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Chapter 1

General introduction & aim of the thesis






1.1. General introduction

The world’s energy consumption is experiencing an unstoppable
increase as a result of population growth and economic development. In the last
ten years, the global primary energy consumption has increased an average of
1.8% per year.! Lighting accounts for 15 percent of the global electricity
consumption and 5 percent of the worldwide greenhouse gas emissions.? The
total replacement of conventional incandescent and fluorescent lamps to solid-
state lighting (SSL) for general lighting purpose can reduce energy
consumption to less than 10% of the total electricity generated.® Therefore,
solid-state lighting (SSL) based on light-emitting diodes (LEDs), organic light-
emitting diodes (OLEDs) or light-emitting electrochemical cells (LECs) plays

an important role in achieving the planet’s energy consumption targets.

Today, more than 85% of the world’s total primary energy
consumption is supplied by coal, oil and gas, which in turn produce CO,. Only
3% of the world annual energy consumption is due to renewable sources (see
Figure 1).

WORLD ENERGY CONSUMPTION IN 2016

HYDROELECTRIC 6.9%
MODERN RENEWABLES 3.2%

OIL 33.3%

COAL 28.1%

NATURAL GAS
24.1%

Figure 1. World energy consumption in 2016.%



Solar energy is the most abundant and permanent renewable energy
resource and the only one capable of providing all the energy the world needs.
The solar radiation reaching the Earth’s surface in one year is an order of
magnitude greater than the total estimated non-renewable energy resources,
including nuclear.* The enormity of this resource is apparent when it is
compared with the limited reservoirs of oil, gas and coal in the Earth.
Nowadays, the development of renewable energy sources based on solar energy
has become one of the main approaches to solve the energy crisis and
environmental problems. Among the technologies available to harvest solar
radiation, photovoltaics (solar cells) is the most promising one. Solar cells can

efficiently convert sunlight directly into electricity.

In order to have a photovoltaic technology competitive with fossil fuels
in utility-scale power generation, it is necessary to focus on reducing the total
cost of solar energy, either through increased efficiencies and operational
lifetime or lower cost per photovoltaic cell. The photovoltaic market is set by
crystalline and polycrystalline silicon solar cells (c-Si and poly-Si,
respectively). However, thin-film solar cells, such as cadmium telluride (CdTe)
and copper indium gallium diselenide (CIGS) are gaining market due to their
lower costs. However, for c-Si, poly-Si and these thin-film photovoltaic
technologies, the industrial fabrication requires high energy-input
manufacturing, involving high-temperature and complex fabrication processes.
Perovskite solar cells (PSCs) have emerged as a potential low-cost alternative

photovoltaic technology.



1.2. Aim of the thesis

The global aim of this thesis is the implementation of unconventional
materials into light-emitting and photovoltaic devices with high conversion

efficiencies.
In particular we aim to:

v" Improve the stability of light-emitting electrochemical cells and extend

the emission wavelength to red and near-infrared.

v" Improve the efficiency of perovskite solar cells via vapour phase
deposition of the perovskite absorber and by optimizing the interfaces

in the device architectures.






Chapter 2

Light-emitting electrochemical cells






2.1. Introduction

2.1.1. Light-emitting electrochemical cells

Light-emitting electrochemical cells (LECs) are solid-state
electroluminescent devices made of a single emissive layer consisting of: a
conjugated polymer (pLECs),>® a non-ionic small fluorescent molecule (SM-
LECs),!® a phosphorescent transition-metal complex (TMC-LECs),!t16
quantum dots (QD-LECs)"*® or recently organic-inorganic halide
perovskites.'>2 The presence of ions in the active layer is crucial for the device
operation due to the working mechanism. Therefore, LECs based on uncharged
emitters do require the presence of an additional electrolyte or an ion-
conducting polymer. As the use of charged emitters will make the device
architecture simpler, the most attractive active materials for LECs are ionic
transition-metal complexes (iTMCs). iTMCs, in its anionic and cationic forms,
play several key roles: promotion of charge injection from the electrodes,
electron and hole transport through the device and radiative recombination, i.e.
luminescence. Given the excellent solubility of the cationic complexes in
common organic solvents? and the generally low solubility of the anionic
ones, 12 22 the former have been the most widely iTMCs used as

electroluminescent materials for LECs.

The first LEC based on iTMCs was reported in 1996 where a polymer
based on a Ru(ll) complex was used as the single component in the emissive
layer.Z In the following years, a large number of polymer iTMCs or iTMCs
based on cationic Ru(ll) and Os(I1) complexes were implemented into LECs.?*
% The limited range of the electroluminescence emission wavelengths from
orange to red due to their low ligand-field splitting energies (LFSEs)*¢ and
the low luminescence efficiencies (5.5% reported in 2002)? limited their
application in light-emitting devices. Other iTMCs with different transition
metal cores were investigated and incorporated into LECs, such as

rhenium(1),3"2° platinum(I1)* and copper(1)**#¢ but iridium(I11) was shown to



be a strong candidate. The greater versatility of iridium(l11) iTMCs (Ir-iTMCs)
in comparison with other iTMCs for light-emitting applications is due to: 1)
synthetic versatility forming homo- and heteroleptic complexes, 2) colour
emission over the whole visible range, 3) enhance photostability (the non-
emissive metal-centred triplet excited states ((MC) are less accessible) and 4)
high efficiency and device stability. The first paper describing a LEC based on
a cationic Ir-iTMC was published in 2004 by Slinker et al.*® Up to now, more
than 100 publications confirm iridium complexes as the best candidates to be
used as emitters in light-emitting electrochemical cells. Unfortunately, iridium
is expensive and one of the least abundant elements in the Earth’s crust and, in
the near future, it will need to be replaced by other more abundant and cheaper

metals, such as copper.

2.1.2. Iridium(11) iTMCs: the core of LECs

Iridium is a third-row transition element. It has a 5d° electronic
configuration where its d orbitals are split by the interaction with the octahedral
ligand field into three stabilized tog (dxy, dx., dy;) and two destabilized eg orbitals
(dz2, dxz-y2). The energy difference between these two groups of orbitals (Ao)
presents a high splitting because of the presence of the highly charged ion
belonging to the third-row transition metal. Therefore, the electronic
configuration of the metal centre is always in a low-spin state (t2s°¢°) and the
ligand-field stabilization energy is maximized. As a result, cationic iridium(I1I)
complexes are generally stable and inert toward ligand substitution. From a
spin-statistic point of view, when a hole and an electron recombine and an
exciton is formed in the emissive layer, 25% of the cases the excitons
correspond to singlet excited states and 75% to triplet excited states. For an
organic semiconductor (OS), the light emission results through the singlet state
(fluorescence), whereas for an iTMC both the triplets and the singlets can result
in light emission (phosphorescence). The high spin-orbit coupling (SOC) of
iridium(111) yields almost unitary intersystem crossing (ISC) efficiency from

singlet to triplet excited states. Singlet excitons are in Ir-iTMCs efficiently

10



converted into triplets and therefore, the complexes can efficiently harvest both
singlet and triplet excitons. Therefore, Ir-iTMCs are typically phosphorescent
triplet emitters that exhibit efficient spin-forbidden phosphorescence
emissions. This fact allows for higher electroluminescence efficiencies
compared to organic semiconductors (singlet emitters).

The vast majority of cationic iridium complexes are heteroleptic and
possess the structure [Ir(C*N)2(N~N)]*, where the Ir(Ill) metal centre is
coordinated to three ligands, two anionic cyclometalated ligands (C*N) and one
neutral ancillary (N~N) ligand. In order to balance the positive charge, the
presence of a small mobile counteranion is essential, generally
hexafluorophosphate (PFs") and tetrafluoroborate (BF4") are the most used in
the literature. These counterions have an active role in the operation
mechanism, because their displacement to the respective electrode under an
applied bias lowers the charge injection barriers. However, the presence of
some counterions, such as chloride (CI),* has been demonstrated to be
detrimental for the device performance.? In the Section (2.1.6.), the operation

mechanism and the role of the counterions will be explained.

2.1.3. Photophysics of iTMCs

In this section, the photophysics of the iTMCs will be explained
through the archetype iTMC [Ir(ppy)2(bpy)][PFe], where ppy is 2-
phenylpyridinate and bpy is 2,2’-bipyridine*® (see Figure 2a).

In Ir-iTMCs, the atomic orbital composition of the highest-occupied
molecular orbital (HOMO) is usually comprised of a mixture of Ir dr orbitals
(tzg) and the phenyl = orbitals of the C*N ligands (Figure 2b), whereas the
lowest-unoccupied molecular orbital (LUMO) is localised essentially on the
N~N ligand (Figure 2c).*®%° In LECs, the energies of the HOMO and LUMO
are not so important than in OLEDSs, where the energy levels of the emitter must

be properly aligned with the adjacent layers. For LECs, these values are only

11



important in host-guest systems, but not for the “single emitter” devices

because the emitter will also act as charge transporter.

Ir o*n* (M)
Ir ¢*d (M)

m* (N~N) (L)

MC

Energy

SMLCT

ALLCT

T

HOMO

Figure 2. a) Structure of the prototype Ir-iTMC: [Ir(ppy)2(bpy)][PFs] where ppy = 2-
phenylpyridinate and bpy = 2,2’-bipyridine.*® The HOMO is spatially located on the Ir metal
centre and the phenyl rings of the cyclometalated ligands (in orange) and the LUMO is located
on the ancillary ligand (in green). Schematic representation of the electronic density contours
calculated for the frontier molecular orbitals b) HOMO and ¢) LUMO of [Ir(ppy)2(bpy)][PFs]
complex. d) Electronic energy-level diagram for a generic Ir-iTMC. MC is metal-centred, LC is
ligand-centred, MLCT and LLCT are metal-to-ligand and ligand-to-ligand charge transfer,
respectively.

As the emission behaviour in iTMCs is determined by the SOC
between the lowest-energy triplet excited state (T1) and the higher-lying singlet
and triplet states, the description of the electronic transitions in terms of
excitations between the highest occupied and lowest unoccupied molecular
orbitals are useful in determining the nature of the excited states. The electronic
nature and the relative energy ordering of the low-lying triplet states and, in
particular of the emitting excited state Ti, is essential to understand the
photophysical properties of the complex. Theoretical calculations performed
with the time-dependent version of the density functional theory (TD-DFT)
demonstrated that the lowest-energy triplet excited state (Ti) in Ir-iTMCs
generally arises from “mixed” triplet levels, due to the contributions of *MLCT

(metal-to-ligand charge transfer), 3LC (ligand-centred) and sometimes also

12



SLLCT (ligand-to-ligand charge transfer) states.>* The energy position of the
non-emissive *MC (metal-centred) states with respect to the emitting triplet
state T, is relevant because the thermal population of the *MC states is one of
the possible non-radiative deactivation processes that can take place in Ir-
iTMCs. Generally, 3MC states are energetically inaccessible® to be thermally
populated due to the fact that the ligand-field stabilization energy is enhanced
by the use of cyclometalated ligands. However, under particular circumstances,
this deactivation process must be thoroughly considered.>*>* The electronic
transfer through 3MC states involve electron promotion from HOMO dn
orbitals (t2g) to the antibonding do* orbitals (eg) of the iridium ion. The latter
are characterized by a strong s-antibonding interaction between the iridium and
the nitrogen atoms of the C”N ligands.*® Then, the population of 3MC states
lead to elongation and rupture of the Ir-N(C”N) bonds, open the molecular
structure of the complex and enhance the reactivity of the complex with the
entrance of small nucleophilic molecules facilitating the degradation of the

complex.

2.1.4. Strategies for colour tuning in Ir-iTMCs

The spatial separation of the HOMO and the LUMO on different
molecular moieties offers the possibility of modulating the HOMO—-LUMO
energy gap, and therefore of tuning the emission in the whole visible range,
from blue to deep-red. Several groups have reviewed the different strategies to
colour tuning of iridium complexes.t*5 %8 The colour emission of Ir-iTMCs
can be tuned by changing or chemically modifying the organic ligand
framework around the iridium(l11) metal. The energy gap can be fine-tuned by
playing independently on the cyclometalated (HOMO) or on the ancillary
ligand (LUMO), or even on both of them (see Figure 3). As a rule of thumb, it
can be said that: 1) the use of electron-withdrawing/donating substituents on
the C”N ligands reduce/enhance the o donation to the metal, thus
decreasing/increasing the electron density on the iridium core, and lead to a

stabilization/destabilization of the HOMO; and 2) the use of electron-

13



donating/withdrawing substituents on the N*N ligand or use of intrinsically
electron-rich/poor ligands brings about a destabilization/stabilization of the
LUMO.

Blue Red
emission emission
1 a* (N*N)
LUMO orbital
— LUMO
g
o v
m - HOMO
HOMO
‘EWG‘ |EDG|+ B 1t |EDG | |EWG’+
/@ \5 PFy \/N ‘\g PF¢ /JfN\J ‘\g PFy
~ ‘\N.:r\_‘ - ‘\N"'ﬁ“‘ - ‘\N"‘A‘\-‘
(e ohe N
| EWG | | EDG | T o | EDG | ‘ EWG ‘

Figure 3. General scheme depicting the different approaches used for tunning the colour emission
toward the blue (left) or red (right) of the archetype [Ir(ppy)2(bpy)][PFs] complex (centre). Up:
Energy-level diagram. Bottom: Chemical structure of the [Ir(ppy)2(bpy)][PFs] complex, where
EWG and EDG mean electron-withdrawing groups and electron-donating groups, respectively.
Adapted from reference 58.

2.1.5. Processing and performance of LECs

LECs are solution-processed devices where all layers, except from the
top electrode (cathode), are deposited from solutions of benign solvents under
ambient air. In most cases, the top electrode is thermally evaporated but cathode
inks,> liquid top contacts? or the use of soft contact lamination®® can be used
for the fabrication of fully solution-processed devices. Most research
laboratories fabricate LECs using the laboratory-scale spin-coating technique.
The transference from laboratory-scale fabrication to industrial applications is

feasible via industry-relevant solvent-based deposition techniques, such as roll-
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to-roll (R2R), inkjet printing, spray-sintering, slot-die, blade-coating or gravure

coating, among others.1-¢¢

The device architectures most often reported are sandwich-type,?
planar-type (with interdigitated electrodes),®”%° and cascade-type (or arrays of
LECs).”®" Along this thesis, only sandwich-type LECs were fabricated and this

section will focus on them.

The architecture of sandwich-type LECs (Figure 4) consists, as their
name indicates, of one or two organic/organometallic layers sandwiched
between one transparent conductive oxide (TCO), such as indium tin oxide
(ITO) or the less commonly used fluorine-doped tin oxide (FTO), and a high-
work-function (air-stable) reflecting metal cathode (Al, Au). One of the great
advantages of LECs is that they do not require low work-function metals, which
are extremely sensitive to ambient oxygen and water, for electron injection.
This insensitivity to the work function of the electrode reduces the requirements
for the encapsulation of the devices. Although in other technologies
encapsulation has been successfully achieved for devices made on glass, there

are unsolved problems for devices processed on flexible substrates.

