Pb defects, while motion
of iodine defects should be much faster.! Thus, motion of
iodine defects may be responsible for the dynamics during
sub-seconds and several initial seconds. However, so far we do
not have arguments in favor of one or another process.

Figures 7c,d show spatial distributions of mobile negative
and immobile positive ions as well as electrons and holes,
calculated at three time moments: 1) immediately after appli-
cation of positive voltage, 2) in the intermediate stage of ion
redistribution phase, and 3) after the complete ion redistribu-
tion. Figures 7f,e also show distributions of electron energy
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and product of electron and hole densities determining carrier
recombination rate and, thus, EL intensity. The initial ion distri-
bution is determined by the built-in electric field corresponding
to about 1.2 V built-in voltage created by the differences between
work functions of transport layers and electrodes. Correspond-
ingly, applied positive voltage of 2 V in the ideal case creates
potential difference on the perovskite layer equal to 0.8 V.
However, apparently a fraction of the applied voltage drops
on transport layers, therefore we consider potential difference
across perovskite layer being of 0.6 V under applied 2 V voltage.
Immediately after voltage application, the initial ion distribu-
tion creates a potential energy surface for electrons exhibiting
a flat zone close to the negative electrode, which limits the elec-
tron injection. On the other hand, the hole injection is limited
by the barrier of about 200 meV originating from the difference
between HOMO levels of PolyTPD and MAPbI;. This barrier
narrows when electrons and negative iodine ions accumulate
next to the PolyTPD layer and create strong electric field as
shown in inset in Figure 7f, enabling faster hole injection by
tunneling, hence increase of the hole density at the positive
electrode (point x = 40 nm). Consequently, when iodine ions
redistribute and gradually accumulate next to PolyTPD layer,
both electron and hole injection rates increase which in turn
lead to the increase in carrier density and recombination rate.

As shown in Figure 7e, the carrier recombination takes
place close to the perovskite layer surfaces where charge car-
riers accumulate. Before the ion redistribution, stronger carrier
recombination takes place close to the negative Al electrode.
Later on, due to ion diffusion, recombination intensifies along
the positive ITO electrode, which is in agreement with the
observed red shift of the EL wavelength (see Figure 5c), indi-
cating shift of the recombination zone away from the metal
electrode [ ¥IConcentration of the electric field in a thin layer
(inset in Figure 7f) shall lead to increase in the EA signal and
in sample capacitance, in agreement with the experimental data
(see Figures 5d,e).

Even though the used calculations simplify some of the pro-
cesses taking place in real PeLEDs, they quite closely reproduce
the current and EL dynamics and also qualitatively explain
changes of the PL wavelength, EA, and capacitance taking place
during the PeLED stressing. Depending on the PeLED struc-
ture and properties of the perovskites used, processes in other
PeLEDs may be significantly different. Figure S8, Supporting
Information, shows how the current and EL dynamics change
under variation of some model parameters. Quantitative
similarity retains by changing carrier mobility, ion density by
orders of magnitude, but significantly changes depending on
the applied potential difference across perovskite layer. Conse-
quently, our investigations suggest major principles enabling to
understand and predict the PeLED operation dynamics, which
is an important step in their further development.

4. Conclusions

EL intensity and current of MAPbI; PeLED show complex
growth kinetics after application of constant pump voltage. The
initial EL intensity of pristine sample is very weak and grows
hundreds of times on time scales of milliseconds to tens of
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minutes. Subsequent application of voltage after the device
“rests” for tens of minutes or hours creates a much stronger
initial EL, which additionally grows by tens of percent during
seconds. We analyzed the EL growth processes by using several
investigation techniques that enabled us to investigate changes
of EL intensity, current, and EL spectrum taking place during
current stressing, relaxation after stressing, application of
negative voltage or light soaking. Analysis of the experimental
results together with mathematical modeling revealed that the
complex changes taking place on several very different time
scales are caused by the motion of ions characterized by activa-
tion energies of about 175 meV. Our experimental results and
literature data suggest that negative iodine ions play a domi-
nating role. Spatial redistribution of ions along the perovskite
layer thickness changes shape of electric potential, barriers
for carrier injection, and also causes of their recombination
with iodine interstitials acting as nonradiative recombination
centers.

We believe that the obtained deeper understanding of the
processes taking place in operating PeLEDs will be important
for their optimization directed to more efficient performance,
particularly in dynamic regimes.

5. Experimental Section

Device Fabrication: Fabrication of the PelLEDs was described
elsewhere.[?2l Briefly, PolyTPD was spin coated on the precleaned ITO
substrates at 4000 rpm for 40 s and then anneal at 150 °C for 20 min,
followed by treating with O, plasma for 6 s at a power of 100 W
to improve surface wettability. Afterward, MAPbI; with 20 mol% extra
benzylammonium iodide was deposited on PolyTPD in N2 filled
glove box, using an antisolvent method. Then, PCBM solution in
chlorobenzene was deposited at 3000 rpm, followed by depositing
ZnMgO nanoparticles in ethanol at 4000 rpm. The devices were finished
by thermal evaporation of 100 nm Al. The device area was defined by the
shadow mask and was 0.125 cm? with dimensions of 2.5 mm x 5 mm.

Investigation Techniques: EL and current dynamics under application
of steady state voltage were measured using Keithley 2604B dual channel
SMUs. The sample was mounted in vacuum in a JANIS vpf-100 liquid
nitrogen cryostat, where the sample temperature was controlled using
a Lakeshore 335 temperature controller. A Silicon photodiode 818-SL
from Newport was used to monitor the EL signal. The sampling rate
was set to 100 ms for both channels. The experiment starts by applying
a DC voltage to the PeLED, while the current and EL dynamics were
simultaneously monitored using the two SMUs.

Pulsed stressing measurements were performed according to
protocol presented in Supporting Information. Briefly, the sample
was stressed by 100 mA cm2 current for variable time durations and
subsequently EL intensity, current, and mean EL wavelength were
measured by switching-of the stressing voltage and applying a train
of short electrical probing pulses. The voltage was applied by using
arbitrary function generator Tektronix AFG3101 and current was
measured with Agilent Technologies DS05054A oscilloscope using 50 Q
input. EL intensity and spectrum were measured with AvaSpec-HS1024 x
58/122 fiber optic spectrometer (Avantes). The same procedure was
used to investigate the light soaking impact, only in this case, 1 sunlight
intensity was applied instead of stressing current. During investigations
of the relaxation processes, the sample, between probing pulses, was
kept at zero voltage in dark.

PL, EA, and capacitance were investigated by using the same
stressing protocol, but measurements were performed at zero applied
voltage. Capacitance measurements were performed by using the same
setup by applying sinusoidal voltage and measuring alternative current
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passing through the device. The relative capacitance changes were
evaluated from the current amplitude and phase shift.

EA measurements were performed as described in Ref. (. The EA
signal was measured by comparing absorption spectra at positive and
negative 1V voltages. The positive 1V voltage compensated the built-in
voltage, thus the net potential difference across the perovskite layer was
close to zero. While at -1V applied voltage the potential difference was
about 2 V.

Time-resolved PL measurements were performed by the Edinburgh
Instruments Time Correlated Single Photon Counting (TCSPC)
spectrometer. Picosecond pulsed diode laser EPL-470 emitting 72 ps
pulses at 470 nm with the repetition rate of 500 kHz (interval 2 us) was
used for the sample excitation.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Energy Barriers Restrict Charge Carrier Motion in MAPI
Perovskite Films

Rokas Jasitgnas, Rokas Gegevicius, Marius Franckevicius,* Vidmantas JaSinskas, and
Vidmantas Gulbinas

the knowledge about fundamental pro-

Under ding of charge trapping processes in halide perovskites is vital to cesses in perovskite materials has greatly
further improve performance of perovskite optoelectronic devices such as expanded; howevef: many  aspects of
solar cells, photodetectors, and LEDs. In this work, transient photocurrent, charge carrier transport are still poorly

understood and demand a more in-depth

time-delayed collection field and ient fl hni along . - . ;

. N . N ) N ) investigation. These include charge carrier
with numerical lations are combined to add charge carrier trapping trapping and mobility, which are critical
processes during their lateral motion in prototypical methylammonium lead when it comes to device performancel
iodide perovskite films formed on interdigitated electrodes. Carrier mobility and stability.®)

a e e el s le, and its rate depends on the motion The popular belief is that lead halide

perovskites have lower carrier trap densi-
ties than other low-temperature solution-
processed  semiconductors.”)  However,

character—it is faster when charge carriers drift in the electric field and
slower when the motion is caused by diffusion only. This difference becomes

particularly evident at low temperatures. Based on the time-delayed collection carrier trapping processes strongly affect
field data and carrier motion modelling results, it is demonstrated that the carrier motion and play a vital role in solar
rapid mobility decay at low temperatures is mainly caused by the energy cell performance at solar fluences."!"