Double-layer LECs (Figure 4) are composed of a hole injection layer,
generally poly(3,4-ethylenedioxythiophene):polystyrenesulfonate
(PEDOT:PSS) followed by the layer of the emissive material. PEDOT:PSS is
often used to promote hole injection as well as to smooth the ITO surface and
increase the yield of device preparation. The emissive layer is composed of the
iTMC mixed with a lithium-based salt’>" or an ionic liquid (IL).” " These
additional salts increase the density of mobile ions and the ionic mobility,
reinforcing the migration of ions and accelerating the device turn-on time (ton).
The emissive compound can be dispersed in an inert polymer,2-2® such as
poly(methyl methacrylate) (PMMA), poly(carbonate) (PC) or poly(styrene)
(PS) to improve the homogeneity of the layer and to enhance the
photoluminescence quantum yield (PLQY or @) decreasing the self-quenching

that occurs due to concentration effects (high concentrations favour exciton
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hopping and subsequently emission quenching). LECs are less sensitive to the
active layer thickness than OLEDs and thickness variations of the active layer
are tolerated. By reducing the thickness of the iTMC layer the t,n shortens but
the efficiency is also decreased due to higher exciton quenching at the
electrodes.’ Finally, an air-stable cathode is thermally evaporated as the top
electrode, such as Ag, Al or Au.

<+ Al
<4— I-iTMCIL

L —

> <— PEDOTPSS
___ <«— ITO

Figure 4. Schematic layout of a double-layer sandwiched-type LEC.

Figures of merit

The most common figures of merit used in the characterization of LECs are the

following:

= Light output: General term commonly used for flux of light or radiant
energy emitted from the device per unit area.

= Luminance (L): Flux of light emitted from the device per unit area. The
value of luminance reported for a given device is the maximum
observed, defined as maximum luminance (Lmax). The Sl unit is the
candela per surface unit (cd m2).

= Irradiance (I): Flux of radiant energy emitted from the device per unit
area, measured in power per unit area (uW cm). The value of
irradiance reported for a given device is the maximum observed,
defined as maximum irradiance (Imax)-

= Current density (J): Flux of current through the device, measured in

ampere per surface unit (A m=).
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Voltage (V): The voltage applied or measured in a working device. For
a pulsed driving cell, the voltage is the average between the on- and
off- time of the pulse.

Turn-on time (ton): Time needed to reach L = 50 cd m (tso) or L = 100
cd m2 (ta00).

(tmax): Time needed to reach the maximum luminance (Lma).

Device lifetime (ti2): Time to reach half of the maximum luminance.
Current efficiency or efficacy: The flux of light in candelas per
electrical ampere. The Sl unit is candela per ampere (cd A1). The value
of efficacy reported for a given device is the maximum observed.
Power efficiency (PE): The flux of light measured in lumens per
electric watt. It is measured in Im W-2. The value of power efficiency
reported for a given device is the maximum observed.

External Quantum Efficiency (EQEkeL): The ratio of photons emerging

from the device per injected electrons.

EQEy = 22 L)

2-n2

Where b is the recombination efficiency (equal to unity for two ohmic

contacts),” ¢ is the fraction of excitons that decay radiatively, and n is the

refractive index of the glass substrate and is equal to 1.5. The factor 1/(2n?)

accounts for the light outcoupling of the device.

Commission Internationale de I’Eclairage coordinates (CIE coord.)
(Figure 5): These coordinates can be calculated from the
electroluminescence emission spectrum and give a univocal definition
of the emission colour according to universally accepted international

standards.®°
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Figure 5. The Commission Internationale de 1’Eclairage (CIE) chromaticity diagram.

2.1.6. Operation mechanism of LECs

The operation mechanism of LECs has been the subject of a long-
standing debate. Two main different device mechanisms were proposed for
explaining the LEC operation (Figure 6): the electrochemical doping model
(ECD)(Figure 6a)® 8-%2 and the electrodynamic model (ED)(Figure 6b).83-%¢
Both models agree that the injection barrier for electrons and holes is reduced
by the separation of the positive and negative ions in the emissive layer upon
application of a bias, but they differ with respect to the internal distribution of
the electric field. In the ECD model (Figure 6a), the charge injection is
promoted by the doping of the material near the electrodes forming p- and n-
doped regions that grow over time, and the applied potential drops over the
remaining intrinsic region between these doped zones. By contrast, in the ED
model (Figure 6b) the electric field drops over a thin electrical double layer
(EDLS) at the electrodes.
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LEC during steady-state operation. a) Electrochemical doping model (ECD) and b)
electrodynamic model (ED). Thick blue line: potential profile. Cyan and red symbols represent
the negatively and positively charges, respectively. Orange and yellow regions correspond to
high- and low-field regions in the bulk, respectively. Adapted from reference 13.

In 2010, a unifying model reported by van Reenen et al.% and Lenes et
al.®” conclude the debate and a broad consensus emerged. In brief, this model
describes that under no bias the intrinsic emitting layer in the LEC device is
neutral because charges are randomly distributed. After applying an external
bias, anions and cations migrate to the respective electrode interfaces and form
thin EDLs thereby reducing the injection barrier. This reduction facilitates
charge injection leading to the oxidation and reduction of the emissive material
forming p- and n-doped regions. With the formation of these doped zones, the
carrier injection is enhanced and there is a gradually increase of the device
current and light output. A p-i-n junction is then formed through the device and
the emissive species are confined in the intrinsic region “i”. These highly
conductive doped regions slowly grow at the expense of the neutral (undoped)
emitting layer. The speed of the formation of the EDLSs is associated with the
time needed for the counterions in the LEC to be redistributed under the applied
bias and ultimately related to the to, of the device. It was found that the use of

smaller counterions reduced the t,, compared to large anions.? The widening
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of the doped zones is unavoidable and their growth will increase exciton
quenching and consequently decrease the luminance of the LEC until
eventually no light is emitted. The operation mechanism implies that LECs are
self-limiting devices.

2.1.7. Limitations of LECs and state-of-the art

Initially, LECs suffered from some drawbacks compared to OLEDs,
but during the past fifteen years, tremendous progress has been achieved to
overcome the primary shortcomings, namely: 1) reduction of turn-on time (ton),
2) enhancement of efficiency together with luminance levels, 3) improvement
of device stability, 4) enhancing the colour gamut, to blue and red emission. A

brief explanation on these achievements is presented below.

Reduction of turn-on time (ton)

The low ionic conductivity in the solid state is the origin of the long ton
observed in LECs ranging from a few minutes to several days. For real
application in lighting, an instantaneous to, in the sub-second time scale is
required. The major breakthroughs in the reduction of to, were the addition of
ionic liquids (ILs) in the active layer and the operation of the device using a

current driving mode.

The former was proposed by Malliaras et al. in 2005 with the addition
of the ionic liquid 3-butyl-1-methylimidazolium hexafluorophosphate
[Bmim][PFe] to the Ir-iTMC.”®"" The ionic conductivity in the emissive layer
is improved due to the higher density of mobile ions in the film. They found
that small amounts of this IL significantly reduced the t,, of LECs from several
hours to several minutes, whereas the luminance was increased.

The performance of LECs depend on several factors, among which the
driving mode used to operate the device is one of the most important. In general,
current driving shows a faster t,n compared with voltage driving due to the

higher voltages in the first instants of operation. In addition, pulsed driving

20



gives better-performing devices compared with constant driving. Therefore, the

use of pulsed-current driving resulted in LECs with virtually instantaneous
ton.88—89

Enhancement of efficiency together with luminance levels

The excitons in the triplet excited states in Ir-iTMC have long lifetimes
with long diffusion lengths. Excitons are quenched when they encounter a
reactive species such as an electron or a hole or radical cations and anions in
the doped layers. Hence, the long diffusion lengths and the efficient quenching
of excitons makes it difficult to achieve high brightness and high efficiency in
LECs. For real applications, high efficiency together with high luminance is

desired during the device operation.

Higher current efficacies at high brightness were obtained using
pulsed-current driving® compared to conventional constant driving.%*%
However, a multi-component system based on a host:guest:electrolyte active
material, where the guest is an iTMC, has recently boosted the efficiency
operation to 99.2 cd A at the significant high luminance of 1910 cd m=. In
the device, an outcoupling structure was also employed.®* In the host-guest
system, the exciton is trapped on the triplet-emitting iTMC guest suppressing
the exciton diffusion and confining the exciton quenching in the central

recombination zone.

Improvement of device stability

Friend et al. mentioned in 1999 that the most critical performance
characteristic for OLEDs is the device lifetime, operational and storage. For
most applications, operating lifetimes in excess of 3,000 hours, and, generally,
in excess of 10,000 hours are necessary. Related to storage times, 5 or more

years are required.®

The commonly observed trade-off between fast to, and long device

lifetimes®® was overcome using the above-mentioned pulsed-current driving
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approach. Under operation, the device has time to relax in the off-state after
each current pulse which leads to a reduction of the growth of the doped zones.
However, the device lifetime is often limited by the stability of the emitter.
Several chemical modifications were reported that enhanced the device
stability. Generally speaking, an enhancement of stability is achieved by spatial
separation of the iTMCs and by providing a rigid and stable coordination
environment for the metal cation. Recently, two families of iTMC complexes
were reported by our group with long stabilities and short to;,. One family
contains arylazole ancillary ligands® and the other uses benzothiazole ancillary
ligands, with device lifetimes greater than 2700 h and 6000 h, respectively.
Other strategy consists on the use of ligands capable of intramolecular n-
stacking.®”® The supramolecular cage is formed and due to the stack of the
ligand limits the attack of nucleophilic molecules to the Ir metal core and the
degrading of the emitter is hindered. The first example reported using this

strategy showed an extraordinary stability of around 2000 h.%’

Due to the breakthrough in the device stability obtained with the
benzothiazole-based iTMC family, the processing and performance of these

LECs will be more extensively described in the next section of this thesis.

Colour: blue and red emission

The “Energy gap law” (EGL)*1% states that a series of compounds
with similar ground- and excited-state vibrational modes will show a linear
correlation between nonradiative decay rates with the emission energy. Ir-
iTMCs typically follow the EGL behaviour, then the nonradiative decay rate
increases as the energy gap decreases (toward red emission). Since the PLQY

is defined as:

kr
Kp+kny

PLQY = (2)

where k,. and k,,,- are the radiative and nonradiative rates, respectively, PLQY

decreases as the energy gap decreases. Ultimately, the PLQY is related to the
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device efficiency in terms of the EQEg,. As the PLQY of red-emitting Ir-iTMCs
is typically low, the EQEg. will be low (see Equation (1)). Moreover, re-
absorption of the low energy emission by red Ir-iTMCs for excitation of
molecular vibrations is one of the reasons for the low efficiency and/or device
lifetime of red LECs.1%

In addition to the lower efficiency, a small number of red-emitting
LECs have been reported and only few of them have CIE coordinates close to
the ideal red value (CIE 0.66, 0.33) showing poorer stability compared to
yellow/orange LECs.

However, the greatest challenge for organometallic synthetic chemists
is still the design of iTMCs with deep-blue and blue emission. Up to now, only
a few examples have been reported and they also exhibit poorer stability
compared to yellow and orange LECs. The low stability is normally attributed
to the degradation of the emitter via an over-charge injection process®-1% or
the population of the non-emissive metal-centred (3MC) triplet in the Ir

comp | EX.48' 98-99, 107-108
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2.2. Improving the device stability of red and near-infrared

light-emitting electrochemical cells by chemical modification

2.2.1. Introduction

Red (620-660 nm) and deep-red (660—700 nm) emitting devices are
widely used in applications such as signage and automotive. Moreover, pure-
red emitters together with pure-green and -blue emitters are needed for full-
colour applications and as key components for obtaining white light. Near
infrared emission (> 700 nm) is interesting for applications in sensing,
telecommunications or bioimaging. LECs based on red- and near-infrared
emitters could serve as a low-cost alternative to be successfully applied in light-

emitting sources in the near future.

Device lifetime is the most critical performance characteristic for LECs
employed in lighting applications. The device stability of LECs mainly depends
on the current applied through the device and the nature of the iTMC employed
(structural, chemical and electrochemical stability). The device stability
decreases with increasing current density due to a number of reasons: 1) fast
growing of the doped regions, 2) chemical degradation of the iTMC, 3)
guenching of excitons by the injected charges and excitons presented in the
doped layers, 4) saturation of the phosphorescent emissive centres and 5) Joule
heating of the device. Therefore, the application of low currents seems to be
beneficial for device stability, whereas the use of high currents leads to
acceleration of the device degradation due to the higher stress that the materials

are subjected to.

The iTMC stability can be enhanced with the use of rigid ligands.1%2
This rigidity prevents degradation of the complex (rupture of weak bonds),
reduces the intramolecular vibrations in the complex and less heat is generated
via non-radiation relaxation processes. In addition, a large energy difference
between the emitting 3MLCT triplet and the *MC triplet prevents the complex

from reaching the unstable *MC states.
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While stable green- and yellow-emissive LECs have been widely
reported, there are few examples of red-to-near infrared (NIR)-emissive iridium
iTMC-based LECs.% 102109116 |n general, red-emitting LECs exhibit lifetimes
of a few hours or less. In cyclometalated [Ir(C*N)2(N~N)]* complexes, Tamayo
et al. reported the complex [Ir(tbutyl-ppz)2(biq)][PFs] (tbutyl-ppz- = 4'-tert-
butylphenyl)pyrazolato, biq = 2,2'-biquinoline) that was incorporated into
LECs showing its maximum electroluminescence wavelength (A7}%,) at 635
nm with a luminance of 7500 cd m™2 but no lifetime data was presented.'®
Zhang et al. reported the most efficient red-emitting LEC up to now (g%, at
624 nm) with an EQEgL of 9.51% using the [Ir(ppy)2(pyoxd)][PFs] complex
(ppy = 2-phenylpyridinate, pyoxd = 2-phenyl-5-(2-pyridyl)-1,3,4-oxadiazole).
This red-emitting LEC showed a device lifetime of 490 min under operation at
5 V.% Hu et al. introduced in a host—guest configuration a benzoimidazole
moiety in the NAN ligand in the [Ir(ppy)2(qlbi)][PFe] (qlbi = 2-(1-phenyl-1H-
benzoimidazol-2-yl)quinoline) complex producing a LEC with a deep-red
emission (A%, at 650 nm).**" Recently, Namanga et al. demonstrated a
lifetime of 280 h for the [Ir(bzqg)2(biq)][PFe] (bzg™ = benzo[h]quinolato and biq
= 2,2’-biquinoline) (A2} 5, at 662 nm), with maximum luminance of 33.65 cd
m~2 and efficiency of 0.33 cd A%, which is among the longest device lifetimes

reported for any deep-red LEC.1%

The benzothiazole moiety has previously been used in iTMCs as part
of the cyclometalated C~N ligand.}*®2° In particular, 2-(pyridin-2-
yl)benzo[d]thiazole (btzpy) has been coordinated to other metal ions?'?2 and
there is only one example with iridium using the related N*N domain (N*N =
2-(pyridin-2-yl)-4,5-dihydrothiazole) but the complex was only evaluated as a

photosensitizer for catalytic water reduction.*?

In this chapter, the study of the thin-film photophysical
characterization, fabrication and characterization of LECs using a series of
ionic iridium(111) complexes (1-8) based on the [Ir(ppy).(btzpy)][PFs] complex
having ppy~ as the C*N cyclometalated ligand and btzpy as the N*N ancillary
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ligand is presented. The incorporation of substituents, replacement for other
ligands, and the role of the heteroatom in the benzothiazole unit are analysed.
All the LECs studied here exhibit deep-red to infrared electroluminescence.

2.2.2. Experimental and methodology

Ir(I11)-ITMC complexes

The Ir-iTMCs used in this thesis for the fabrication of LECs were
synthesized, purified and characterized by the groups of Prof. Dr. Edwin C.
Constable and Prof. Dr. Catherine E. Housecroft at the Department of
Chemistry of the University of Basel (Switzerland) or by the group of Prof. Dr.
Eli Zysman-Colman at the Organic Semiconductor Centre, EaStCHEM School
of Chemistry of the University of St. Andrews (United Kingdom). The
chemical structures of the red and near-infrared emitters studied in the thesis
are depicted in Figure 7. Complexes 1-6 were synthesized by Dr. Cathrin D.
Ertl at the University of Basel. Complexes 7 and 8 were synthesized by Dr.
Amlan K. Pal at the University of St. Andrews.
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Figure 7. Chemical structures of the red and near-infrared Ir-iTMC emitters (complexes 1-8)
studied in this thesis.
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Processing, preparation and characterization of the LECs were carried
out in a class 10000 cleanroom (Figure 8). The cleaning of the substrates and
coating of the layers were done inside the cleanroom in atmospheric conditions,
and the thermal annealing, evaporation of the cathode and characterization of
the device, were carried out under inert conditions in an MBRAUN glovebox
(< 0.1 ppm H20 and O,).

Figure 8. Photograph of the class 10000 cleanroom at the Instituto de Ciencia Molecular (ICMol)
of the Universidad de Valencia.

Materials

All  the materials were used as received. Poly(3,4-
ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS, Clevios P VP Al
4083, aqueous dispersion, 1.3-1.7% solid content) was purchased from
Heraeus. The ionic liquid 1-butyl-3-methylimidazolium hexafluoridophosphate
(IBmim][PF¢]) (> 98%) and the poly(methyl methacrylate) (PMMA, Mw =
120,000 g mol?) were purchased from Sigma-Aldrich. The solvents
acetonitrile, dichloromethane, methyl ethyl ketone and anisol were purchased
from Sigma-Aldrich. The photolithography-patterned indium tin oxide (ITO)
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(15 Q o) glass substrates and the quartz substrates were purchased from
Naranjo Substrates (www.naranjosubstrates.com) and UQG Optics,
respectively.

Processing of samples for thin-film photoluminescence characterization

In order to evaluate the suitability of the iTMCs as emitters in LEC
devices, the solid-state photophysical properties of the emitters were
characterized. The photoluminescence (PL) spectrum and the PLQY were
determined in a thin-film configuration. The PL spectrum gives information
about the spectral region where the complex emits when excited by a light
source. For clarity, the emission intensity (in counts) is normalized to unity.
The PLQY (in 100% or in a scale 0 to 1) is the relation between the photons
emitted per photons absorbed by the emitter or emitter-containing film. As
mentioned above, Ir-iTMCs can harvest both singlet and triplet excitons,
therefore the PLQY should resemble the solid-state PL efficiency. Hence, the
device efficiency is mainly determined by the solid-state PLQY of the iTMC

emitter.

The samples for thin-film PL measurements had the same composition
and thickness than the emissive layer used in the LECs. Each complex was
mixed with the IL [Bmim][PF] in a 4-to-1 molar ratio. A 100 nm thick film
was deposited from a solution of complexes 1, 5 and 6 in acetonitrile and
complexes 2—4, 7 and 8 in dichloromethane. Prior to deposition, all solutions
were filtered with a polytetrafluoroethylene (PTFE) filter with 0.22 um pore
size and spin-coated at 1000 rpm for 30 s in air onto cleaned quartz substrates.
As the films obtained from the filtered solutions of complexes 2 and 4 in the
LEC layout were inhomogeneous, the complexes were dispersed with a small
amount (2 wt.% with respect to the other components of the light-emitting
layer) of polymethylmethacrylate (PMMA) to improve the homogeneity of the

layer.
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LEC preparation

All the devices studied in this thesis have the stack architecture (see
Figure 4): ITO/PEDOT:PSS/active layer/Al. The composition of each active
layer was a mixture consisting of the light-emitting iTMC and the IL in a 4-to-
1 molar ratio, except for complexes 2 and 4, which were dispersed with a small
amount (2 wt.% with respect to the other components of the light-emitting
layer) of PMMA.

LECs were prepared as follows. The substrates were cleaned by
subsequently 5-minute sonication steps in water-soap, water and 2-propanol
baths, in that order. After drying, the substrates were placed in a UV-0zone
cleaner (Jelight 42-220) for 20 minutes. Onto the clean ITO substrates, a 80 nm
layer of PEDOT:PSS was spin-coated at 1000 rpm for 60 s and dried at 150° C
for 15 min. The PEDOT:PSS was added from a syringe and filtered with a
polypropylene (PP) 0.45 um pore size filter. The purpose of this layer is to
flatten the ITO, improving the reproducibility of the devices and hence
preventing the formation of pinholes that can lead to shorts. Then, a 100 nm
thick film of the emissive layer was deposited in the same conditions that were
described for thin-film samples for photoluminescence measurements. In brief,
solutions of complex:IL in a 4-to-1 molar ratio were filtered and spin-coated at
1000 rpm for 30 s. The IL was added to reduce the to, defined as the time to
reach a luminance of 50 or 100 cd m= (tso Or tipo) and to increase the
performance of the devices.”® The devices were transferred to the inert
atmosphere glovebox for annealing at 100 °C for 1 h. Finally, a 70 nm thick
film of aluminium was thermally evaporated using a shadow mask under
vacuum (< 1 x 10-° mbar) with an Edwards Auto500 evaporator integrated into
the glovebox. The active area of the cells was 6.34 mm?. The devices were not

encapsulated and were characterized inside the glovebox at room temperature.
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Thin-film photoluminescence and LEC characterization and equipment.

All devices were tested without encapsulation and were characterized
inside the glovebox at room temperature. For each device configuration, we

evaluated eight cells to ensure meaningful statistics.

The thin-film PL spectrum and solid-state PLQY were measured in air
with a Hamamatsu C9920-02 Absolute PL Quantum Yield Measurement
System. The system consists of an excitation light source (a xenon lamp linked

to a monochromator), an integration sphere and a multi-channel spectrometer.

LECs are intrinsically dynamic devices and their characterization is
made in a different way than what is usual for OLEDs. OLEDs are frequently
characterized by monitoring the luminance and current density versus voltage
in scans with different scan speeds. Due to the slow ionic motion occurring in
LECs, their operation changes with different scan speeds and therefore this
method is not suitable. Therefore, LECs are generally studied by applying
either a fixed voltage or a fixed current density over time. As mentioned above,
our group has shown the benefits of operating the devices under pulsed-current
driving and this mode has been chosen for the characterization of the devices
studied in this thesis. Therefore, LECs using complexes 1-8 were tested by
applying a pulsed current and by monitoring the voltage and the luminance with
a True Colour Sensor (MTCSICT Sensor, MAZeT GimbH) using a Lifetime
Test System (Botest OLT OLED L.ifetime-Test System, Botest System GmbH).
LEC using complex 7 was also evaluated by applying a pulsed current with the
Botest Lifetime Test System, but due to NIR emission the irradiance was
monitored using an integrating sphere (UDT Instruments, model 2525LE)
coupled to a Radiometric Sensor (UDT Instruments, model 247) and an

optometer (UDT Instruments, model S370).

The pulsed current consisted of a block wave at 1000 Hz frequency
with a duty cycle of 50%. The peak current density of the pulse was 200 A m2

and the average current density was 100 A m=2 for LECs 1-6. For further
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understanding of the device stability of the LEC using complex 1, this device
was driven at average current densities of 300, 700, 1250 and 1500 A m. For
LECs using complexes 7 and 8, the current densities applied to the devices were
800 A m2, which corresponds to an average current density of 400 A m=2.

Electroluminescence spectra were recorded using an Avantes fiber

optics photospectrometer.

2.2.3. Results and discussion

The thin-film photophysical properties of the complexes 1-8, such as
the photoluminescence (PL) spectrum and PLQY, were determined under
illumination at 320 nm (Table 1). All the complexes emit in the red — near-
infrared region with maximum emission wavelengths (Ag;,’5;, ) ranging from
625 nm for complex 6 to 707 nm for complex 7. The PLQY values are low
(<18%), with the highest PLQY obtained for complex 2 (PLQY = 17.6%) and
the lowest values obtained for complexes with the lowest emission energies of
the series: complex 3 (PLQY = 9.7%, Ag;p, = 651 nm), complex 5 (PLQY =
5.8%, Agyp, = 658 nm) and complex 7 (PLQY = 5.0%, Ag;yp, = 707 nm),

presumable as a consequence of the EGL.

Table 1. Thin-film photophysical characterization of complexes 1-8 (Zexc = 320 nm).

Complex Agr* (nm) PLQY (%)
1 645 11.0
2 642 17.6
3 651 9.7
4 626 125
5 658 5.8
6 625 12.3
7 707 5.0
8 658 14.0
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Simple two-layer LECs were prepared to evaluate the
electroluminescent properties of complexes 1-8 in a sandwich-type structure.
LECs fabricated using complexes 1-8 will be referred as LECs 1-8 for clarity.
The device layout is as follows, ITO/PEDOT:PSS/complex(1-8):IL/Al, as
explained in the experimental and methodology section (Section 2.2.2.). In
brief, LECs were prepared by spin-coating a 80 nm thick film of PEDOT:PSS
on pre-cleaned ITO substrates. The active layer (100 nm thick film) was then
deposited by spin-coating from a filtered solution of complexes 1-8, mixed
with the IL [Bmim][PF¢] in a 4-to-1 molar ratio. For complexes 2 and 4, a 2
wt.% of PMMA (with respect to the other components of the light-emitting
layer) was added to improve the film coverage and homogeneity of the layer.
After the active layer deposition, a 70 nm thick film of aluminium was
thermally evaporated to finish the device. As mentioned before, the IL was
added to reduce the ton defined as the time to reach a luminance of 50 or 100 cd

m~2 (tso Or ti00) and to increase the performance of the devices.”

As mentioned earlier, the operation of the device under pulsed-current
driving shows better device performance than under the typical constant-
voltage driving. Therefore, in this study LECs 1-8 were evaluated using a
pulsed-current driving, consisting of a block wave at a 1000 Hz frequency with
a duty cycle of 50% and an average current density of 100 A m for LECs 1
6. LEC 1 was also evaluated at different average current densities of 300, 700,
1250, and 1500 A m2. A current density of 400 A m~2 was used for LECs 7 and
8.

The electroluminescence (EL) spectra of LECs 1-8 are shown in Figure
9. LECs 1-6 and 8 are red-emitting devices (Figure 9a) (Ag;, %, centred at 636,
642, 651, 648, 655 and 598 nm for LECs 1-6, respectively, and 661 nm for
LEC 8), whereas LEC 7 emits in the near-infrared region (Figure 9b)
(AgmEL centred at 705 nm). The Commision Internationale de 1’Eclairage
coordinates (CIE coord.) for LECs 1-6 and 8 were determined from the

electroluminescence spectra and are collected in Table 2. The EL spectra for
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LECs 1, 2, 3, 5, 7 and 8 are similar to the solid-state PL spectra indicative of
the similar excited states being involved in the light emission process. LEC 4
shows a red-shift of 22 nm (Ag;%,= 648 nm) and LEC 6 has a blue-shift of 27
nm (g kL= 598 nm), for reasons currently not yet understood. These
electroluminescence spectra are very interesting because, up to now, red and
deep-red emitting LECs based on cyclometalated [Ir(C*N)2(N~N)]* complexes
are scarce and only few pure-red LECs have been reported. The colour of
device 3 CIE coord. (0.64, 0.35) and LECs 5 and 8, both with CIE coord. (0.65,
0.34), essentially coincide with the pure-red CIE coord. (0.66, 0.33).
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Figure 9. Electroluminescence spectra of a) LECs 1-6 and 8 driven at an average pulsed-current
density of 100 A m2 for 1-6 and 400 A m2 for 8 and b) LEC 7 driven at an average pulsed-
current density of 400 A m=2. (1000 Hz, 50% duty cycle, block wave).

The luminance and operating average voltage versus time dependence
of LECs 1-6 driven at the average current density of 100 A m2and of LECs 7
and 8 driven at 400 A m2 are shown in Figure 10. The key parameters that
represent the performances of LECs 1-8 are summarized in Table 2. All LECs
present the typical behaviour under pulsed-current mode operation. The
luminance rises while the operating voltage rapidly diminishes because the
ionic motion over operation decreases the electrical resistance and start to grow
the p- and n- doped regions in the active layer. Once the maximum luminance
is attained, the luminance starts to decrease and the operating average voltage

remains constant.
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Figure 10. Left: Time-dependent luminance or irradiance. Right: Time-dependent operating
average voltage. a) LECs 1-6, b) LEC 7 and ¢) LEC 8. Devices operated under an average pulsed-
current density of 100 A m2in a) and 400 A m~2in b) and c). (1000 Hz, 50% duty cycle, block
wave).

LEC 1 exhibits a maximum luminance (Lmax) of 77 cd m-2reached after
54 h (tmax) under operation and a device lifetime (ti2) exceeding 1000 h
(estimated by extrapolation from the time-dependent luminance curve, Figure
10a). The long time required for reaching the maximum luminance together
with the long device lifetime obtained in LEC 1, imply that the ionic movement
in the device and the growing of the doped zones is slow. LEC 2 containing the

complex with the tert-butyl group in the pyridyl ring (see Figure 7) shows the
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highest maximum luminance value of the series with 200 cd m2 (tmax at 870 h)
and a further enhanced device stability exceeding 6000 h compared to LEC 1
(ty2 > 1000 h) becoming the best device of the series and the most stable red-
emitting LEC reported up-to-date. For the extrapolation of the device lifetime
of LEC 2, an extended time-dependent luminance graph is depicted in Figure
11. The turn-on time (tso) of LECs 1 (4.6 h) and 2 (4.3 h) are similar, but the
luminance in LEC 2 continues to increase over a long time indicating that the
optimum charge injection and charge balance are slowly obtained. This could
indicate that the slow ionic motion leads to a very slow growing over time of
the doped zones becoming beneficial for the device lifetime.'?1% The higher
luminance obtained for LEC 2 is due to the higher thin-film PLQY measured
for complex 2 (17.6%) compared with complex 1 (11%) (see Table 1).