Though the extensive time-resolved pho-

barriers, most likely formed at crystallite boundaries. Even though these >
toluminescence and terahertz spectros-

barriers are sur ble at room temperature, they still play a major role copy studies were conducted 1o reveal the
in determining carrier mobility and diffusion rates. Suggested concept of the nature of trap states in hybrid perovskites,
potential barriers moves beyond the conventional understanding of carrier clear evidence on how they affect charge
mobility, diffusion, and recombination processes in hybrid perovskites. carrier mobility is still lacking.
Recent literature data reports a wide
distribution of mobility values in hybrid
perovskite materials, ranging from tens to =100 cm? V! s7! for
single crystals and from 10~ to more than 10 cm? V™! s for
Hybrid perovskite materials have witnessed immense develop-  polycrystalline films.[2"% Typically, high-frequency THz meas-
ment in a range of optoelectronic devices, for example, efficient ~ urements give higher values than, for example, time-of-flight
solar cells, bright tunable LEDs,? fast and sensitive photode- ~ (TOF) or space-charge limited current (SCLC) techniques.!”)
tectors,’) and beyond. The success is primarily due to excep- ~ Mobility investigations are often performed in complete solar
tional optoelectronic properties of hybrid perovskites such  cells where additional transport layers may complicate accurate
as low charge carrier recombination rates which are respon-  data evaluation.'”) Another related, but still unresolved ques-
sible for impressive diffusion lengths,” tunable bandgap and  tion is how to understand the relation between carrier mobility
large optical absorption coefficient.>S! During recent years, —and bi-molecular recombination rate, because recombination
rate in some perovskites is several orders of magnitude lower
R. Jasitinas, R. Gegevi¢ius, Dr. M. Franckevicius, V. Jaginskas, than that evaluated from mobility values on a base of Langevin
Prof. V. Gulbinas relation.[
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On the other hand, there are few papers that account the exist-
ence of energy barriers at the grain boundaries,”22 but their

can be found under https://doi.org/10.1002/adom.202000036. inﬂuencg on the carrier mobility remai_ns comPletely unexp.lore.d.
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interdigitated electrodes (IDE). Selected sample configuration
provides a possibility to probe the lateral motion of photo-
generated carriers in perovskite film, being unaffected or weakly
affected by the interface phenomena, or additional layers, which
are usually present in sandwich-type devices such as solar cells
or LEDs. By combining conventional transient photocurrent,
transient photoluminescence and time-delayed collection field
techniques we monitor carrier motion at different temperatures
and demonstrate that carrier mobility at low temperatures is
mainly determined by energy barriers, most likely formed by

Figure 1. Top view scanning electron microscope (SEM) images of a)
MAPI and b) CsFAMA. c) The cross-sectional SEM image demonstrates
lateral configurations of the perovskite films deposited on IDE.
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not perfect intergrain connections. At room temperature, bar-
rier influence on carrier mobility is less significant, however
carrier motion hampering is still observable. Similar behavior
was also obtained for triple cation CsposMAg15FAqgPbl, 55Brg 45
(CsFAMA) perovskites, suggesting that existence of energy bar-
riers is independent on perovskite composition and is inherent
to this material class.

2. Results and Discussion

2.1. Charge Carrier Extraction, Recombination, and Trapping

At first, we will consider transient photocurrent kinetics meas-
ured for the MAPI perovskite films deposited on Pt interdigitated
electrodes. Scanning electron microscope images of the samples
are presented in Figure 1a,b. Measurements were performed at
different experimental conditions to distinguish between carrier
recombination, extraction and trapping processes. According
to the energy level positions, Pt establishes the junction barrier
for injection of both carrier types into MAPDI; layer. No bar-
rier should be for the carrier extraction, or if some barriers are
still formed, their influence on photocurrent shall be only mar-
ginal in the case of pulsed excitation. Moreover, as it was dem-
onstrated in ref. [10] and confirmed by our investigations (see
Section S4, Supporting Information), electron currents are sig-
nificantly lower than those of holes, because of the fast electron
trapping, which additionally suppress possible influence of the
Schottky barrier. On the other hand, electron trapping may sig-
nificantly impact carrier recombination by Shockley—Read—Hole
(SRH) process. Transient photocurrent created by a short light
pulse may be formally expressed as

()= efne(E)e () + mn (B)en (1)) F @

where e is the electron charge, F is the electric field strength,
fen(t) and fu(t) are time-dependent densities of photo-
generated electrons and holes and their mobilities, respectively.
Carrier trapping is one of the processes that change the den-
sities of mobile carriers. However, precise accounting for the
carrier trapping is a difficult task since deep carrier trapping
reduces the carrier density, while shallow trapping reduces their
mobility. We do not have sufficient information about these
processes; moreover, such separation depends on temperature
and on the considered time scale. Therefore, in the following
analysis, we regard total carrier concentrations, including the
trapped carriers, while carrier trapping is accounted by consid-
ering carrier mobilities averaged over free and trapped carriers.
We can additionally simplify this expression by introducing
effective carrier mobility averaged over electrons and holes and
considering total carrier density n = n, + ny,. Then photocurrent
may be expressed as

J(8) = en(t)ides () F @)
Kinetics of the carrier concentration may be expressed as

dn _ j(p) 2

— =2 kn—yt 3

o g kv ()

where d is the distance between electrodes, k is the linear
SRH carrier recombination rate, and At) is bimolecular
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Figure 2. Transient photocurrent kinetics a) at different excitation intensi-
ties under 1V applied voltage and b) at constant excitation intensity of
15 nJ cm2 but different applied voltages.

recombination rate. By considering carrier recombination, we
ignore inhomogeneous spatial carrier distributions. Spatial sep-
aration of electrons and holes moving to opposite directions is
accounted into the time-dependent recombination rate.

Charge carriers concentrations decrease due to their recom-
bination and extraction to electrodes. Bimolecular recombina-
tion and extraction processes depend on carrier concentrations
and drift rates, respectively. Thus, we can change these rates by
changing the excitation intensity and bias voltage. In this way,
we can reach condition where one or both these processes may
be suppressed and neglected. Figure 2a,b shows such depend-
encies. At the two lowest excitation intensities, the shape of the
photocurrent kinetics only weakly depends on the excitation
intensity (Figure 2a). Therefore, we consider that shape of these
kinetics curves is only marginally affected by the bimolecular
recombination. Likewise, the identical shape of the photo-
current kinetics at 0.2 and 0.5 V applied voltages indicates that
carrier extraction is also insignificant at these voltages.