Table 2. Device performance parameters and electroluminescence data obtained for LECs 1-8
operated under pulsed-current driving (1000 Hz, 50% duty cycle, block wave).

pC?/ [ tso% | tmax ¥ tp EQEet max Aqax g | CIE®
Complex
Am? cd m h h h % nm (X,y)
1 77 4.6 54 >1000* 0.70 636 0.63, 0.37
2 200 43 870 >6000* 2.00 642 0.63, 0.37
00 3 119 0.2 63 >4500* 1.49 651 0.64,0.35
1
4 91 13 18 63* 1.04 648 0.62, 0.37
5 9 4.8 >150* 0.14 655 0.65, 0.34
6 97 0.2 0.84 9 0.55 598 0.59, 0.41
7 262% 0.8 80 0.37 705
400
8 59 0.24 0.23 661 0.65, 0,34

aAverage pulsed-current density. PMaximum luminance reached. “Time to reach 50 cd m~2
luminance. 9Time to reach the maximum light emission. °Time to reach one-half of the maximum
light emission. fMaximum external quantum efficiency reached. 9The Commission Internationale
de I’Eclairage (CIE) colour coordinates. #This value is expressed in uW cm2 since the EL signal
is partially out of the visible spectrum. *Extrapolated values.

LEC 3 incorporating the complex with the pendant phenyl group
attached to the NN ligand also shows a higher luminance (Lmax = 119 cd m2
at 63 h) and a longer lifetime (tu2> 4500 h) than LEC 1 (Lmax = 77 cd m?, ty2>
1000 h) although its thin-film PLQY is lower (complex 3 = 9.7%, complex 1 =
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11%). However, when the size of the substituents is increased beyond that of
complex 3, as in complexes 4 and 5, the corresponding LECs have a
significantly reduced stability, and the device lifetime decay on a timescale of
tens of hours. The replacement of the sulphur heteroatom in the benzothiazole
unit (LEC 1) by an oxygen heteroatom in the benzoxazole unit (LEC 6) leads
to similar luminance (Lmax = 77 and 97 cd m2, respectively), but produces a
detrimental effect in terms of device stability with a decrease from exceeding
1000 h for LEC 1 to 150 h for LEC 6. Generally, the time to reach the maximum
luminance (tmax) and the tso for LECs 4-6 are almost four times faster than for
LECs 1-3, which support the hypothesis that the device lifetime is mainly
affected by the growth of the doped zones, which increases the quenching of

excitons.

LEC 7 was deposited from a solution of the complex in methyl ethyl
ketone/anisol 3:2. The device did not emit light under pulsed-driving operation
most likely related to the poorer film quality of complex 7 resulting from its
low solubility. Then, a different solvent (dichloromethane) was used to improve
the solubility of the complex, which led to uniform layers completely covering
the substrates after spin-coating. Under pulsed-driving operation at an average
current density of 400 A m2, LEC 7 exhibits a maximum irradiance (Imax) of
262 uW cm2and a device lifetime (ti2) of 80 h (Figure 10b). Under the same
driving conditions, LEC 8 shows a maximum luminance (Lmax) 0f 59 cd m™2
and the device stability (t1) is considerably reduced to 0.24 h (Figure 10c). The
presence of the annulated benzenes in the ancillary ligand (LEC 7) seems to be
beneficial for device stability. The presence of the larger cation in complex 7
compared to complex 8 (see Figure 7) reduces the ionic movement in the active
layer during operation, which decreases the exciton quenching and increases
the device lifetime. tmax is significantly longer for LEC 7 (0.8 h) than for LEC
8 (< 5), also indicative of the slower ionic movement in LEC 7 compared to
LEC 8. As mentioned above, the device stability is a result of the stable

luminance resulting from the Ir-iTMC and the pulsed-current driving approach.
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Figure 11. Extended graph of the time-dependent luminance of LECs 1-3 operated under an
averaged pulsed-current density of 100 A m2. (1000 Hz, 50% duty cycle, block wave).

In view of the red and deep-red emission wavelength, the device
efficiency expressed as current efficiency is not adequate due to the emission
wavelength, which is only in part visible to the human eye. Therefore, the
device efficiency is better to be expressed in terms of the EQEg.. The EQEg.
values of LECs 1-8 are presented in Table 2. The maximum EQEg. calculated
from equation (1) that can be obtained with a thin-film PLQY of 11% (complex
1) without special outcoupling structures is roughly 2.4%. Experimentally,
under 100 A m= operation, a maximum EQEg_ of 0.70% for LEC 1 was
obtained. However, due to the higher luminance achieved for LECs 2 and 3, the
maximum experimental EQEg. values for LECs 2 and 3 were 2.00 and 1.49%,
respectively. LEC 4 reached an EQEg. of 1.04%, whereas LECs 5 and 6 have
EQEg. values of 0.14 and 0.55%, respectively. At 400 A m2, LEC 7 exhibits
an improved EQEg, (0.37%) compared to that based on 8 (0.23%). Considering
the low thin-film PLQY of complex 7 (5%) and the high current density applied
(up to 400 A m2) the achieved efficiency for LEC 7 is noticeable.

To the best of our knowledge, the most efficient red-emitting LEC led
to a champion peak EQEg, of 9.51%.% Few examples of near-infrared emitting
LECs exhibiting low EQEg, values (EQEg. < 0.1%)% have been reported due
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to the EGL. An EQEg. value of 1% has now been overcome for near-infrared
emitting LECs using host:guest systems or tandem devices with cationic
iTMCS.ll4' 126-127

As commented before, the best way to attain stable devices is to use a
pulsed-current driving and, to the best of our knowledge, the best device
lifetime for red-emitting LECs has been reported with a device lifetime of 280
h.12 Therefore, the LECs 1-3 studied in this thesis show stabilities ranging
from 4 to 20 times longer than those reported previously. These high lifetime
values are exceptional and are only comparable to those obtained for a very few
orange emitting LECs operated under the same driving conditions.'?® The
performance of LECs 1-3 are limited by the moderate luminance and the rather
slow response. This performance is dependent on the applied current and
directly related to the device stability. For further understanding on the device
stability, LEC 1 was driven at higher current densities that permits to study the
device degradation in accelerated conditions due to the higher stress that the
device is subjected to. LEC 1 was selected for this more in-depth analysis due
to its good performing characteristics and its simplest chemical structure.
Moreover, complex 1 was obtained in sufficient large quantities to prepare a

number of devices to be operated under increasing average current densities.

2000

PC/Am?
—o— 300
—— 700

—0— 1250 -
1500

500 :
et e s

0 : : : :
0O 20 40 60 80 100
Time (h)

Figure 12. Luminance versus time of LEC 1 operated under different average pulsed-current
densities from 300 to 1500 A m~2 (1000 Hz, 50% duty cycle, block wave).
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The luminance versus time measured for LEC 1 operated using pulsed-
current densities of 300, 700, 1250, and 1500 A m2 (block wave, 1000 Hz, and
50% duty cycle) are shown in Figure 12. At high driving currents, the
luminance decay slowly and, surprisingly, it does not depend very strongly on
the applied current density. As mentioned before, a strong dependency of the
device lifetime on the current density is normally observed in
electroluminescent devices. There is virtually no luminance decay over the first
100 h when driving LEC 1 under the pulsed conditions at average current
densities of 300 and 700 A m2, and only a moderate decrease of approximately
10% is observed when the average current density is set at 1250 and 1500 A m~
2 after 100 h. The quasi steady-state luminance that is reached at each current
density increases linearly in the range from 100 to 700 A m~2 (the luminance
curve for 100 A m= is not depicted for clarity), whereas at higher applied
current densities the luminance values still increase but less than linearly. This
linear dependence has been previously observed in LECs under pulsed-current
driving at very low current densities.'?® However, this linearity is not usually
observed at high current densities, which indicates that there is little exciton-
exciton or exciton-polaron quenching up to high current densities of 700 A m~
2, Moreover, the luminance intensity can be tuned from 77 to exceeding 1250

cd m~2 by the current density applied.

The time to reach the maximum luminance (tmax) and the time to reach
100 cd m™2 (t100) are also affected by the applied current density. Interestingly,
tioo is substantially reduced to the second scale, from 500 s at 300 A m2to5s
at 1500 A m2 (Figure 13). For lower current densities, the maximum luminance
takes longer to be achieved. This is related to the voltage that is applied, which

is lower for lower applied current densities.
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Figure 13. Time to reach 100 cd m2 (tio) versus applied current density for LEC 1. (1000 Hz,
50% duty cycle, block wave).

2.2.4. Conclusions

The thin-film photophysical and electroluminescent properties of
complexes 1-8 were characterized and analysed and the results have been

presented and discussed in this chapter.

Complexes 1-6 were synthesized and characterized by Dr. Cathrin D.
Ertl at the University of Basel and complexes 7 and 8 were synthesized and
characterized by Dr. Amlan K. Pal at the University of St. Andrews. The
complexes are based on the [lIr(ppy)2(btzpy)][PFs] complex having 2-
phenylpyridinate (ppy~) as the C*N cyclometalated ligand and 2-(pyridin-2-
yl)benzo[d]thiazole (btzpy) as the N*N ancillary ligand.

The thin-film photophysical properties of complexes 1-8 show
photoluminescent emission in the red — near-infrared region with maximum
emission wavelength ranging from 625 nm to 707 nm. The PLQY values of the

series are low (<18%) due to the energy gap law,00-101

All complexes were incorporated into light-emitting electrochemical
cells (LECs) as single emitters to study their electroluminescent properties.

LECs 1-6 and 8 shows red emission, whereas LEC 7 present infrared emission.
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The colour of devices 3, 5 and 8 essentially coincide with the pure red CIE
coordinate (0.66, 0.33).

Although the maximum luminance presents a moderate value for LECs
1-3, up to 200 cd m=2for LEC 2, they exhibit lifetimes in excess of 1000, 6000
and 4000 h, respectively, becoming the most stable red-emitting LECs reported
up-to-date.

The EQEkg. values obtained are moderate with a highest EQEg. value
of 2% for LEC 2. However, the relatively high EQEg. of 0.37% for the near-
infrared LEC 7 is impressive due to its low thin-film PLQY value of 5% and
the high current density applied (up to 400 A m).

The possibility of tuning the luminance levels has been demonstrated,
having a fast response with almost no lost in device stability, by increasing the
average current density applied from 100 A m~to 1500 A m2. This proves that
these complexes are highly interesting to be further explored in lighting devices

and that they constitute a step forward in the demand for red-light applications.

2.2.5. Contributions of the author

Article 1. Ertl, C. D.;* Momblona, C.;* Pertegas, A.; Junquera-Hernandez, J.
M.; La-Placa, M.-G.; Prescimone, A.; Orti, E.; Housecroft, C. E.; Constable, E.
C.; Bolink, H. J., Highly stable red-light-emitting electrochemical cells.
Journal of the American Chemical Society 2017, 139 (8), 3237-3248. (* equally
contributed). (IF: 13.858, Q1).

Article 2. Pal, A. K.; Cordes, D. B.; Slawin, A. M. Z.; Momblona, C.; Pertegas,
A.; Orti, E.; Bolink, H. J.; Zysman-Colman, E., Simple design to achieve red-
to-near-infrared emissive cationic Ir(I11) emitters and their use in light-emitting
electrochemical cells. RSC Advances 2017, 7 (51), 31833-31837. (IF: 3.108,

Q1).

IF = Impact factor (Science Citation Reports, Web of Science), Q = Quartile.
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Chapter 3

Perovskite solar cells
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3.1. Introduction

Metal halide perovskites have emerged as revolutionary optoelectronic
semiconductors, and are promising materials for applications such as
photovoltaics, light-emitting diodes, photodetectors or lasers, among others. %
13 The rapid evolution of the certified efficiency of perovskite solar cells
(PSCs) exceeding 22%**° and the low cost of the perovskite precursors and
processing methods make these devices appealing for commercialization.
Devices with a similar architecture have led to very efficient light-emitting
diodes (LEDs) reaching external quantum efficiencies exceeding 13%,%

further increasing their market prospects.

The unique and superior optical and electrical properties of the organic-
inorganic (hybrid) perovskites establish them as excellent candidate for
absorbers/emitters and charge transport materials. These properties are: high
optical absorption coefficient with sharp onset,**” ambipolar conduction with
balanced electron and hole mobilities,**® long photogenerated carrier diffusion
lengths and lifetimes, ¥4 low trap densities*? and low exciton binding

energies. 14314
3.1.1. Metal halide perovskites

Crystal structure

The exceptional tuning that offers their structure enables metal halide
perovskites to possess zero- (OD), one- (1D), two- and quasi-two- (2D), and
three- (3D) dimensional structures.'*¢-148 This thesis focuses on the study of 3D

perovskites.

3D metal halide perovskites are a family of bulk materials that can be
described with the general formula ABXs. This crystal structure (Figure 14)
consists of a framework of corner-sharing metal halide (BXs) octahedra that
extend in the three dimensions, with small cations (A) fitting into the void

spaces between the octahedra. In the archetype organic-inorganic perovskite, A
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is an organic (methylammonium (CHsNHs:" or MA®) or formamidinium
(NH2CH=NH* or FA")) or inorganic monovalent cation (cesium Cs*), B is a

divalent cation (Pb?" or Sn?* or to a less extent Ge?*) and X is a halide (CI-, Br-
|—).148—150

These materials are known for more than a century and have been
studied extensively in the 1990’s in transistor applications.’>® Most of the
perovskite materials that were studied in the previous century were prepared as
small crystals that were used to determine their structural, chemical and optical
properties. Only a rather small number of these materials were processed into
thin films which explains the un-noticed photovoltaic properties up to recently.

Figure 14. Crystal structure of ABXz 3D-perovskite. Pb are placed at the centre of the grey
octahedrons, lavender spheres represent iodine atoms and green spheres represent the
methylammonium cations. Adapted from reference 152.

The empirical index Goldschmidt tolerance factor (t),*%® typically used
for oxide and sulphide-based perovskites, is a measure of the fit of the A-site
cation to the cubic corner-sharing octahedral network, where the lattice is
treated as an array of close-packed spheres. This predicts the stable crystal

structure of perovskite materials in terms of the ionic packing.

_ ratry
T V2 (rp+rx) )
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Where ra, s and rx are the ionic radii of A, B and X, respectively. With t values
between 0.8 and 1.0, the formation of a cubic perovskite structure is favourable.
Values of the tolerance factor larger than 1 or smaller than 0.8 usually result in
nonperovskite structures. More refined models have also been proposed that
take into account other space-filling considerations enabling a better prediction
for the specific case of organic-inorganic metal halide perovskites.t>+17

The prototypical perovskite photovoltaic absorber methylammonium
lead iodide (MAPDI3) has three crystal structures depending on the
temperature:**® an orthorhombic Pnma phase below 160 K, a tetragonal 14/mcm
phase from 160 to 330 K and a cubic Pm-3m phase above 330 K. These
transitions need to be considered because they may alter the electronic band

structure and ultimately the optoelectronic properties of the material. 5% 15°

Electronic structure

The electronic structure presents similar characteristics for all metal
halide perovskites. The valence band (VB) consists of admixed np® (n is the
principal quantum number, Cl: n = 3, Br n = 4, I n = 5) and ns? orbitals from
the metal (Ge: n = 4, Sn n =5, Pb n = 6) whereas the conduction band (CB)
consists of the empty np® orbitals from the metal. The electronic states of the
organic or inorganic cation in the A-site of the perovskite structure lie far away
from the VB and CB and provide no direct electronic contribution near the band
gap.16-162 Qualitatively, the band structure is almost material independent
(excluding differences in the band gap) and it is strongly dependent on the

symmetry the perovskite adopts.

All the perovskites are direct band gap semiconductors,'®31%4 Jeading to

efficient light absorption with high absorption coefficients.

49



Optical properties

The large absorption coefficients 4% 1 reported in the order of 10-10°
cmare a consequence of the direct band gap transition. The sharp absorption
onset demonstrates the high quality of the material without the presence of
imperfections or defects typically observed as a tail in the absorption onset.®
Moreover, the absorption spectra provides information about the nature of
photogeneration: excitonic materials often exhibit a characteristic excitonic
peak that distinguishes them from band-like materials.

The band gap of metal halide perovskites can be tuned over a range
spanning the near-infrared to near-ultraviolet wavelengths by simple
compositional substitution of the three lattice positions: A, B or/and X sites.®
As the electronic structure is determined by the inorganic framework, the halide
substitution has a strong effect on the VB of the perovskite and the band gap.
In contrast, the replacement of MA with FA makes only a slight change to the

band gap.

The prototypical perovskite MAPbI; has a band gap located between
1.5 and 1.6 V.18 The replacement of the A cation of MA* for FA* in MAPbI3
decreases the band gap from 1.55 (pure MA*) to 1.47 eV (pure FA*),*%® whereas
the substitution of the B cation of Pb?" by Sn?* decreases the band gap to 1.2
gV 190 10172 Alternatives for the toxic Pb?* and eco-toxic Sn?* while
maintaining the low direct band gaps of the resulting perovskites are not easy
to find. When the iodine in MAPbI; is replaced with a halide with a smaller
ionic size (Br and CI), the band gap is increased (2.3 eV for MAPbBrs and 3.1
eV for MAPbCI;).1"® The organic cation substitution is hard to determine
because they occupy the same crystallographic site and the effects are only
observed indirectly by the induced distortion of the inorganic lattice.1’41%
Therefore, perovskite benefit from spectral tuning making them suitable for the

top- and bottom-cell application in tandem solar cells, respectively.1’®
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Electrical properties

Knowledge of the perovskite’s electrical properties such as the charge
carrier mobilities, diffusion lengths and lifetimes, as well as the nature of the
photogenerated species, are crucial for the fabrication of optoelectronic

devices.

The charge carrier mobility, |, describes the ability of electrons and
holes to move within a semiconductor under an applied field. The mobility
depends on the morphology and on the material composition. Mobilities

exceeding 10 cm? V-1s2have been measured in perovskite films,138 141, 177-178

The charge carrier diffusion length is another characteristic that
describes the charge transport ability of a material. It describes the motion of
charges by diffusion from regions of high carrier population in the
semiconductor to areas with lower populations. Charge carrier diffusion lengths
ranging from 0.1 um to exceeding 10 um have been reported for perovskites

depending on their composition and thin film morphology.13%-140. 177, 178-182

The carrier lifetime (t) is the time that the charges take to recombine
under non thermodynamic equilibrium situation, such as under photoexcitation.
Carrier lifetime is related to the diffusion length and to the number of traps
within the semiconductor. Therefore, it is often used to assess the quality of
materials. Carrier lifetimes in excess of 1 s have been reported for perovskite
films, demonstrating the low amount of charge transport affecting defects in

these films (t is directly dependent on the defects).!3®

After light absorption, the primary photogenerated species presented in
the absorber are excitons (bound electron-hole pairs). It is vital to understand if
these excitons will remain in the material or will dissociate to give rise to free

charge transport (see Section 3.1.3.).
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3.1.2. Processing of perovskite films

A variety of processing routes have been reported employing solution
or vacuum-based deposition techniques or a combination of both. Although
analysis a posteriori suggests that the compound is exactly the same in all cases,
as mentioned above, the properties of the films vary significantly depending on
the deposition method used. The differences are so relevant that the motto
“same compound, different material”®® can be applied to perovskites.
Therefore, a precise description of the preparation method is essential for a
better understanding of the materials. In addition, the environmental conditions
(vacuum, dry nitrogen, dry air or humid air) during deposition and annealing

will influence the perovskite layer and hence its properties.

Solution-based deposition methods

For solution-based processing the perovskite precursors are dissolved
in an organic solvent and deposited using coating or printing methods, such as

spin-, dipping- or doctor blade- coating and gravure coating.'8

Spin-coating is the most popular method for small-area perovskite
deposition in the photovoltaic academic community. In brief, a small amount
of precursor solution in a volatile solvent is added on the centre of the substrate
and is rotated at high speed. The material is spread by centrifugal force and the
solvent is simultaneously evaporated during the high-speed rotation. After

rotation a semi-dry film with a uniform thickness is obtained.
The solution-based deposition methods using spin-coating can be
grouped into two main categories: one- and two-step solution deposition.
= One-step solution deposition

The perovskite film is directly deposited from solution of the precursors
in polar and high-boiling solvents, such as y-butyrolactone (GBL),®
dimethylformamide (DMF)!* and dimethylsulfoxide (DMSO0).87-18 The

perovskite is deposited by spin-coating of the precursor solution followed by a
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post-annealing treatment.!8-1%! The layers processed by this method are not
homogeneous due to uncontrolled crystal growth and therefore have a high
roughness. In order to improve the homogeneity, the use of several additives
have been explored to enhance the quality of the layer, such as
methylammonium chloride (MACI),**2 HI® or HBr/H,0,'* 1,,1% NH4CI %
1,8-diiodooctane,'® or phosphonic acid ammonium.'®” Another approach to
improve the quality of the perovskite layer is the addition of a solvent that does
not dissolve the perovskite film (e.g. toluene, diethyl ether, chlorobenzene,
benzene or xylene) during the last few seconds of the spin process. High-quality
perovskite films with smooth morphology and large grains are obtained by this

method, generally referred to as solvent exchange or solvent engineering.1%-200

= Two-step solution deposition

In this method, first a Pbl, layer is spin-coated and subsequently
converted into a perovskite by dipping/spin-coating of the methylammonium
iodide (MAI) solution.?°:-202 Therefore, the MAI has to intercalate into the solid
Pbl; layer in a heterogeneous reaction. The morphology of the final perovskite
film is determined by the morphology of the Pbl; film and the reaction rate is
determined by the diffusion of MAI into the Pbl; lattice.

= Vapour-assisted solution deposition

This method differs from the two-step solution deposition method in
the incorporation of MAI through a vapour deposition technique. Although the
perovskite films present uniform surface coverage, large grain size and full
conversion, the process is less rapid and the highest efficiency obtained is only

12%_203—204

Vacuum-based deposition methods

In vacuum- or vapour-based deposition the perovskite precursors are
placed separately in ceramic crucibles that are positioned in temperature

controlled heating sources (see Figure 15). After reducing the pressure in the
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chamber to a base pressure of 1 x 10° — 1 x 10 mbar, they are heated to their
corresponding sublimation temperatures. To monitor the nominal thickness of
the film, a quartz crystal microbalance (QCM) sensor is employed. The QCM
consists of a thin quartz crystal sandwiched between two metal electrodes. An
alternating electric field is applied across the crystal, causing vibrational motion
of the crystal at its resonant frequency. Mass changes deposited in the crystal
surface can be monitored due to the change in its oscillation frequency.

Vacuum
Chamber

Substrates

s 5 |7
o T QO

Vacuum pump

Figure 15. Schematic representation of a vacuum chamber with two thermal sources.

Prior to perovskite deposition, an initial calibration of each precursor
material is performed to determine the tooling factor. The tooling factor is a
correction for the difference in material deposited on the substrate versus the
QCM due to the different source-to-substrate and source-to-QCM distance. A
film of the corresponding material is deposited on a flat substrate recording the
nominal thickness measured by the QCM with a previous tooling factor value
(Toolingl). This nominal thickness is then compared to the real thickness
determined using another technique, such as AFM, surface profilometry or
cross-section SEM. The linear relationship provides the new tooling factor of

the evaporation system (Tooling 2).

thickness gctyal (4)
thicknessgcm

Tooling2 = Tooling1 -
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For a correct calibration, the material density (p), the acoustic
impedance (or Z-ratio), and the tooling factor are required for the determination
of the thickness and evaporation rate (measured in A s) of the material being
sublimated. The stoichiometry (chemical composition) of the deposited film is
controlled by the ratio of the evaporation rates of the precursors, whereas the
morphology of the deposited film can be controlled by the overall evaporation
rate used.

The substrates are placed above the thermal sources (see Figure 15) and
are hold at room-temperature during perovskite deposition. This makes this
deposition method compatible with plastic substrates.

The first deposition of thermally evaporated perovskite was
demonstrated by Era et al. using dual source thermal evaporation.?® In 2013,
Snaith et al.?%® and Bolink et al.?®? prepared the first planar MAPbI;-Cly and
MAPbDI; perovskite solar cells, respectively, by dual-source thermal
evaporation with an efficiency that exceeded 15%. The former reported a direct
comparison between solution- and vacuum-deposited perovskite. In that study,
the vacuum-deposited film showed a full coverage, extremely uniform and
crystalline with crystal sizes of hundreds of nanometers, whereas the solution-
processed film exhibited large variations in film thickness. In both cases, the
diffraction pattern was identical, indicating that both techniques generated a
similar perovskite.?® Bolink et al.®? implemented the perovskite layer between
organic layers avoiding the high temperature required for sintering metal oxides
(Al>03, TiOz or ZrO,). In both cases, the perovskite films are extremely uniform

and pinhole-free.

Currently, vacuum-deposited solar cells have reached efficiencies

exceeding 20%, demonstrating the promise for real applications.?*>2%

Other vapour-based deposition techniques, such as closed space vapour
transport (CSVT),2" chemical vapour deposition (CVD),2%2° flash
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evaporation,?%-212 or atomic layer deposition (ALD),?*?!4 have been employed

to prepare perovskite thin films used to built up photovoltaic devices.

Vacuum-deposition techniques have the following benefits:

i. intrinsic purity of sublimed materials,

ii.  fine control over film thickness, stoichiometry and morphology,

iii.  compatibility with large areas,

iv. intrinsically additive: multilayer devices can be fabricated without
chemical modifications of the underlying layers or the use of
orthogonal solvents,

v. low substrate-fabrication temperature: compatible with plastic
electronics and with inorganic solar cells in the form of tandem devices,

vi.  avoid of toxic solvents,

vii.  use of a consolidated technique widely adopted in the coating and
semiconductor industry, such as organic light-emitting diodes

(OLEDS), being mass produced in the form of fully evaporated devices.

3.1.3. Basic principles of the operation of solar cells

The operation of solar cells is determined by three processes: light

harvesting, charge separation and charge transport and collection.

Light harvesting

A good light absorber material should have a direct band gap and high
absorption coefficient. The band gap is determined by the composition of the
semiconductor and the absorption coefficient depends on the material and on
the wavelength of the light that is being absorbed. A semiconductor can only
absorb photons whose energy is equal or higher than its band gap Eg. Photons
with higher energy than Eg can excite electrons to energy levels above the
conduction band (CB) and these electrons rapidly relax to the CB by releasing

the extra energy as heat.
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Charge separation

The photogenerated electron and hole must be dissociated to avoid
recombination. Depending on the permittivity of the material, the charges will
be attracted forming an exciton or free carriers. The degree of binding is
determined by the exciton binding energy (Es). Low exciton Ep (lower than the
thermal energy at room temperature (kKT = 26 meV)) are beneficial for having
free electrons and holes that will contribute to the photocurrent. A broad range
of low Ey values, from 2 meV to 62 meV at room temperature have been
experimentally obtained for MAPDIs. However, it is widely accepted that the
species generated after photoexcitation in MAPDI; are free charges. The

progression in the halide series from iodide to chlorine increases the Ep.218-21°

Charge transport and collection

Once the charges are dissociated, the charges move within the
semiconductor. To direct the flow of electrons and holes to the respective
electrodes, a p-n junction formed by joining n-type and p-type semiconductor
materials or using charge selective layers (or charge transport layers) adjacent
to the absorber are two different strategies. In this thesis, we will employ the
latter one. The charge selective layers block one type of charges and transport
the other one. Due to this fact, the layers are also referred as charge selective or
extracting layers. These layers are fabricated with electron-blocking (hole
transporting) and hole-blocking (electron transporting) materials, HTM and
ETM, respectively. A schematic energy-level diagram with the absorber and
the HTM and ETM is shown in Figure 16. The HOMO of the HTM and the
LUMO of the ETM will be aligned with the VB and the CB of the absorber,
respectively. This allows a good transport of holes and electrons, respectively.
To block the electrons, the LUMO of the HTM is closer to vacuum compared
with the CB of the absorber, and to block the holes, the HOMO of the ETM is

further to vacuum compared with the VB of the absorber.
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Figure 16. Schematic energy-level diagram with absorber and adjacent selective charge layers
with adequate energy alignment with the absorber.

Despite the charges are directed towards the respective electrodes, charge
recombination in the absorber occurs. Therefore, identifying the mechanism of
recombination is important for increasing the device performance. The main

types of mechanisms of recombination dominating in perovskites (Figure 17)
are:220—221

1. Monomolecular (or trap-assisted or trap-mediated) recombination
This mechanism (Figure 17a) involves the capture of an electron or a hole in a
specific trap state and subsequently the non-radiative recombination with a hole
(or electron). These trap states are energetic states whose energy level is in the
band gap of the perovskite, and arise from defects or impurities in the crystal
structure. They can be shallow or deep states, being shallow traps the most
predominant type in perovskite.!’® 222224 |t is highly dependent on the material

processing.

2. Bimolecular recombination
This mechanism (Figure 17b) occurs between electrons and holes from direct
band-to-band electron-hole recombination, from the relaxed state conduction
band minimum (CBM) of CBL1 to the valence band minimum (VBM) of the
VB1 (CBM — VBM) or states higher in the bands CB1 and VB1, respectively.
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This can lead to emission of light, which can be re-absorbed by the material in

a process called photon recycling.

3. Auger recombination
This mechanism (Figure 17c) involves at least three particles. The energy of an
electron (or hole) is transferred to another electron (or hole) to allow non-
radiative recombination with a hole (or electron). This mechanism bears little
importance for photovoltaic applications as it requires a high light intensity
(only obtained when light is focussed and thus amplified in so-called
concentrated solar cells).

a) Trap-assisted b) Bimolecular c) Auger
CB2

Phonon
CB1 CB1 CB1 CB1
CBM
e"trap
S
k VBM
\VB1 \VB1 VB1 VB1

Figure 17. Schematic representation of the different recombination mechanisms active in
perovskites. a) Trap-assisted recombination. b) Bimolecular recombination. c¢) Auger
recombination. VB: valence band, CB: conduction band. Adapted from reference 221.

3.1.4. Characterization of solar cells

External quantum efficiency (EQEpy) or incident photon-to-electron

conversion efficiency (IPCE) is the fraction of incident photons that are

converted to electrical current as a function of wavelength, and internal

guantum efficiency (IQE) is the fraction of absorbed photons that are converted

to electrical current as a function of wavelength. EQEprv and IQE are related by

the following expression:

EQE
(1-R-T) (%)

IQE =
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where R and T are the reflectance and transmittance of the solar cell,

respectively.