Consequently, the photocurrent decay at the lowest excita-
tion intensity and 0.2 V bias voltage should be mainly caused
by the linear SRH recombination and/or decreasing charge
carrier mobility, later of which, according to our approach, also
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Figure 3. Photoluminescence kinetics of MAPI perovskite at different
excitation intensities. A, = 470 nm. Dotted lines represent experimental
results, and solid lines show modelling results.

accounts for carrier trapping. It should also be noted, that the
initial photocurrent does not scale linearly with the excitation
intensity, as Figure S4b (Supporting Information) presented
in the Supporting Information shows, the initial photocurrent
almost saturates at the highest excitation intensities. It indi-
cates the existence of an additional fast nonlinear recombina-
tion phase, which at high excitation intensities reduces carrier
density faster than the time resolution of our measurements. To
address this rapid decay phase, we have investigated photolu-
minescence (PL) kinetics with a better time resolution. Figure 3
shows the PL kinetics measured at different excitation inten-
sities. At low excitation intensities, the PL intensity at longer
times decays exponentially with the time constant of 180 ns. It
reveals a recombination phase in tens of nanoseconds, which is
not observed in photocurrent measurements due to insufficient
time resolution. PL intensity may be expressed as a product of
free electron and hole densities PL = n(t)p(t). We have modelled
the PL kinetics considering that electron and hole densities
decrease as

S k() @
d__
- ®)

Here k(t), for the sake of simplicity, expresses the linear free-
electron decay rate caused by their trapping, thermal detrap-
ping and SRH recombination, yis bimolecular recombination
rate. Spatial carrier separation shall be absent in PL measure-
ments performed without electric field, therefore bimolecular
recombination rate y here is considered as constant. It should
be noted that the carrier decay rate obtained from PL investiga-
tions perfectly explains the saturation of the photocurrent peak
(the modelling details and results are presented in Section S3,
Supporting Information). The modelling gives the bimolecular
recombination rate equal to 7 = 2.2 X 10~ cm? s, which is sim-
ilar to that reported in ref. [10], but significantly higher than the
values reported in later publications.[%?2 The difference may

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Copies of publications

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

be at least partly caused by the specific sample configuration
where metal electrodes suppress photon recycling, which other-
wise significantly reduces the external recombination rate.[2>26!
Noteworthy, that the linear PL decay rate was shorter for the
films prepared on electrode comb than on conventional glass
substrate, which should also be attributed to the suppressed
photon recycling.

According to the photoluminescence kinetics, carrier decay
rate at the lowest excitation intensity used in transient photo-
current measurements is weakly affected by the bimolecular
recombination. It should be noted, that at the identical excita-
tion intensity and low applied voltages the photocurrent decays
two times slower than photoluminescence. It could be due to
the different influence of the carrier trapping on photocurrent
and PL. Trapping of one sign of carriers completely decimates
luminescence while regarding photocurrent it only reduces the
mobility of one sign of carriers.

To get more information about the physical processes, we
additionally performed transient photocurrent measurements
at different temperatures. Figure 4a shows the photocurrent
kinetics at several different temperatures. The initial photo-
current value shows no clear dependence on temperature,
indicating that the carrier generation, as well as their initial
mobility, are temperature-independent. Similar temperature-
independent carrier mobility during initial hundreds of ps was
also reported for conjugated polymers,””) or weak tempera-
ture dependence for hybrid perovskites.") Weak temperature
dependence was observed for the MAPI photoluminescence
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Figure 4. a) Photocurrent kinetics at different temperatures measured at

2V applied voltage and 15 n) cm™2 excitation intensity, b) photocurrent
kinetics at 100 K at different applied voltages.
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decay.¥l Figure 4a, however, shows that the photocurrent drops
much faster at low temperatures. We also note a higher photo-
current at a longer time scale (several is) at low temperatures.
This should be expected since less charge carriers are extracted
when photocurrent decays very rapidly, therefore more carriers
remain in the sample. Voltage dependence of the photocurrent
kinetics shown in Figure 4b also becomes qualitatively different
at 100 K than at room temperature: the photocurrent decays
more rapidly, and the slow photocurrent component almost
vanishes at low bias voltage. This behavior suggests that charge
carriers are rapidly trapped at low temperatures, while strong
electric field gradually withdraws carriers from traps and keeps
a weak photocurrent during several is.

2.2. Time-Delayed Collection Field Investigations

Time-delayed collection field (TDCF) technique provides addi-
tional information about carrier density decay and mobility
kinetics. In the simplest implementation of this technique,
sample excitation is performed at zero voltage, while extrac-
tion voltage is applied after a variable delay (see Figure 5 for
the time chart of the TDCF measurements). Dependence of
the total extracted charge (cumulated current) on the delay
time between optical excitation and application of extraction
voltage represents charge carrier density decrease at zero bias
voltage. On the other hand, initial photocurrent corresponds
to the product of carrier density and their mobility; therefore,
it is possible to track evolution of the initial carrier mobility.
Figure 6a,b shows carrier extraction kinetics at different extrac-
tion times at 323 and 100 K temperatures and the inserts show
the kinetics of the cumulated current. At room temperature,
both initial and cumulated currents rapidly decrease with the
delay time because of the rapid carrier recombination. Kinetics
of the cumulated current clearly shows two extraction phases:
the fast, lasting for hundreds of ns, and the slow, lasting for
several [1s. The fast extraction phase rapidly decreases at longer
extraction delays and practically disappears at delays longer
than S ps. While the slow phase remains constant during sev-
eral s, therefore gradually becomes dominant, and decays on
a time scale of tens of us. It is reasonable to state that the slow
phase corresponds to the extraction of trapped charge carriers,
which are weakly affected by the carrier recombination, there-
fore, survive for tens of microseconds.

Situation drastically changes at low temperatures (T = 100 K,
see Figure 6b). Photocurrent peaks are sharper at low tempera-
ture in agreement with the faster carrier mobility decay. More

UAPPUED '—.Zous _TEELS(_
U -
Ugen =7 s
l 4ms =
0.0v L —
1

Time

Figure 5. Time chart of the TDCF measurements. Conventional TDFC
measurements correspond to Uge, =0, while flipped field measurements
were performed at Uge, < 0.
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Figure 6. TDCF data obtained with 0 V pre-bias and 2 V and extraction
voltages at 15 n) cm™2 excitation intensity. a,b) Carrier extraction kinetics
at different extraction pulse delays at 100 and 293 K temperatures. Inserts
show the kinetics of cumulated current obtained by integrating the extrac-
tion kinetics. c) Dependence of peak extraction current values on extrac-
tion delay times at different temperatures.

importantly, peak intensity is less dependent on delay time,
indicating that, firstly, the carrier recombination is significantly
suppressed, and secondly, mobility does not drop considerably
during the waiting time at T = 100 K. Kinetics of the cumu-
lated current also shows that despite the strong initial current,
only about 20-30% of charge carriers are extracted during the
short, intense current pulse; while dominating carrier extrac-
tion takes place on a several microseconds time scale. Thus,
all processes determining current kinetics such as recombina-
tion, mobility decrease and carrier extraction are relatively slow.
From this information, an important question arises as which
process could cause such a fast extraction current decay? We
can resolve this discrepancy by assuming that carrier mobility
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does not change during waiting time between the carrier gen-
eration and application of the electrical extraction pulse, but
rapidly decreases once the electric field is applied. In other
words, carrier mobility starts to decrease only when charge car-
riers start to drift under the applied electric field. This behavior
suggests that fast mobility decay is caused by energy barriers,
which hinder carrier drift, rather than by energy traps. This is
expected for the perovskite material composed of small crystal-
line grains. At low temperature, photogenerated charge carriers
are confined within a single grain, and their properties do not
change with time, they also do not recombine if they are cre-
ated within different grains. Under the application of the elec-
tric field, charge carriers rapidly drift, but only short distances
until they reach the grain boundaries. Figure 4c presenting
initial currents as functions of the delay time at different tem-
peratures shows that carrier survival time gradually increases
at lower temperatures. Since SRH recombination dominated at
the used low excitation intensity, the increasing carrier lifetime
at low temperature should be attributed to the decreasing SRH
recombination rate. This finding is in agreement with the pro-
posed barrier controlled carrier motion—charge carriers at low
temperatures are confined within single perovskite grains and
cannot reach trapped carriers at neighboring grains.