The efficiency of conversion of sun light into electrical power, also
referred as power conversion efficiency (PCE or ), is defined as the ratio of

the output electricity to the input energy of sunlight. In practice, the PCE of a
solar cell is defined as the ratio of the maximum power output, Pmax, generated
by the solar cell to the power input, Pin, based on the measurement of current
density — voltage (J-V) curve (Figure 18).

PCE = n = fmax _ JmppVmpp _ JscVoc FF (6)
Pin Pin Pl"n

Where,

o Jmpp and Vimpp are the current density and voltage at the maximum power
point (mpp)

e Jsc is the short-circuit current density. The current density through the
terminals when the cell is operated at short circuit (V =0 V)

e Voc isthe open-circuit voltage. The voltage across the output terminals
when the cell is operated at open circuit (J =0 mA cm2)

o FF is the fill factor and is defined as the ratio of the maximum power
point to the product of the open-circuit voltage and the short-circuit
current density. Graphically, is the ratio of the areas of the two
rectangles defined by Jmpp and Vmpp and by Jsc and Voc.

e Pi,is 100 mW cm?for standard AM 1.5 G illumination.
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Figure 18. Typical J—V characteristics of a solar cell.

The Voc depends on the band gap of absorber and is determined by the
energy difference of the quasi-Fermi levels that are generated upon absorption
of photons in the semiconductor (at solar illumination, these levels are very
close to the CB and VB, respectively). The Jsc is a product of three aspects of

efficiency: light harvesting, charge separation and charge collection.

Depending on the conditions of the measurements, the J-V curves
exhibit hysteresis-like distortions between forward (negative to positive bias)
and reverse (positive to negative bias) scans for some perovskite solar cells.?®
This is an undesired feature and complicates the analysis of the devices. The
presence of hysteresis denotes that the device performance is strongly affected
by the measurement method. The origin and the presence/absence of this
hysteretic phenomena have been widely debated. Although several
explanations have been proposed in terms of ion migration,?2?7 charge
trapping/detrapping??-2?° or ferroelectric polarization,?® this issue is still under
debate.

The theoretical maximum power conversion efficiency attainable for a

single junction solar cell depending on the band gap of the absorber is

calculated in the detailed balance or Shockley - Queisser limit (Figure 19).2%
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These calculations were performed for a cell operated at 298.15 K (25 °C) and
under illumination by an AM 1.5G spectral irradiance according to ASTM
G173-03 standard. The sun spectrum was approximated by the emission of a
black body with a surface temperature (Ts) of 6000 K.

They assumed that in an ideal solar cell the only recombination path
which cannot be reduced to zero is the radiative recombination. For the
generation of electron—hole pairs it was assumed that photons with an energy
below the energy band gap do not interact with the solar cell, while photons
with an energy above the band gap are converted into electron-hole pairs with
a quantum efficiency of 100%. For a material with a band gap of ~1.5 eV

(MAPDIs), a maximum theoretical efficiency of 31% can be attained.?322%

O | | | | | |
05 1.0 15 2.0 25 3.0 35
E, (eV)

Figure 19. The maximum power conversion efficiency for a solar cell operated at 298.15 K and
illuminated with an AM 1.5 G spectral irradiance (ASTM 173-03) in accordance with standard
solar test conditions as a function of the band gap energy. Graph depicted from tabulated data
from reference 234.

3.1.5. Perovskite solar cells

In a single-junction perovskite solar cell, the perovskite film is typically
sandwiched between thin layers of charge transport materials, which efficiently
extract photogenerated charges from the perovskite layer (Figure 16). As
mentioned before, these films are hole transport layer (HTL, p-type) and

electron transport layer (ETL, n-type). Each contact offers a potential barrier to
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selectively allow the transport of the corresponding charges to the electrodes.
The HTL/ETL layer will allow the transport of holes/electrons, whereas
electrons/holes will be blocked. The choice of the proper HTL and ETL will
take into account the diffusivity, chemical reactivity and energetic levels
matching with perovskite.

Single junction PSCs architectures can be catalogued into two different
categories depending on the sequence of functional layers in the device starting
from the layer onto which light is incident, p-i-n or n-i-p (Figure 20).2*® “p” and
“n” are the hole and electron transport layers, respectively, and “i” is the
perovskite layer. The p-i-n (or “inverted”) structure (Figure 20a and 20b) is
derived from organic solar cells or organic photovoltaics (OPV), where
traditionally uses PEDOT:PSS at the front as hole transport layer and PCBM in
the back side of the device as electron transport layer. The n-i-p (or “regular”)
structure (Figure 20c and 20d) has been transferred from dye sensitized solar
cells (DSSC), where TiO; is the front electron transport layer and spiro-
OMeTAD is the back hole transport layer. For both p-i-n and n-i-p

configurations, the absorber layer is essentially intrinsic “i”.

Moreover, two different types of perovskite solar cells have been
reported: mesoscopic and planar. In the former, a mesoscopic metal oxide
scaffold is used, such as titanium oxide (TiO2) or aluminium oxide (Al,Os) into
which the perovskite is infiltrated (Figure 20a and 20d),?%® whereas in the latter,
a compact thin film of charge selective material is used (Figure 20b and 20c).

a) METAL b) METAL c) METAL d) METAL
ETL
PERO PERO
HTL HTL ETL ETL
TCO TCO 1CO TCO
GLASS GLASS GLASS GLASS

Figure 20. Schematic layout of single-junction perovskite solar cells. a) Mesoscopic and b) planar
p-i-n solar cells. ¢) Planar and d) mesoscopic n-i-p solar cells. TCO: transparent conductive oxide,
HTL: hole transport layer, ETL.: electron transport layer.

63



3.1.6. State-of-the-art

In few years, perovskite solar cells have reached efficiencies similar to
crystalline silicon solar cells, whose efficiencies exceed 26%.%" Up to date, the
most efficient certified perovskite solar cells exhibit 22.1% in small cells (0.09
cm?),2%8 19.7% in a 1 cm? cell>®® and 12.1% in a 36.1 cm? module?® as well as
a perovskite/Si monolithic tandem with efficiency of 23.6%.%%° In terms of
flexible solar cells, an efficiency exceeding 18% in an area of 0.1 cm? has been
reported.?*! Perovskite solar cells eliminate the problems of high-cost
manufacturing, heavyweight and rigidity of conventional silicon solar cells.
Moreover, easy of fabrication, variety of processing and low-cost of the
perovskite precursors makes perovskite as a promising material for

optoelectronic applications.

However, the demonstration of highly efficient large-area devices and
with flexible, lightweight substrates together with the toxicity and long-term
stability are considerable concerns for their real applications. The transition to
multi-component perovskite compounds with multi-cation/multi-halide
composition has represented a breakthrough in device efficiency and
stability.2>-245 However, the replacement of lead by a non-toxic metal in
perovskite solar cells is still a big challenge. These drawbacks open a new
avenue for exploration of potentially low-toxic and long-term stable metal

halide perovskite solar cells.
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3.2. Improving light-harvesting efficiency in perovskite solar

cells by effect of the absorber thickness

3.2.1. Introduction

Most of the perovskite solar cells that were reported in the first years
after their emerging on the scene were using a mesoscopic metal-oxide
electron-transport scaffold. These layers require a high-temperature processing
and are therefore incompatible with plastic substrates.8 246249 Solar cells using
a p-i-n (inverted) structure, where the perovskite was sandwiched between
organic materials, avoiding the use of high temperature during device
fabrication, are an alternative as reported by Bolink et al.'>? In these devices, a
MAPDI; film was vacuum-deposited between thin layers of charge selective
materials,  poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic  acid)
(PEDOT:PSS) and poly(N,N’-bis(4-butylphenyl)-N,N’bis(phenyl)benzidine
(polyTPD) as hole transport materials and (6,6)-phenyl Cei1-butyric acid methyl
ester (PCBM) as the electron transport material. PolyTPD and PCBM were
selected due to their ability to block electrons and holes, respectively, and the
well aligned HOMO and LUMO energies with the VB and CB of the
perovskite, respectively. The device exhibited an efficiency exceeding 12%,
and showed hysteresis-free J-V characteristics with a Jsc of 16.12 mA ¢cm2, a
Voc 0f 1.05 V and a FF of 67%, with a rather thin (285 nm) perovskite absorber.
In view of the good photovoltaic performance, an in-depth study of the
photovoltaic efficiency by modifying the perovskite thickness was performed.
This should lead to an increase in the photocurrent obtained if the charge carrier
diffusion length is sufficiently long. If the diffusion length of one of the charge
carriers is below the absorber layer thickness, charge recombination will occur

limiting the achievable photocurrent and reducing the open circuit voltage.

Depending on the type of perovskite and preparation method, very
different charge diffusion lengths have been reported for MAPbIs, from 100 to

1000 nm,139-140. 250 Assuming that the upper limit of 1 micrometer is valid,
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thicknesses of the absorber layer reaching these values should be possible. Only
a few studies on perovskite thickness dependence have been performed to
determine the optimal thickness. These studies did not use perovskite films with
thickness above 600 nm due to limitations in the perovskite fabrication via
solution process®! or Pbl, vacuum-deposited and perovskite conversion after
dipping in a CH3NH;l (MAI) solution.?%? These studies reported optimum Jsc
at a perovskite layer thickness of ranging from 330 to 450 nm. One of the
advantages of perovskite deposition by vacuum-deposition is the control over
the layer thickness. Therefore, to extend the available layer thicknesses vacuum
deposition was used to prepare perovskite layers with thicknesses ranging from
160 to 900 nm. These layers were implemented into p-i-n solar cells and the
photovoltaic response was evaluated. It was demonstrated that the Jsc of the
solar cells increases with increasing perovskite thickness up to 300 nm and
more slowly for devices with 300 to 900 nm thick perovskite films. Due to the
decrease of the FF for devices with perovskite layers exceeding 300 nm, the
PCE is reduced for thicker devices. However, the partially oxidation of the
polyTPD increasing its conductivity in cells with 900 nm perovskite thick film
leads to the recovery of the FF and efficiency. Hence, similar efficiencies are
reached with 300 nm than with 900 nm perovskite thin films. The maintenance
of the efficiency demonstrates that with non-limiting organic layers, the solar
cell performance is rather independent on perovskite layer thickness

demonstrating that the charge carrier diffusion length is not limiting.
3.2.2. Experimental and methodology

Materials

All the chemicals and solvents were used as received. Poly(3,4-
ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS Clevios P VP Al
4083, aqueous dispersion, 1.3-1.7% solid content) was purchased from
Heraeus. Poly[N,N’-bis(4-butylphenyl)-N,N’-bis(phenyl)benzidine (polyTPD)
and [6,6]-phenyl Ce:-butyric acid methyl ester (PCBM) were purchased from
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American Dye Source and Solenne B. V., respectively. Pbl,, AgSbFs and
chlorobenzene were purchased from Sigma Aldrich. CHsNHasl was synthesized
before each set of experiments following the procedure previously reported.??
In brief, CH3NHal was synthesized by reacting 26 mL of methylamine (40 wt.%
in water, Sigma Aldrich) and 10 mL of hydroiodic acid (57 wt.% in water,
Sigma Aldrich) in a 250 mL round-bottomed flask at 0 °C for 2 h under
magnetic stirring. The white precipitate was recovered by evaporation at 50 °C
for 1 h. The product was dissolved in ethanol (Sigma Aldrich), filtered and
recrystallized from diethyl ether (Sigma Aldrich) and dried at 70°C in an oven
for 24 h. The photolithography-patterned indium tin oxide (ITO) (15 Q o?)
glass  substrates  were  purchased from  Naranjo  Substrates

(www.naranjosubstrates.com).

Perovskite deposition

The perovskite precursors (Pbl, and CH3NH;l) were contained in
ceramic crucibles placed in CreaPhys evaporation sources and were heated to
their corresponding sublimation temperature at a base pressure of 1 x 10° mbar.
The substrates were placed at 20 cm from the top of the ceramic crucibles
(Figure 15). A shutter was present below the substrate holder, which was kept
closed until the adequate Pbl,:CH3sNH;sl ratio was achieved. The calibration of
the evaporation rate for the CHsNHsl was found to be difficult due to non-
uniform layers and the soft nature of the material, which impeded accurate
thickness measurements. Hence, the source temperature of the CH3NH3l was
kept constant at 70 °C and once the sensor reading was stable, Pbl, was heated.
The Pbl,:CHsNHsl ratio was controlled off line using grazing incident X-ray
diffraction by adjusting the Pbl, deposition temperature. The optimum
deposition temperatures were found to be 250 °C for Pbl, and 70 °C for
CHsNHsl. The process was followed by three QCM sensors placed in the
chamber, two for monitoring the thickness/evaporation rate of the perovskite

precursors and one for monitoring the thickness/evaporation rate of the
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perovskite deposition. Up to 5 substrates can be coated with the perovskite in

one single co-evaporation step.

Fabrication of perovskite solar cells

In this work, vacuum-deposited MAPDI; thin films were implemented
into p-i-n solar cells with the following layout:
ITO/PEDOT:PSS/polyTPD/MAPDI;/PCBM/Au (Figure 21a) and
ITO/PEDOT:PSS/doped-polyTPD/MAPbIs/PCBM/Au (Figure 21b).

a) Au b) Au
PCBM

PCBM

MAPbI, MAPbI,

polyTPD doped-polyTPD
PEDOT:PSS PEDOT:PSS
ITO ITO
GLASS GLASS

Figure 21. Scheme of the device layouts studied in this thesis a)
ITO/PEDOT:PSS/polyTPD/MAPbI3/PCBM/Au and b) ITO/PEDOT:PSS/doped-
polyTPD/MAPbI3/PCBM/Au.

The solar cells were prepared as follows: the pre-patterned ITO
substrates were subsequently cleaned by 5-minute sonication steps in water-
soap, water and 2-propanol baths, in that order. After drying, the substrates
were placed in a UV-ozone cleaner (Jelight 42-220) for 20 minutes. A 80 nm
thick film of PEDOT:PSS was spin-coated at 1200 rpm for 30 s onto the clean
ITO substrates and thermally annealed at 150 °C during 15 min. The
PEDOT:PSS was added from a syringe and filtered with a polypropylene (PP)
filter with a 0.45 pm pore size. This layer smoothens the ITO, increases the
device yield and acts as hole transport layer. Then, a 20 nm thick film of
polyTPD or doped-polyTPD was deposited from a chlorobenzene solution (7
mg mL™) incorporating 0.05 molar % in AgSbFs in the case of doped-polyTPD
solution. Both of them were deposited from a syringe and filtered with a

polytetrafluoroethylene (PTFE) 0.22 um pore size filter and spin-coated at 3000
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rpm for 30 s. Then, the devices were transferred inside a vacuum chamber
(MBRAUN) integrated into the inert atmosphere glovebox (<0.01 ppm O and
<0.1 ppm H:0). Perovskite layers were vacuum-deposited with different
thicknesses ranging from 210 to 900 nm. (See section of perovskite deposition
for a more detailed procedure). After perovskite deposition, the samples were
finished with 20 nm thick film of PCBM deposited using a meniscus coater and
a coating speed of 2.5 mm s*. Finally, a film of 60 nm of gold was thermally
evaporated as a top electrode using a shadow mask under vacuum (< 1 x 107
mbar) with an Edwards Auto500 evaporator integrated into the glovebox. The
active area of the cells were 0.06 cm? and typically 4 cells are present on each
substrate. The devices were not encapsulated and were characterized inside the

glovebox at room temperature.

Characterization of perovskite solar cells

Absorption measurements were done using a fibre optics based
Avantes Avaspec 2048 spectrometer. All layer thickness was measured with a
mechanical profilometer (Ambios XP1). The perovskite films were
characterized by using grazing incidence X-ray diffraction (GIXRD) after its
evaporation. The measurements were done at room temperature in the 20 range
5°-50° on an Empyrean PAN analytical powder diffractometer, using Cu Kal
radiation. Typically, four repeated measurements were collected and merged

into a single diffractogram.

Current density — voltage (J—V) curves and the EQEpv were recorded
in a MiniSun simulator by ECN the Netherlands. The EQEpv was estimated
using the cell response at different wavelength (measured with a white-light
halogen lamp in combination with band-pass filters). During J-V
measurements, the devices were illuminated by a white-light halogen lamp and
using a mask overlaying the sample which only illuminated the active area of
the cells. Before each measurement, the exact light intensity was determined

using a calibrated Si reference diode equipped with an infrared cut-off filter
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(KG-3, Schott). An estimation of the Jsc under standard test conditions was
calculated by convoluting the EQEpy spectrum with the AM1.5G reference
spectrum, using the premise of a linear dependence of Jsc on light intensity.
The J-V curves were measured using a Keithley 2400 source measure unit. The
scan was performed with steps of 0.01 V starting from —0.2 to 1.1 V with a time
delay between each point set of 0.01 s. Light intensity dependence
measurements were done by placing 0.1, 1, 10, 20, 50% neutral density filters
(LOT-QuantumDesign GmbH) between the light source and the device. All the
characterizations, except the UV-Vis absorption spectra, X-ray diffraction and
profilometer measurements, were performed in a nitrogen-filled glovebox

(<0.01 ppm O3 and <0.1 ppm H,0) without exposure to ambient.

3.2.3. Results and discussion

The optical properties and crystallinity of the vacuum-deposited
MAPDI; films with different thicknesses were characterized to evaluate their
suitability as light absorbers prior to their implementation into solar cells. The
percent absorption of the perovskite films with different thicknesses deposited

on glass are depicted in Figure 22.
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Figure 22. Percent absorption spectra of vacuum-deposited MAPbIs films with thicknesses
ranging from 160 to 900 nm.
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All films showed an absorption onset at 790 nm, in good agreement
with the band gap value of ~1.5 eV reported for MAPbI3.17% 254255 The
absorption in percentage increases almost linearly with the perovskite film
thickness. Notably, a single pass of the light (at 760 nm) through the thinner
film of the series (210 nm) leads to more than 30% absorption whereas the
thicker film (900 nm) absorbs almost 90%.

210 nm
——285nm

430nm
—900nm
Simulated

2 theta (degree)

Figure 23. X-ray diffraction patterns of perovskite layers with different layer thicknesses.

The X-ray diffraction patterns of perovskite layers from 210 to 900 nm
are depicted in Figure 23. The typical peaks corresponding to the MAPbDI;
perovskite tetragonal structure appears at 26 values of 14.1, 28.4, 31.9, 40.6 and
43.2° assigned to the (110), (220), (310), (224) and (330) planes, respectively.
Minor peaks also appear at 20 values of 19.9, 23.5, 24.5 and 34.9° related to the
(200), (211), (202) and (312) planes. However, slight variation in the diffraction
patterns between different perovskite films are observed. Nowadays, it is
known that the perovskite is tolerant to slight compositional variations.?6-257
Therefore, given the good properties of the vacuum-deposited perovskite thin

films, they were implemented into p-i-n solar cells.
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A set of p-i-n solar cells with the layout
ITO/PEDOT:PSS/polyTPD/MAPDI/PCBM/Au were fabricated (see Figure
21a). In brief, 80 nm thick film of PEDOT:PSS and 20 nm thick film of
polyTPD were spin-coated on top of a pre-patterned ITO contact. In the
following, the MAPDI; perovskite layer was vacuum-deposited with
thicknesses ranging from 210 to 900 nm. On top of the perovskite layers, a layer
of 20 nm of PCBM was deposited and the devices were finished by thermally
evaporating 60 nm of Au. The energy-level diagram of the device and a cross-
section SEM image of a device with 900 nm perovskite thick film are shown in
Figure 24. In Figure 24a, a mismatch in the energy levels of the PCBM layer
and the metal contact (Au) can be observed in the energy level diagram, but the
formation of a strong interface dipole layer between PCBM and Au reduce the
extraction barrier.”®® The cross-section SEM image was obtained by
collaboration with Dr. Eran Edri from Weizmann Institute of Science, Israel.
The cross-section SEM image (Figure 24b) shows the growth of the perovskite
layer, as a planar, pin-hole free and compact film. All the layers, except the thin
blocking layers are visible. In this p-i-n structure, the ITO acts as anode and
hole-collecting contact, whereas the Au is the cathode and top electron-
collecting electron. Au was selected as its superior performing and more stable

devices compared to other devices employing other top contact electrodes.
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Figure 24. a) Flat band energy level diagram. b) Cross-section SEM of a device with 900 nm
perovskite thick film (in collaboration with Weizmann Institute of Science, Israel).
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The J-V curves for the perovskite solar cells with increasing perovskite
film thickness were measured under 1 sun illumination (100 mW cm2) and the
key parameters were extracted and summarizes graphically in Figure 25 and in
Table 3.
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Figure 25. Thickness dependence of the photovoltaic parameters (Jsc, Voc, FF and PCE)
extracted from their respective J-V curves.

In Figure 25 it can be observed that there is a significant gain in
photocurrent generation due to increased light absorption when going from 200
to 400 nm perovskite thickness and continues to increase slowly up to 900 nm
thick perovskite film. The increase in Jsc in devices from 400 to 900 nm is 5%,
whereas 25% more light is absorbed in the perovskite layer (see Figure 22). It
seems that the absorption efficiency is enhanced in thicker devices whereas the
collection efficiency is reduced. The Voc remains constant for devices with
perovskite thickness from 200 to 400 nm and decreases by nearly 10% for
devices with thicker perovskite layer. The FF is the main parameter that is
negatively affected by the increase of the perovskite thickness. The FF drops

strongly for devices with a perovskite layer thickness exceeding 300 nm. As a
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result of this strong decrease in the FF, the PCE is also negatively affected

decreasing with perovskite layer thicknesses.

Table 3. Key parameters extracted from J-V curves of p-i-n devices with perovskite thickness
from 210 to 900 nm.

CHsNHsPbls Jsc Voc FF PCE
[nm] [mA cm?] [V] [%] [%]
210 14.7 1.04 56 8.6
250 16.7 1.04 61 10.6
285 18.8 1.07 63 12.7
370 18.5 0.97 52 9.3
390 18.2 1.03 46 8.6
680 19.5 0.94 44 8.1
900 19.8 0.92 40 7.2
900* 19.5 0.94 65 12.0

*Doped-polyTPD.

When the incident light is reduced in a device with a thick perovskite
layer (400 nm) (see Table 4), the FF improves from 49% (1 sun illumination)
to 61% (0.01 sun illumination) reaching similar values to the best (thin
perovskite layer) devices (FF = 63% for device with 285 nm perovskite thick
film). Therefore, at lower illumination intensity, lower charge carrier densities
are photogenerated and the FF increases. This highlights the high quality of the
perovskite layer indicating that the level of traps is low, yet the limiting factor
is the efficiency of charge extraction. This is likely due to the difference in the
hole mobility in the polyTPD layer compared to that in the perovskite layer.
Typically, organic  semiconductors, such as  spiro-OMeTAD,
polyhexylthiophene (P3HT) or other polymer derivatives exhibit much lower
hole mobility (in the range of 107 to 1 cm? V! s7) than MAPbI3.2%°
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Table 4. FF values of a device with 400 nm perovskite thick film at different % of light intensity
illumination.

1 Sun intensity illumination [%0] FF [%]
100 48.7
50 52.6
20 55.9
10 58.6
1 63.4

From previous experience in organic light-emitting diodes (OLEDS), it
is known that the conductivity of the polyTPD layer increases superlinearly
when it is partially oxidized (doped-polyTPD).?° However, high doping levels
may hamper the layer’s ability to block electrons. In this study, in order to
enhance the charge extraction, we replaced the pristine polyTPD with a slightly
oxidized polyTPD (0.05 % oxidized with AgSbFs). A p-i-n solar cell with a 900
nm thick perovskite film was fabricated with the layout:
ITO/PEDOT:PSS/doped-polyTPD/MAPDIs/PCBM/Au (Figure 21b).
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Figure 26. a) IPCE and b) J-V-curves of ITO/PEDOT:PSS/polyTPD/MAPbIs/PCBM/Au devices
with 285 and 900 nm perovskite thickness and ITO/PEDOT:PSS/polyTPD/MAPbIs/PCBM/Au
with 900 nm perovskite thickness.

The EQE spectra and J-V curves of the devices with 285 and 900 nm
layer of perovskite are shown in Figure 26. An increased in the EQE spectra in
the region of 350 to 500 nm is observed by increasing in the device the
perovskite thickness from 285 nm to 900 nm (Figure 26a). At the same
perovskite film thickness of 900 nm, a device with partially oxidized polyTPD

showed an enhanced FF, similar Voc and Jsc compared with the device with the
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undoped polyTPD (Figure 26b). Due to the enhanced PV characteristics of the
device with 900 nm thick film of perovskite, it reaches similar efficiencies than
the most efficient device of the series, 12.7% for 285 nm thick film perovskite
and 12.0% for the 900 nm thick film perovskite with doped-polyTPD layer. The
effect of the doped polyTPD layer on cells employing a thinner perovskite layer
was also studied but the effect was negligible. This is an example of the high
electronic quality of organic-inorganic lead halide perovskite materials. As
explained in the introduction of this chapter, long diffusion lengths have been
reported for solution-processed MAPDI; perovskites. As these values depend
on the preparation method, this study is a demonstration of long diffusion
lengths in vacuum-processed MAPbI; perovskites reaching high efficiency
with 900 nm absorber thick film.

3.2.4. Conclusions

To optimize the absorber (MAPDI; perovskite) thickness, in this work
a series of methylammonium lead iodide perovskite solar cells with a p-i-n
structure have been prepared with a wide range of active layer thicknesses. The
device layout was ITO/PEDOT:PSS/(doped-)polyTPD/MAPDLIs/PCBM/Au.
With undoped hole transport layers, the best performance was obtained for solar
cells with 300 nm perovskite thick film, reaching a PCE of 12.7%. The
efficiency was negatively affected for devices with thicker perovskite thin films
of 900 nm with a PCE of 7.2%. However, if the hole transport material
(polyTPD) was slightly doped, the device with a perovskite layer thickness of
900 nm reached a PCE of 12%, only slightly below that of the best device of
the series with a perovskite layer thickness of 300 nm.

These results demonstrate that the photogenerated charges in
perovskite do not suffer from significant recombination losses even in such
very thick layers, corroborating long carrier diffusion lengths. Therefore, in this
study we demonstrate that the solar cell performance is almost independent on

perovskite layer thickness in the range of 300 to 900 nm.
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Article. Momblona, C.; Malinkiewicz, O.; Roldan-Carmona, C.; Soriano, A.;
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methylammonium lead iodide perovskite solar cells with active layers from 300
to 900 nm. APL Materials 2014, 2 (8), 081504. (IF: 4.335, Q1).

IF = Impact factor (Science Citation Reports, Web of Science), Q = Quartile.
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3.3. Highly efficient and fully vacuum-deposited p-i-n and n-

I-p perovskite solar cells

3.3.1. Introduction

Perovskite thin films are typically sandwiched between thin layers of
charge transport materials, which ideally only allow one type of carrier to pass.
Understanding the properties and limitations of these selective layers is of great
importance for the development of highly efficient solar cells. The charge
transport layers should have the following characteristics:?° a) suitable band
alignment with the perovskite allowing the transport of one carrier while
blocking the other, 2) sufficient charge carrier mobilities, 3) homogeneous film
formation generating full and intimate contact with the perovskite , 4) sufficient
thermal, photo, and chemical stability (also against reactions with the
perovskite) and 5) optical transparency to prevent parasitic absorption of
sunlight . It was reported that the charge extraction layers are the major limiting
factors of perovskite solar cells.?! In order to enhance the charge extraction,
several approaches have been reported, such as the use of thinner extraction
layers or enhancing the conductivity of the charge transport layers through
partial oxidation or reduction (referred to as doping). Inorganic charge transport
layers, such as TiO, or ZnO, can be doped with lithium salts®’: 262 or other metall
ions?6327 |eading to an enhanced conductivity. An alternative strategy to
increase the conductivity of the charge extraction layers is the use of doped
organic semiconductors. The use of molecular dopants reduces the tendency to
diffuse in the organic semiconductor compared to halides and alkali metals. By
doping an evaporated organic layer with a molecular dopant, using co-
evaporation, the conductivity of the layer can be varied over several orders of
magnitude by varying the doping concentration. These dopants typically
evaporate at a suitable temperature range between 100 and 400 °C in vacuum

and enable more stable doping. These molecular dopants have been widely
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studied for organic light-emitting diodes (OLEDs) and organic solar cells
(OPVs).

In this work, we have selected 2,2'-(perfluoronaphthalene-2,6-
diylidene) dimalononitrile (Fe-TCNNQ) as the molecular dopant (p-dopant) for
the hole transport material N4,N4,N4” N4’-tetra([1,1’-biphenyl]-4-yl)-
[1,17:4°,1”-terphenyl]-4,4”-diamine (TaTm) and N1,N4-bis(tri-p-
tolylphosphoranylidene) benzene-1,4-diamine (Phlm) as the dopant (n-dopant)
for the electron transport material (Ceo) because of their possibility to be
sublimated.

Most of the solar cells using a vacuum-deposited perovskite layer
employ charge transport layers processed from solution,152 208, 268-269 pglander
et al. demonstrated a fully vacuum-deposited cell, for which high open-circuit
voltages Voc of 1.1 V were obtained, using a doped HTM and undoped ETL in
the device layout.?’® The most efficient fully vacuum-deposited perovskite solar
cell until the publication of the results of the work developed in this thesis was
15.4% exhibiting high hysteresis between the forward and reverse scan of the
J=V curves. In that report the perovskite layer was sandwiched between two

undoped organic molecules functioning as charge extraction layers.?’1-272

In this part of the thesis, fully vacuum-deposited planar perovskite solar
cells, with a similar structure to that reported by our team mentioned above,
that is, the MAPDI; perovskite layer is deposited between two charge extraction
layers, is presented. Each charge extraction layer is composed by a thin layer
of a pristine organic semiconductor acting as charge transport layer and a
thicker layer consisting of the same semiconductor material that are partially
oxidized (in the case of the hole transporter) or reduced (in the case of the
electron transport layers) by its respective p- and n-dopant. This multilayer
stack has been prepared in planar-type solar cells both with the p-i-n and n-i-p
architectures allowing for the first time a direct comparison between these two
device types. In the following part of the thesis, the role and effect of the

undoped and doped layers on the device performance is described. This study
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highlights the unprecedented high power conversion efficiencies exceeding
16.5% and 20% obtained for vacuum-deposited MAPbIs-based p-i-n and n-i-p
solar cells, respectively, which is among the highest efficiencies reported for
MAPbIs-based solar cells.?" 273275

3.3.2. Experimental and methodology

Materials

All the chemicals and solvents were used as received. 2,2’-
(perfluoronaphthalene-2,6-diylidene) dimalononitrile (Fe-TCNNQ),
N4,N4,N4” N4”-tetra([1,1°-biphenyl]-4-yl)-[1,1°:4°,1”-terphenyl]-4,4”-
diamine (TaTm) and N1,N4-bis(tri-p-tolylphosphoranylidene)benzene-1,4-
diamine (Phim) were obtained from Novaled GmbH. Fullerene (Ceo) was
purchased from Sigma Aldrich. Pbl, was purchased from Tokyo Chemical
Industry CO (TCI), and CH3NHsl (MALI) from Lumtec. The photolithography-
patterned indium tin oxide (ITO) (15 Q o?) glass substrates were purchased

from Naranjo Substrates.