To additionally verify the barrier-limited carrier extraction
mechanism, we have employed a modified TDCF technique
with field flipping as described earlier in ref. [29]. We applied
an electrical voltage of variable strength and polarity during the
optical excitation and waiting time (pre-bias voltage). Figure 7
shows the photocurrent kinetics measured with 2 V extraction
voltage at various pre-bias voltages and different temperatures.
We observe a photocurrent peak immediately after optical
excitation determined by the carrier extraction using pre-bias
voltage. Application of 2 V extraction voltage causes the appear-
ance of another peak. The second peak is stronger when the
pre-bias and extraction voltages are of opposite polarities. This
is particularly clear at 100 K temperature—the second peak is
weak when the pre-bias and extraction voltages are of the same
polarity, and becomes very strong when a high pre-bias voltage
of opposite polarity is used. This behavior confirms the spatially
confined carrier motion character at lower temperatures. Under
the applied electric field, charge carriers rapidly drift, but only
for short distances inside perovskite grains until they reach
the grain boundaries causing very fast photocurrent decay.
When we flip the electric field direction, carriers drift back to
the opposite side of the perovskite grain, creating strong cur-
rent until they reach boundaries again. Importantly, the strong
second peak also shows that the carriers are not trapped inside
energy traps during the waiting time. By increasing tempera-
ture, this behavior becomes less expressed; the intensity of
the extraction peak becomes almost independent of the direc-
tion of the pre-bias voltage at 323 K. At room temperature, the
dependence of the extraction current on the pre-bias voltage
is much less pronounced than at 100 K, but stronger than at
323 K. This indicates that charge carriers can surmount energy
barriers at room temperature, but the barrier influence on
the carrier motion is still significant. We have also performed
identical investigations at 150, 200, and 250 K. These data are
available in the Supporting Information. The carrier extraction
character changes gradually by changing temperature, without
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Figure 7. Photocurrent kinetics at three different temperatures obtained by
modified TDCF measurements under 15 nf cm™ excitation intensity when
collection voltage of 2 V was applied 60 ns after optical excitation pulse,
which was applied under different voltages and polarity pre-bias fields.

more expresses changes by passing 160 K temperature of the
tetragonal to orthorhombic phase transition present in MAPI.

We have performed similar TDCF measurements for
the state of the art triple cation CSFAMA perovskites and have
observed very similar trends in photocurrent kinetics (see
Figure S9, Supporting Information). These results confirm that
the existence of energy barriers is inherent to perovskite films
of polycrystalline structure regardless of their composition.
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Figure 8. Modelled charge carrier density and their mobility kinetics at a)
323 K and b) 100 K temperatures. Dashed lines show charge carrier den-
sity (red) and their mobility (blue) kinetics at zero applied voltage. Solid
lines show mobility kinetics after delayed application of collection voltage.

We have modelled the TDCF extraction kinetics measured
at zero pre-bias voltage presented in Figure 8 (the modelling
quality is presented in Figure S10, Supporting Information). We
numerically solved Equations (2) and (3). Experimental peak
current values presented in Figure 6 supported information on
the carrier decay at zero applied voltage, i.e., term kn + y(t)n?,
while shapes of carrier extraction curves were mainly deter-
mined by the time dependence of the carrier mobility. Figure 8
shows the kinetics of major undergoing processes obtained
from the modelling results. At 323 K, carrier recombination at a
given excitation intensity reduces the carrier density =10 times
during the first microsecond (red dashed line in Figure 8a). At
the same time, the carrier mobility decreases about twice due
to carrier trapping at zero applied field (blue line), neverthe-
less, it additionally decreases few times more due to energy
barriers when the charge carriers start to drift under the
applied electrical field. The obtained carrier mobility is below
107 cm? V! s7L. Similar low mobility values were reported for
polycrystalline MAPI films.[1-18]

At 100 K temperature and zero applied voltage (Figure 8b),
carrier recombination is much slower along with slower mobility
decay. Thus, the current under applied electric field decreases
mainly due to the presence of barriers, which reduce carrier
mobility more than 10 times during hundreds of nanoseconds.

As Figure 1 shows, the scanning electron microscopy (SEM)
images of the perovskite films clearly reveal the grain structure.
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The grain sizes range from tens to more than a hundred nanom-
eters. Consequently, we can consider that the average barrier-
free carrier drift distances are approximately half of this length.
Integrated carrier extraction kinetics at low temperature shows
that nearly 10% of charge is extracted during the fast extraction
phase. Assuming that the extracted charge is proportional to the
average carrier drift distance and that extraction of all charge
corresponds to the average carrier drift equal to the half of the
distance between electrodes (2.5 jtm), we obtained barrier-free
drift distances of 250 nm, which are slightly larger than the grain
sizes. Therefore, it is more likely that not all intergrain interfaces
form potential barriers. Charge carriers can probably pass several
grains before being trapped by a high energy barrier.

The carrier extraction kinetics is closely identical in the 100
200 K temperature range (see Figure 3b and Figure S8, Sup-
porting Information) indicating that the barriers are too high to
be surmounted. Therefore the weak long-lasting photocurrent
component shouldn’t be attributed to the thermally stimulated
processes such as carrier jumps over the potential barriers. The
relative contribution of this component increases at the strong
electric field indicating the possibility of electric field-assisted
carrier tunnelling.

Thus, our results show that barriers play determining role
in reducing carrier mobility at low temperatures. However, as
follows from Figure 7b, their role at room temperature is also
substantial. The presence of barriers explains orders of magni-
tude lower mobility values obtained for polycrystalline perov-
skite films than for single crystals and also very low mobility
obtained for the lateral carrier motion.

3. Conclusions

Combination of the transient photocurrent and time-delayed
collection field techniques along with temperature variation and
numerical simulations enabled us to resolve and characterize
the main processes determining lateral carrier motion in MAPI
hybrid perovskite films. The initial carrier mobility remains
insensitive to the temperature, while its decay becomes much
faster at 100 K. TDCF investigations showed that potential bar-
riers rather than traps mainly determine the rapid mobility
decrease. At room and even elevated temperatures, potential
barriers still play an essential role in determining the carrier
mobility, diffusion and recombination rate.

Described perovskite properties and charge carrier behavior
correspond to the lateral carrier motion. These novel insights
are of great importance for devices produced in lateral con-
figurations such as field-effect transistors, lateral photodiodes,
photodetectors, and recently suggested lateral solar cells.?%3%)
Considering vertical, sandwich-type devices, like typical solar
cells or LEDs, where interelectrode distances are comparable
with grain sizes, the role of potential barriers is less straight-
forward. They probably play a less important role for the carrier
extraction. Nevertheless, their significance for the recombi-
nation processes, governed by diffusion (including in lateral
directions) cannot be excluded. Also, they are responsible for
the reduced carrier recombination rate compared with carrier
mobility™ which is a highly important feature enabling high-
efficiency solar cell performance.
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4. Experimental Section

Substrate: Devices were prepared on commercial Pt interdigitated
electrode arrays (ED-IDE3-PI, Micrux Technologies) with the total area of
9.6 mm? formed by 150 nm thick Pt electrodes of 5 um width and 5 um
interelectrode distances.

Samples: Single-step spin-coating technique,’! was used for the
device preparation. The CH3;NH;Pbl; perovskite stock solution was
prepared by mixing lead iodide (Pbl;) and methylamonium iodide (MAI)
in DMSO. The molar ratio of Pbl:MAI was 1:1. The spin coating was
performed with a two-step program: first step, 1000 rpm for 10 s with a
ramp of 200 rpm s, and second step, 5000 rpm for 30 s with a ramp of
2000 rpm s~ After sample was heated at 100 °C for 10 min on a hotplate
and yielded about 400 nm thick perovskite layer.

Photolumiy Lifetime M Photoluminescence
decay kinetics were measured using the Edinburgh Instruments time-
correlated single photon counting (TCSPC) fluorescence spectrometer
F900. The picosecond pulsed diode laser EPL-470 emitting 72 ps pulses
at 470 nm with the repetition rate of 500 kHz (interval 2 pis) was used for
the sample excitation. The time resolution of the setup was about several
hundreds of picoseconds by applying apparatus function deconvolution.

Transient  Photocurrent and ~ TDFC ~ Measurements:  Transient
photocurrent and time delayed collection field investigations were
performed with an Agilent Technologies DS05054A oscilloscope using
50 Q input resistor and a Tektronix AFG 3101 function generator. In order
to minimize electric field induced ionic movement very short electrical
pulses (10 s in TPC and 20 ps in TDCF) were used, each followed by
2-4 ms relaxation time at zero applied field. Samples were excited by
radiation of the optical parametric amplifier Topas-C (Light Conversion
Ltd.) pumped by femtosecond Ti:sapphire laser Integra-C from
Quantronix Inc. generating 130 fs duration pulses at 430 Hz repetition
rate. Collinear optical parametric amplifier TOPAS-C was used for the
generation of the excitation pulse emitting at 500 nm.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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The Role of Grain Boundaries in Charge Carrier Dynamics in
Polycrystalline Metal Halide Perovskites

Rokas Gegevicius,” Marius Franckevi¢ius,*® and Vidmantas Gulbinas®

Boundaries of perovskite grains forming polycrystalline films are
the most sensitive place for the formation of the defect states
and accumulation of impurities. The intra-bandgap states
located at the boundaries forming traps for charge carriers are
commonly discussed as causing nonradiative carrier recombina-
tion and reducing carrier mobility. Grain boundaries (GB) may
also disturb carrier motion by creating scattering centres and
barriers, however, their role was less frequently considered. On
the other hand, grain boundaries may also facilitate the

1. Introduction

Unprecedented success in the development of perovskite solar
cells also stimulated attempts to apply metal halide perovskite
for other devices, such as light-emitting diodes or light
detectors. Significant achievements were reported in these
areas as well. Although it is possible to grow perovskite crystals
with dimensions up to several centimeters, however, the
application of single crystals is less attractive, because single
crystal-based devices shall compete with a much more mature
classical semiconductor technology. Perovskites are manly
attractive due to the possibility to form thin films using
relatively simple and cheap solution-based technology. It
enables the fabrication of large-area devices particularly
important for solar cells, displays and lighting applications.
Therefore, by application areas and fabrication technologies,
perovskites should be considered as competitors for organic
electronics. However, the physical properties of organic materi-
als and perovskites are significantly different. Technologically, it
is relatively easy to fabricate fine, homogeneous amorphous
organic films. On the other hand, perovskites are crystalline
materials, and the fabrication of fine polycrystalline films is a
challenging task very sensitive to formation technologies.
Moreover, this task is even contradictive, since smaller surface
roughness, lower pinhole probability is easier achievable with
smaller crystallites, however then perovskite partly loses
advantages of crystalline material.

The crystallinity of perovskites causes the formation of
delocalized charge carrier wavefunctions and, thus, high carrier
mobility, which in single crystals reaches values up to about
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splitting of exciton states and the generation of free charge
carriers. Consequently, the grain boundaries are responsible or
affect a wide range of perovskite properties and processes
strongly influencing the performance of perovskite-based
optoelectronic devices. Nevertheless, abundant literature data
related to the properties of grain boundaries and their influence
are highly controversial. In this minireview, we discuss the most
importnat literature data related to the structure and properties
of grain boundaries and their role in device performance.

1000 cm?/Vs, typical for classical crystalline semiconductors.
Carrier mobility is a very important parameter of all electronic
materials, and relatively high mobility values are partly respon-
sible for the great success of the perovskites. However, the
mobility drastically decreases in polycrystalline films. Delocal-
ized states break at grain boundaries (GBs) and localized states
with different energies are formed. At least three factors may
be responsible for the mobility decrease: a) carrier traps created
in the bulk of crystallites and at their surfaces, b) potential
barriers for the motion of carriers created by the GBs, ) uneven
energy landscape. Moreover, the mobility in such heteroge-
neous materials becomes a “bad” parameter, which depends on
the carrier drift or diffusion distance, time, measurement
technique. Therefore, actual mobilities may be different in
different devices. For example, actual carrier mobility in tens of
nanometres thick film of perovskite LED, containing single
crystallites stretching over the total film thickness may be very
different from actual mobilities in hundreds of nanometres thick
solar cell films composed of crystallites stacked on top of each
other, or particularly in devices with lateral carrier motion such
as lateral photodetectors or field effect-transistors. GBs in the
latter case may play a major role in carrier motion.

GBs are also considered as the most likely places for the
formation of defect states, which may act as carrier traps or
scattering centres. Indeed, it is commonly believed that most of
the imperfections in solution-processed perovskite films are
mainly located at the GBs'"? since trap densities in solution-
processed polycrystalline MAPbI, perovskite films (10"~
10" cm?) is much higher compared to the single crystals (10°-
10" cm 3.2 Charge carriers may be trapped reaching GBs and
even recombine through the Shockley-Read-Hall (SRH) mecha-
nism. On the other hand, charge carrier energies on localized
boundary positions may be higher, thus boundaries may create
barriers for one or both types of carriers. Consequently, GBs
may be important by determining or at least influencing several
core processes in perovskite-based devices: nonradiative carrier
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recombination, radiative carrier recombination, carrier diffusion
and drift.

In this minireview, we discuss experimental and theoretical
data reported in the literature related to the chemical and
physical properties of perovskite grain boundaries, formation of
boundary-related electronic states and discuss their role in
carrier mobility, diffusion and recombination as well as their
influence on the device performance. We mainly focuss on
metal halide perovskites used as active materials is solar cells,
near IR detectors and PelLEDs. We do not touch quasy-two-
dimensional perovskite structures, which have very distinctive
properties.

2. Chemical structure and physical properties
of the grain boundaries

Metal halide perovskites are ionic compounds with a high ionic
character of the constitutive bonds and low formation energies.
The lack of stoichiometric compositions at the surfaces of
perovskite grains and the sublimation of organic molecules
during the thermal annealing of the film makes these interfaces
as a storage for both impurities and structural defects that
accumulate there from the grain during growth and presents a
more complicated chemical environment. Figure 1a and Fig-
ure 1b respectively show SEM and TEM images of the perovskite
films revealing GBs®™ and Figure 1b demonstrates simulated
structures of pristine MAPbl; and its GB.

The sublimation of organic molecules and halides in the
preparation process can leave uncoordinated ions such as Pb?*
or I~ at the perovskite grain boundaries. The uncoordinated
ions depending on their nature can accept electrons or donate
free electron pair for dative bond formation. Various other point
defects, such as methylammonium (MA) or | vacancies, Pb or |
clusters, Pb—I antisite defects, can induce additional structural
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Figure 1. Experimental SEM (a) and TEM (b) pictures of MAPblI, thin film
revealing grain boundaries and (c) simulated structure of pristine MAPbI,
and its GB. Reproduced from Xiao et al.® and Wang et al.* Copyright (2019),
with permission from the American Chemical Society.

disorder which opens a possibility for unpaired valence
electrons to exist at the surface, considered as dangling bonds.
Additionally, these unpaired electrons can form non-covalent
wrong bonds, like cation-cation or anion-anion bonds, that are
electrically active and can induce disorder.” The defect state
energies may be located within conduction or valence bands,
as well as within the energy bandgap. In the former case, the
defects form carrier scattering centres, while in the latter case
they act as traps for charge carriers.

In the computational study of GBs of MAPbI;, Shan and
Saidi demonstrated that most of the point defects segregate
from the bulk to the GB region under all synthesis conditions.”
Such segregation in some cases may be even useful since it
reduces the amount of impurity in the crystallite leading to
increased film quality.”! Defects that are stable in the bulk
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normally have low formation energies in the GB region also.
Some defects which are unstable in the bulk, such as MA; and
Pb, become stabilized in the GB region. Under I” rich synthesis
conditions, two detrimental defects MA, and Pb, have low
formation energies respectively in the bulk and X5-(210) GB
regions. MA, is also a metastable defect in the bulk under
moderate synthesis conditions. Both of these defects create
trap states deep within bandgap and, thus, can act as SRH non-
radiative recombination centres that can harm the performance
of the devices. Other deep-level defects in polycrystalline
MAPbI; were confirmed not to be energetically favourable.”
Recently, Motti et al. have made similar conclusions that defects
with low formation energies such as Vy, and V, create only
shallow energy levels, while some defects with higher formation
energies such as halide interstitials |, and Br, and Pb vacancies
contribute to deep energy levels in the bandgap."”

Yin et al."" investigated the impact of structural disorders at
GBs on electronic quality of perovskite materials and concluded
that Pb—Pb wrong bonds in both £3-(111) and 25-(310) GBs do
not form subgap states due to relatively large distance between
two Pb’" cations. However, the wrong bonds in GBs still may
form shallow defect states. Unpaired electrons may lead to
unstructured crystallites, which distort crystal lattice varying
from small distortion points to a completely broken surface of a
crystallite." Yan's group also argues that GBs in MAPbl,
perovskite do not create deep midgap levels and GB-induced
defect state in £5-(310) is close to the valence band maximum,
and, thus, acts as a shallow trap.">"® This was also confirmed
that GB defects have little to no effect on the band structure in
all-inorganic perovskites as well."¥ Additionally, Wang et al.”’
performed time-domain ab Initio NAMD simulation of the non-
radiative electron-hole recombination in MAPbI; with a £5-(310)
GB and found that MAPblI; perovskite, due to the relatively soft
structure, can rearrange and heal unsaturated chemical bonds
created in GB regions, thus it does not necessarily accelerate
charge carrier recombination. This study also confirmed that
most of the defects in the GBs create only shallow trap states
and charges can escape from these traps back to delocalized
bands and continue long-distance transport. Charge separation
by shallow traps was also suggested to be responsible for slow
charge carrier recombination in perovskite.® All these segre-
gated native point defects near grain boundary may also
become electrically charged forming an electrostatic potential
barrier for carrier transport between two crystallites, thus
significantly reducing their effective mobility as well as photo-
current in the devices."*'® On the other hand, Liu et al., based
on density functional theory, estimated that charged grain walls
may reduce the bandgap by 20-40%, while uncharged walls
have no substantial impact on the bandgap.”’

3. Effective methods to control the defects in
perovskite films

Uncoordinated ions present at the surfaces of perovskite grains
may be at least partly passivated using simple Lewis acid-base
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chemistry. Lewis base interacts with uncoordinated Pb?* or Pb
clusters by donating an electron pair and forming a new dative
bond. Fullerene derivatives like Cg, PCBM, ICBM may act as
Lewis acids. For example, it was demonstrated that PCBM can
be a highly effective passivation agent acting on uncoordinated
I and antisite PbI>~ and can passivate both shallow and deep
traps."” Other important Levis acids such as IPFP, TPFP or ICBA
were also reported as efficient trap passivation compounds."*'!
Some organic molecules with heteroatoms, like nitrogen or
sulphur, also act as Lewis bases and can passivate perovskite
defects. It was demonstrated that phenylethylammonium PEA™
is exceptionally good for suppressing trap induced recombina-
tion at the surface and grain boundaries.”” Some other organic
molecules, such as derivatives of pyridine, thiophene and some
amines, were demonstrated to be able to reduce nonradiative
recombination and greatly improve charge carrier lifetimes.?'??
Due to the charged nature of perovskite defects, ionic
compounds can also be successfully used for passivation. Some
metal ions, like sodium Na® potassium K*, copper Cu”, silver
Ag*, and rubidium Rb™, can significantly reduce the defect
density in the GBs interacting with anionic defects, such as
uncoordinated I, antisite Pbl;~, and MA* vacancies.”” Chloride
ClI~ and iodide I~ were shown to be effective as anionic
passivation agents also.?” Zwitterions - molecules that have
both positive and negative charges - were also proved to be
effective passivators. Zwitterions like L-a-phosphatidylcholine,
choline chloride, choline iodide were active towards anionic
Pb— antisites and cationic Pb clusters and were capable to
simultaneously passivate negatively and positively charged
ionic defects.”” There are also reports that controlled exposure
of perovskites to oxygen and moisture during their manufactur-
ing process leads to a reduction of specific trap states.?®?”
Another way of thinking to suppress the negative effects of
grain boundaries is to enlarge perovskite grains. In polycrystal-
line films, the grain sizes depend on the crystallization rate. An
effective method to control the crystallization rate is to perform
thermal annealing under a solvent vapour atmosphere.”® Pbl,
and MAI/FAI are highly soluble in DMF/DMSO leading to longer
diffusion distance in wet solutions, providing slower crystalliza-
tion and enlarged grain sizes up to 1 and 5 um for MAPbl; and
FAPbI, respectively.?** Solvent annealed devices exhibit longer
carrier lifetimes suggesting reduced defect concentrations.
Pyridine, mentioned earlier as Lewis base passivator, was also
used during the annealing process, resulting in MAPbI; films
with a grain size up to 5 um.®"’ On the other hand, the solution-
based hot-casting technique proved to be more efficient to
fabricate high-quality films with millimetre-scale grains. The
perovskite films made by this method exhibit significantly
reduced defect concentrations and improved charge carrier
mobility.?

To get a better grasp on all available passivation techniques
and their acting mechanisms available for metal halide
perovskites, we refer to very informative and thorough reviews
given by Bo Chen et al.** and Wang et al.®"
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4. Electronic properties of grain boundaries
and their role in carrier recombination

Polycrystalline solution-processed perovskite films often posess
low photoluminescence (PL) quantum efficiencies (PLQE), of
about tens of percent only. However, the PLQE, as well as PL
lifetimes strongly vary depending on perovskite composition,
fabrication procedures and postfabrication treatment enabling
to reach PLQE of lead halide perovskites approaching
100%.%7 It indicates that intrinsic (unpassivated) perovskite
films have significant nonradiative recombination losses, which
are mainly caused by the Schocley-Read-Hall process when one
of the carriers is trapped at the defect site and eventually
recombines with the opposite carrier. These properties indicate
that solution-processed perovskite films tend to posess high
density of defect sites, which are typically straightforwardly
attributed to the GBs, surfaces and interfaces,***® athouth
conventional PL spectroscopy gives only indirect evidences for
this attribution.

Photoluminescence lifetime microscopy is a more powerfull
tool to visualize and address electronic properties of GBs.
Indeed, the GBs typically appeared as dark regions in the
images (see Figure 2a), however interpretation of this informa-
tion is controversial. deQuilettes et. al.*” interpreted that 65%
lower PL intensity at the GBs as an indication of higher defect
concentration and stronger non-radiative recombination at GBs.
These conclusions were in line with the above-discussed
accumulation of impurities and structural defects at GBs.
However, experiments with time-resolved photoluminescence
imaging provided more controversial information and its
interpretation. Tian et al. reported that the local carrier lifetimes
are uniform across GBs and interior.”” Later, Yang etal. also
observed that PL lifetimes at GBs are similar or even longer
than in the grain interior (see Figure 2a), and attributed the
reduced PL intensity to the carrier diffusion away from the GBs
forming a potential barrier.*” Ciesielski et al. came to a similar
conclusion based on the observation that areas close to the GBs
showed more intense luminescence and slower initial PL decay
because of the carrier reflection from GBs*” Yun etal®!
performed photocurrent mapping of MAPbl, film by using c-
AFM and observed higher current collection near GBs (see
Figure 2b), which was attributed to more efficient carrier
separation and transport along the GBs, and to downward band
bending.

A more direct experimental information on the electrical
properties of GBs was obtained by using the Kelvin probe force
microscopy (KPFM). By measuring contact potential difference
(CPD) across the grain boundaries, Edri etal. observed an
upward band banding by about 40 meV suggesting that the
grain boundaries created a small potential barrier.*! Chen et al.
attributed the band banding to the presence of Pbl; at the
grain surfaces, which form during the film annealing. They
argue that Pbl; having a large bandgap forms type | hetero-
junction with perovskite grain bulk creating a barrier both for
electrons and holes.”® On the other hand, KPFM investigations
performed by Li et al. revealed the downward band bending at
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Figure 2. (a) Dark grain of MAPbL,in PL and

boundary potential obtained by Kelvin probe and (b) conductive-AFM height
line profiles (blue) and current at illumination (black) measured for MAPbI;
film. Reproduced from Yun et al.* Copyright (2015), with permission from
the American Chemical Society and Yang et al.“” Copyright (2017), with
permission from The Royal Chemical Society.

GBs suggesting that GBs attract electrons while creating a
barrier for holes.””! Consequently, KPFM investigations suggest
the formation of barriers at GBs for both or one type of charge
carriers, however, they are controversial regarding the carrier
type. Concerning the role of the GBs in the nonradiative carrier
recombination, the contradictive literature data may be also
considered as an indication that the properties of GBs may be
significantly different depending e.qg. if the GBs represent only
structural defects, probably creating extended two-dimensional
barriers, or they also contain some impurities forming localized
trap states.

5. Carrier mobility and diffusion

Conceptions of charge carrier transport in semiconducting
materials have been formulated at the end of the 20th century
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mainly based on investigations of silicon. Electron mobility in
bulk silicon reaches about 1400 cm?/Vs at room temperature,“
and decreases with temperature.”” Such temperature depend-
ence was attributed to the carrier scattering by impurities and
phonons. Although carrier mobility in single-crystalline MAPbI;
perovskite is somewhat lower, it also decreases with
temperature®® as in conventional semiconductors. Biewald
et al. have recently reported that the mobility within a thin film
measured in individual large crystal grains of MAPbI; decreases
with temperature as i o< T "#**for tetragonal phase, which
was attributed to the carrier scattering by lattice fluctuations
and optical phonons.*” Consequently, these properties show
that charge carriers in crystalline single perovskite grains may
be considered as delocalized quasi-particles characterized by
wave-like motion. According to Sung et al., their motion during
the initial 20 fs after photogeneration may be considered as
ballistic propagation of coherent wavepackets.”” Reported
room temperature mobility values for single crystals of MAPbI;
range from tens"*™*¥ to more than a hundred“®** of cm?/Vs.
Carrier mobility and diffusion coefficient for crystalline semi-
conductors are considered being interrelated by Einstein
relation, thus diffusion coefficient ranges between about 0.1
and several cm%s. Despite these relatively modest diffusion
coefficient values, very large carrier diffusion length extending
hundreds of um were reported®** attributing them to very
long carrier lifetimes reaching hundreds of microseconds at low
excitation intensities.

Carrier motion in polycrystalline perovskites is more con-
troversial. The complexity is caused by the interplay of two
processes: carrier motion inside monocrystalline perovskite
grains and crossing grain boundaries. Such motion character,
typical for all polycrystalline semiconductors, has been widely
investigated for polycrystalline silicon, which showed increased
carrier mobility with temperature indicating thermally activated
transport>*  Although the morphology of polycrystalline
perovskites closely resembles that of classical polycrystalline
semiconductors, conceptual understanding and theoretical
description of their transport properties still lag far behind.
Experimental investigations reported lower carrier mobilities in
polycrystalline perovskites in comparison with single crystals,
however, this difference is not so clear, mainly because of a
very broad distribution of reported values. For example,
reported mobilities for MAPbI; are distributed between less
than 10 and more than 10 cm?/Vs. Importantly, in contrast
with polysilicon, the majority of investigations of the solution-
processed polycrystalline perovskite films showed decreasing
mobility with temperature®>* indicating a band-like transport,
like in single crystals. On the other hand, increasing with
temperature carrier mobility was also reported®*®” suggesting
thermally activated hopping character, like in polysilicon.

The reported tremendous differences in carrier mobilities
and their motion character in perovskites may be partly caused
by the differences between polycrystalline samples. Grain sizes
and properties of the grain boundaries may significantly vary
depending on preparation and treatment conditions. Investiga-
tion technique is another and probably even more important
factor. Different techniques evaluate carrier mobility by probing
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different aspects of carrier motion. The most obvious cause of
these differences is the difference between the so-coaled
microscopic and macroscopic mobilities. Some techniques like
Thz wave attenuation probe carrier motion at short distances,
perhaps in some cases inside single grains, therefore the
obtained mobility values may be close to those obtained for
single crystals. While other techniques, like time-of-flight (TOF)
or charge extraction by linearly increasing voltage (CELIV) probe
carrier transport at much longer distances when carriers meet
GBs and their motion is mainly determined by the boundary-
crossing time rather than by intragrain mobility. These prob-
lems have been comprehensively discussed in the recent review
by Peng et al.*” They demonstrated a clear correlation between
reported mobility value and probing time-scale of the used
investigation technique. For example, the mobility values
reported for MAPbICl,, films decrease from tens to 107°-
10 * ecm?/Vs when the probing time-scale increases from sub-
picoseconds to nanoseconds. This, although, indirect informa-
tion points to the importance of carrier traps and barriers,
however is insufficient to make a decision, which of them plays
a decisive role.

Important information about the role of GBs in carrier
transport has been obtained using photoluminescence micro-
scopy with spatial resolution better than the perovskite grain
size. These investigations revealed a very strong variation
between PL intensities of different perovskite grains. 2463
These results evidenced restricted charge carrier diffusion
between grains indicating that majority of charge carriers
remain confined inside grains where they were generated, and
their PL intensities are determined by nonradiative recombina-
tion processes inside individual grains. Confocal microscopy
allowing spatially separated excitation and PL detection
revealed absence or only weak PL intensity outside directly
excited grain, which was considered as an evidence that no
diffusive transport occurs across grain boundaries,“'*? or grain
boundaries exhibit limited and varying opacity to carrier trans-
port depending on their connectivity.*”

Since PL intensity is proportional to the product of the
electron and hole densities, the reduced PL intensity outside
directly excited grain may be caused by the reduced density of
both or only one type of charge carriers. Thus, they provide no
information if grain boundaries create barriers for one or both
types of carriers. Snaider et al. attempted to fill this information
gap by using transient absorption microscopy (TAM).* In
contrast to PL microscopy, which probes only radiative carrier
recombination, TAM probes the presence of all charge carriers.
They concluded that the grain boundaries in polycrystalline
MAPDI, films only slow down the carrier transport, still allowing
carrier diffusion over multiple grains during several nano-
seconds. Therefore, grain boundaries only twice reduce the
carrier diffusion rate in films with micrometer size grains.
Combining information provided by TAM and above described
PL microscopy investigations revealing much lower grain
boundary transmittance, we may conclude that grain bounda-
ries create different barriers for different charge carrier types,
therefore one type of charge carriers diffuse easier through the
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grain boundaries, however producing no PL in perovskite area
separated by GB.

We have recently addressed the boundary transmittance by
using a modified time-delayed collection field technique." The
perovskite film was formed on the interdigitated comb of
electrodes with an interelectrode distance of 5um. The
perovskite film was excited by a short optical pulse under
applied voltage. Charge carriers drifted with decreasing average
speed because a fraction of charge carriers were stopped by
reaching intergrain barriers. After a variable delay time, a
voltage direction was flipped to the opposite and, as Figure 3
shows, a current pulse was observed again because suspended
carriers started to move freely to the opposite direction. The
opposite current pulse was only weak at room temperature
indicating that only a small fraction of charge carriers have
been “collected” by barriers in agreement with the conclusion
of Snaider et al. that GBs only reduce carrier diffusion rate.”™”
However, at a reduced temperature of 100 K, the initial photo-
current decayed rapidly and the amplitude of the opposite
pulse almost reached that of the current pulse observed initially
after photoexcitation. It indicated that the movement of the
majority of photogenerated charge carriers of both types was
suppressed by intergrain barriers. Another very important
finding of these investigations is that the charge carriers were
not trapped at the grain boundaries.

6. Effects of grain boundaries on the
performance of solar cells, detectors, and LEDs

The debate on the role of grain boundaries in polycrystalline
perovskite solar cells is still ongoing in the scientific
community,”** where both positive® and negative'®” effects in
optoelectronic devices have been demonstrated. Nonradiative
recombination is one of the main charge carrier loss channels
that limits the performance parameters of the perovskite-based
optoelectronic devices. Therefore high PLQY and long PL
lifetimes are oftern considered as an indicator of the perovskite
quality. Thus, the efforts on reducing defect density towards
obtaining high-performance perovskite devices has been an
important research subject.*
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Figure 3. Transient photocurrent kinetics obtained at different temperatures
using TDCF technique with flipped collection voltage for the MAPbI, film
formed at interdigitate electrodes. The sample was optically excited at
variable pre-bias voltages and a collection voltage of 2 V was applied 60 ns
after the optical excitation pulse. Reproduced from Jasianas et al."®

Eur. J. Inorg. Chem. 2021,3519-3527  www.eurjic.org

141

3524

Some studies reported that the GBs are beneficial for the
efficient charge carrier separation, collection and local current
flow,**%27% which should be valuable for the perovskite-based
devices. On the other hand, other studies conclude that GBs are
detrimental, because contribute to nonradiative recombination
losses and reduce device performance parameters.®*”'”? The
passivation of GBs is one of the most widely used strategies to
reduce charge carrier loss channels essential for high-perform-
ance devices, especially open-circuit voltage.”>® Apart from
grain passivation, alternative approaches were suggested to
tune the grain sizes and to reduce the role of grain
boundaries.*>”**" Regardless of the used strategy, the high-
quality perovskite layers with increased grain sizes and reduced
defect density at the GBs are a prerequisite for the high-
performance solar cells and photodetectors.® The typical
average grain sizes of polycrystalline perovskite materials used
for solar cell applications vary from hundreds of nanometres to
several millimetres. Nie et al.°” noticed an obvious increase in
V, from 0.4V to 0.94V and in fill factor from 0.4 to 0.83 with
increasing grain size up to millimetre scale. This improvement
was attributed to the reduced defect-assisted recombination,
where recombination losses were suppressed from 40% for
low-grain devices to only 5% for devices containing large
grains. A more recent study by Yang etal”” showed that
GdF3-aminobutanol-assisted Ostwald ripening used for the
formation of perovskite films improved the quality of perovskite
films mainly due to enlargement of the crystal grains and
reduced density of vacancies. The treated perovskite films had
higher PL efficiency and slightly blue-shifted spectra, which is
mainly due to suppressed trap-assisted non-radiative recombi-
nation. The improved perovskite quality resulted in an increase
in the power conversion efficiency of the solar cells from 18.1%
to 21.21%.”" Similar experimental evidence was also reported
for CsPbl,Br perovskite solar cells.®" The authors found that the
quality of the perovskite layer depends on the temperature of
the substrate used for the film deposition. The hot casting
resulted in compact and pinhole-free perovskite films with large
grain sizes and significantly reduced nonradiative recombina-
tion. As a consequence, hot-casted CsPbl,Br perovskite-based
solar cells exhibited dramatically increased performance, mainly
due to low nonradiative recombination. Recently Chen et. al.*?
demonstrated that application of the gas pumping method
instead of antisolvent method enables formation of perrovskite
layers without horizontal GBs. They suggest that the single
grains extending through the entire layer thickness enable
better carrier collection efficiency and, thus better device
efficiency and reproducibility.

The large grains with low density of grain boundaries are
also beneficial for perovskite photodetectors.®**¥ The conven-
tional perovskite-based photodetectors typically employ either
lateral (planar) or vertical geometries. In the vertical type
devices, the interelectrode distance is small, thus vertical charge
carrier transport is mainly limited by contact layers. Due to
preferential orientation of grain boundaries,*** this configu-
ration enables devices with high-performance parameters
especially response time and high sensitivity. In the lateral
configuration devices, the spacing between electrodes is orders
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of magnitude larger than in vertical ones, thus due to large
travel distances, the carriers additionally experience strong
scattering at the GBs thereby limiting their diffusion and
increasing recombination probability. We have recently demon-
strated that by improving the quality of perovskite film, it is
possible to achieve photodetector of planar configuration with
a response time below 1 ms, and high responsivity of 8.1 A/
W.®” More recently, Hasan etal. has demonstrated that the
responsivity of the lateral photoconductors can achieve up to
79.4 A/W.® This achievement is mainly due to application
meniscus-guided blade coating technique enabling to to grow
thin films of oriented high-quality crystals possessing a low
concentration of GBs, reduced density of recombination centres
and lower lateral resistance compared to spin-coated polycrys-
talline films. While photodetectors based on perovskite single
crystals, thus possessing no GBs, demonstrate additional orders
of magnitude improvement of the sensitivity and speed
parameters. !

Though the long charge carrier diffusion lengths for both
electrons and holes are of great importance for perovskite solar
cells and photodetectors, it is, however, undesirable for
perovskite LEDs giving rise to low PLQYs, the criterion which is
important for high-efficiency LEDs.”” Thus, the strategies
associated with the grain size increase are appropriate only for
perovskite solar cells and photodetectors. On the contrary, to
achieve high-performance LEDs, the perovskite surface should
be smooth and composed of nanometer-sized small grains.®>*"
The small grains ensure spatial confinement of the electron-
hole pairs and having increased exciton binding energies
suppresses non-geminate recombination.®**' It has been dem-
onstrated that perovskite films composed of small nanocrystals
can achieve internal photoluminescence quantum yields up to
90% which is necessary for high-performance LEDs.”**” Back in
2015 Chao etal. reported green perovskite LEDs with an
external quantum efficiency (EQE) of 8.53% composed of
around 100 nm-sized MAPbBT, perovskite nanograins.” Where-
as two years later, Xiao et al. presented MAPbl; and MAPbBr;
based perovskite LEDs with nanocrystal sizes approaching
10 nm and film roughness of less than 1 nm that operated with
EQE of 10.4 and 9.3%, respectively.”” These studies reveal a
clear correlation between crystal size decrease and performance
parameters of LEDs. On the other hand, the grains should not
be too small because the enlarged surface area of the grain
boundaries may serve as emission quenching centres. To avoid
defect induced PL quenching and to improve device perform-
ance, the passivation of perovskite films with various additives
or self-passivation is performed.”'® Very recently Kim et all.
simultaneously resolved both challenges using a one-dopant
alloying strategy.” They found that the introduction of a small
amount of guanidinium into conventional formamidinium-
based perovskite nanocrystals leads to the formation of smaller
perovskite nanocrystals with a higher degree of confinement.
Additionally, they used a surface-stabilizing agent namely 1,3,5-
tris(bromomethyl)-2,4,6-triethylbenzene which promotes the
removal of the residual surface defects. Both strategies thus
allowed to reduce defect density both inside the nanocrystal
and on the surface which resulted in an increase in radiative
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Figure 4. Major types of GBs discussed in the literature.

recombination and PLQY above 90%. These improvements
resulted in currently the world’s highest EQE of 23.4% and
current efficiency of 108 cd/A for green perovskite light-
emitting diodes.

7. Summary

The abundant literature data devoted to the analysis of proper-
ties of perovskite grain boundaries may be roughly summarised
by Figure 4 illustrating four major suggested GB types.

Spatially extended two-dimensional repulsive or attracting
GBs may be formed if the intergrain matter has significantly
wider or narower bandgap respectively than the intragrain
perovskite. The narrower bandgap and, thus formation of
attracting GB seem to be less likely. Separating GBs may be
formed when the bandgap is similar but the absolute energy
levels energies differ. Deffects, ions or impurities may create
localized trap states indide the spatially extended potentials
causing formation of trapping GBs.

The literature data so far gives no unambigous arguments
in favour of one or another type. However, repulsive-trapping
GBs seem to mach slightly better than other types for the
literature data. On the other hand, it cannot be also excluded
that all models may be valid depending on perovskite-type,
fabrication and passivation procedures. Investigations directed
towards unambiguous confirmation or rejection of some of GB
types would be very helpful for a better understanding of the
perovskite properties. While eleboration of the of the perovskite
fabrication and posttreatment techniques enabling to control
formation and properties of GB remain of the crutial importance
in development of more efficient and stabile devices.
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ACRONYMS

2D

3D

AC
Alqg3
AMF
bphen
CELIV
DBR
DC
DFT
DSCS
EA
EDX
EFILQ
EL
EQE
ETL
FA
FTIR
HOIP
HOMO
HTL
IDE

Two-dimensional

Three-dimensional

Alternating current
8-Hydroxyquinoline aluminum salt
Atomic force microscopy
4,7-Diphenyl-1,10-phenanthroline
Charge extraction by linearly increasing voltage
Distributed Bragg reflector

Direct current

Density functional theory
Dye-sentisized solar cells
Electroabsorption

Energy dispersive X-ray spectroscopy
Electric field-induced luminescence quenching
Electroluminescence

External quantuam efficency

Electron transporting layer
Formamidinium

Fourier transform infrared spectroscopy
Hybrid Organic-Inorganic Perovskite
Highest occupied molecular orbital
Hole transporting layer

Interdigitated electrode
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Acronyms

LED Light Emmiting Diode

LED Organic Light Emmiting Diode

LO Longitudinal optical

LUMO Lowest unoccupied molecular orbital
MA Mythylammonium

MWC microwave conductivity

NW Nanowire

PCBM Phenyl-Cé61-butyric acid methyl ester
PCE Power conversion efficiancy

PeLED Perovskite Light Emmiting Diode
PhC Photo-conductivity

PL Photoluminescence

PLQ Photoluminescence quenching

PLQY Photoluminescence quantum yield
PMAI benyzlammonium iodide
PolyTPD  Poly(4-butylphenyldiphenylamine)

PSC Perovskite solar cells

PTIR Photothermally induced resonance microscopy
QD Quantum dot

SCLS Space Charge Limited Current

TA Transient absorption

TAM Transient absorption microscopy

TCSPC Time-correlated single photon counting
TDFC Time-delayed collection field

TOF Time-of-flight
TPC Transient Photo-current
TRPL Transient photoluminescence spectroscopy

TRTS Time-resolved THz spectroscopy
XRD X-ray diffraction
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