Fabrication of perovskite solar cells.

Two different planar-type p-i-n and n-i-p solar cells were fabricated
with the structures: ITO/TaTm:Fs-TCNNQ/TaTm/MAPbI3/Ceo/Ceo:PhIm/Ag
(Figure 27a) and 1TO/Ceo:PhIm/Ceo/ MAPDIs/TaTm/TaTm:Fs-TCNNQ/Au
(Figure 27b). For clarity, the TaTm:Fs-TCNNQ layer will be referred in the text
as p-HTL and the Cgo:PhIm layer will be referred as n-ETL.
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Figure 27. Scheme of the a) p-i-n and b) n-i-p devices studied in this work.

The devices were prepared as follows. 1TO-coated glass substrates
were subsequently cleaned with soap, water and isopropanol in an ultrasonic
bath, 5 minutes each, followed by 20 minutes of UV-ozone treatment. Then,
the substrates were transferred to a vacuum chamber integrated into a nitrogen-
filled glovebox (MBRAUN, H>0 and O, < 0.1 ppm) and evacuated to a pressure
of 1 x 10° mbar. The vacuum chamber is equipped with six temperature
controlled evaporation sources (Creaphys) fitted with ceramic crucibles. The
sources were directed upwards with an angle of approximately 90° with respect
to the bottom of the evaporator. The substrate holder to evaporation sources
distance is approximately 20 cm. Three QCM sensors are used, two monitoring
the deposition rate of each evaporation source and a third one close to the
substrate holder monitoring the total deposition rate. Prior to do co-deposition,
for thickness calibration, we first individually sublimed the charge transport
materials and their dopants (TaTm and Fe-TCNNQ, Ce and Phim). A
calibration factor (tooling factor) was obtained by comparing the thickness
inferred from the QCM sensors with that measured with a mechanical
profilometer (Ambios XP1). Once the tooling factor was determined, these
materials were co-sublimed at temperatures ranging from 135-160 °C for the
dopants to 250 °C for the pure charge transport molecules, and the evaporation
rate was controlled by separate QCM sensors and adjusted to obtain the desired
doping concentration. For doping concentration optimization, the deposition

rate for TaTm and Ceo was kept constant at 0.8 A s while varying the
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deposition rate of the dopants during co-deposition. This method allows for a
precise control of the ratios of each molecule in the sublimed film by carefully
monitoring the evaporation rate using QCM sensors during the evaporation
process. Pure TaTm and Ceo layers were deposited at a rate of 0.5 A s 2.

For the p-i-n configuration (Figure 27a), 40 nm of the p-HTL
(TaTm:Fs-TCNNQ) capped with 10 nm of the pure TaTm were deposited. On
the other hand, for the n-i-p configuration (Figure 27b), 40 nm of the n-ETL
(Ceo:PhIm) capped with 10 nm of the pure Cgo Were deposited.

Once completed the deposition of the respective charge selective
contacts, the chamber was vented with dry N to replace the p-HTL or n-ETL
crucibles, respectively, with those containing the starting materials for the
perovskite deposition, Pbl, and CH3NHsl. The vacuum chamber was evacuated
again to a pressure of 1 x 10° mbar, and the perovskite films were deposited
by co-deposition of the two precursors (Figure 27). The calibration of the
deposition rate for the CH3NHjsl was found to be difficult due to non-uniform
layers and the soft nature of the material, which impeded accurate thickness
measurements. Hence, the source temperature of the CH3;NHsl was kept
constant at 70 °C and the CH3NH;l:Pbl, ratio was controlled off line using
grazing incident x-ray diffraction by adjusting the Pbl, deposition temperature.
The optimum deposition temperatures were found to be 250 °C for Pbl;and 70
°C for CHsNHal. After deposition of a 500 nm thick perovskite film, the
chamber was vented and the crucibles replaced with those containing Ceo and
Phim, or TaTm and Fe-TCNNQ and evacuated again to a pressure of 1 x 10
mbar. The devices were completed by depositing a 10 nm thick film of pure Ceo
and a 40 nm thick film of the n-ETL (Ceo:Phlm) (p-i-n, Figure 27a) or 10 nm
thick film of pure TaTm and a 40 nm thick film of p-HTL (TaTm:Fs-TCNNQ)
(n-i-p, Figure 27b). This process of exchanging crucibles was done to evaluate
the effect of changes in the type of charge selective contact for an identical
perovskite layer. In one evaporation run, we can prepare 5 substrates (3 by 3

cm?) each containing 4 cells. Generally, one substrate was reserved for a
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reference configuration allowing to evaluate 4 variations in the transport layers
per perovskite evaporation. It is also possible to prepare the complete stack
without breaking vacuum as we have 6 sources available. Finally, the substrates
were transferred to a second vacuum chamber where the metal top contact (100
nm thick) was deposited, Ag for the p-i-n (Figure 27a) and Au for the n-i-p
devices (Figure 27b).

Characterization of perovskite solar cells.

The perovskite thin films were characterized as follows. Grazing
incident X-ray diffraction (GIXRD) patterns were collected in air at room
temperature on an Empyrean PANanalytical powder diffractometer using the
Cu Kal radiation. Typically, three consecutive measurements were collected
and averaged into a single spectra. Cross-section Scanning Electron
Microscopy (SEM) images were performed on a Hitachi S-4800 microscope
operating at an accelerating voltage of 2 kV over Platinum-metallized samples.
Absorption spectra were collected in air using a fiber optics based Avantes

Avaspec2048 Spectrometer.

The characterization of the solar cells was performed as follows. The
EQEpy was estimated using the cell response at different wavelengths
(measured with a white-light halogen lamp in combination with band-pass
filters), where the solar spectrum mismatch is corrected using a calibrated
Silicon reference cell (MiniSun simulator by ECN, the Netherlands). The J-V
characteristics were obtained using a Keithley 2400 source measure unit and
under white light illumination, and the Jsc was corrected taking into account
the device EQEpy. The electrical characterization was validated using a solar
simulator by Abet Technologies (model 10500 with an AM1.5G xenon lamp as
the light source). Before each measurement, the exact light intensity was
determined using a calibrated Si reference diode equipped with an infrared cut-
off filter (KG-3, Schott). Importantly, no difference in the J-V characteristics

was observed as a function of evaluation method. The J-V curves were
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recorded between —0.2 and 1.2 V with 0.01 V steps, integrating the signal for
20 ms after a 10 ms delay. This corresponds to a speed of about 0.3 VV s™X. The
devices layout has four equal areas (0.0653 cm?, defined as the overlap between
the ITO and the top metal contact) and measured through a shadow masks with
0.01 cm? aperture. For hysteresis study, different scan rates (0.1, 0.5and 1V s~
1) were used, biasing the device from —0.2 to 1.2 V with 0.01 V steps and vice
versa. Light intensity dependence measurements were done by placing 0.1, 1,
10, 20 and 50% neutral density filters (LOT-QuantumDesign GmbH) between
the light source and the device.

3.3.3. Results and discussion

A single layer of 500 nm of MAPbI; was deposited in vacuum on top
of glass and the crystallinity, morphology and optical properties were
characterized (Figure 28). The XRD pattern (Figure 28a) shows the typical
peaks of the tetragonal phase of MAPDI3 with the main peaks at 26 values of
14.1 and 28.4° attributed to the (110) and (220) planes. The top-view SEM
image (Figure 28b) shows a pinhole-free and compact film with crystal grains
with grain size around 100 nm. The UV-Vis absorption spectrum (Figure 28¢c)
exhibits an absorption onset around 790 nm corresponding to the reported band
gap of 1.55 gV 170 254-255
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Figure 28. a) XRD diffraction pattern, b) top-view SEM image and c) UV-Vis spectrum of 500
nm thick film of MAPbI3 deposited on top of glass.
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The vacuum-deposited MAPbI; was implemented into p-i-n solar cells,
employing the simplest structure of the perovskite layer sandwiched between
single thin films (10 nm) of hole and electron extraction molecules (without
any molecular dopant): ITO/TaTm/MAPbI3/Ce/Ag. The photovoltaic response
under 1 sun illumination is rather poor (Figure 29), showing a pronounced s-
shape in the J-V curve, leading to poor FF and hence low PCE values. This
indicates that the charge carrier extraction is severely hindered, either due to
the high resistance of the organic charge transport layers or to the presence of

an extraction barrier at the electrode interfaces.
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Figure 29. J-V curve of the p-i-n device with the layout ITO/TaTm/MAPbIs/Ceso/Ag illuminated
under 1 sun illumination (100 mW cm™2).

Optimization of dopant concentration in p-i-n devices

To reduce the series resistance in the device and to ensure an ohmic
contact between them and the electrodes, a partially oxidized HTL (p-HTL) and
reduced ETL (n-ETL) was implemented in the previous layout by co-
evaporation of the charge transport molecule with a dopant between the pure
HTL or ETL and the electrode. Figure 30 shows the p-i-n device structure and

the energy-level diagram of the stack.
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Figure 30. p-i-n solar cell: a) cross-section SEM (scale bar 200 nm) and scheme of the device
layout, b) flat-band energy level diagram (EA electron affinity, IP ionization potential of the
dopants) and c¢) chemical structures of the organic molecules and molecular dopants used to
prepare the charge transport layers.

As can be observed in Figure 30, an undoped HTL and ETL was placed
between the perovskite and the doped charge transport layers to prevent any
negative interaction (chemical reaction) between the radical cations and anions
presented in the doped charge transport layers and the photogenerated charge
carriers in the perovskite.

First, the conductivity and absorption of p-HTL and n-ETL were
characterized at different doping concentration. The conductivity of the layers
was measured with interdigitated electrodes and the absorption spectra were
collected from the layer deposited on top of glass. The corresponding

absorption spectra and conductivity data are presented in Figure 31.
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Figure 31. a) Absorption spectra of different p-HTLs as a function of Fe-TCNNQ dopant
concentration, b) absorption spectra of different n-ETLs as a function of Phim dopant
concentration, c) conductivity of the p-HTLs as a function of Fe-TCNNQ dopant concentration
and d) conductivity of the n-ETLs as a function of PhIm dopant concentration.

The conductivity of the layers increases at increasing dopant
concentration (Figure 31c for p-HTL and Figure 31d for n-ETL). In terms of
absorption of the films, they show an opposite trend. Whereas the p-HTL
absorbs more at higher dopant concentrations (Figure 31a), the n-ETL absorbs
more at lower dopant concentrations (Figure 31b). It is important to mention
that the p-HTL conductivity is two orders of magnitude lower compared to the

n-ETL, for the different dopant concentrations evaluated.

In p-i-n devices, to optimize the dopant concentration in the p-HTL
(front contact), the dopant of the p-HTL was modified whereas the dopant
concentration in the n-ETL was kept constant at 30 wt.%. The J-V curves, the
EQEpv and the evolution of the key parameters extracted from the respective
J-V curves with the F&-TCNNQ dopant concentration are depicted in Figure

32. In the p-HTL, the main effect of increasing the dopant concentration of Fe-
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TCNNQ is the increase in the FF from 55% for a dopant concentration of 3
wt.% to a maximum of 74% at a dopant concentration of 11 wt.% (Figure 32a
and 32c). The charges are more efficiently extracted as the p-HTL conductivity
increases for increasing doping levels. The Voc increases with increasing
dopant concentration going from 1053 to 1082 mV (Figure 32a and 32c). This
effect is likely to be a consequence of a reduction in the charge recombination
due to the more efficient charge extraction from the perovskite to the external
contacts. However, the Jsc decreases slightly when the dopant concentration is
increased. This effect is due to the higher absorption of the p-HTL at higher
dopant concentration, diminishing the light intensity reaching the perovskite
absorber and hence decreasing the EQEpy (Figure 32b). Due to this reduction
in Jsc the optimum Fe-TCNNQ dopant concentration of 11 wt.% was found
with an average PCE of 15.9%.
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Figure 32. p-i-n solar cells operated under 1 sun illumination (100 mW c¢m2) as a function of Fe-
TCNNQ dopant concentration. a) J-V curves, b) external quantum efficiency (EQEpv), C)
evolution of the key parameters deduced from the J-V curves (Voc, Jsc, FF and PCE) with Fe-
TCNNQ dopant concentration.
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Once optimized the Fe-TCNNQ dopant concentration in the p-HTL
(front contact) at 11 wt.%, this dopant concentration was maintained constant
and the dopant concentration in the n-ETL (Phlm) (rear contact) was varied. In
contrast to the strong effect of the dopant concentration in the p-HTL, the effect
of the dopant concentration in the n-ETL at the rear part of the device was not
very pronounced. The PV performances were similar and this indicate that in
the dopant range studied, the conductivity of the n-ETL is high enough to
ensure an efficient electron extraction to the electrode (Ag). Indeed, the
conductivity in the n-ETL dopant range studied is higher than in p-HTL. Due
to the similar performance, the graphs are not shown in this chapter.

Optimization of dopant concentration in n-i-p devices

As mentioned above, n-i-p devices were fabricated using the same
materials than in p-i-n devices but inverting the order of the deposition of the
layers. In this configuration, Au was chosen as top contact electrode due to its
higher work function compared to Ag, metal used as top contact electrode in p-

i-n devices.

To optimize the dopant concentration in the n-ETL (front contact), the
dopant concentration in the p-HTL was kept constant at 11 wt.%. The J-V
curves as a function of n-ETL dopant concentration is shown in Figure 33. The
Jsc increases slightly with increasing Phim dopant concentration and reaches
20.28 mA c¢cm for the highest n-dopant concentration. This increase is also
observed in EQEpy with increasing Phlm content (Figure 33a). This is a
consequence of the reduced Cgo content in the film and subsequent higher
transmittance in n-ETL (Figure 31b). The Vocand FF do not change in the range
of dopant concentration evaluated, maintaining values as high as 1.1 V and
80%, respectively. These high values lead to average PCEs of 18% and
exceeding 20% for the record n-i-p cells obtained with a n-ETL dopant
concentration of 60 wt.% (Figure 33d). This high efficiency is the record not

only for vacuum-deposited perovskite cells, but also the highest observed for
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devices incorporating the MAPbI; absorber. Such high efficiency is somehow
contradicting to the commonly accepted belief on the need of large crystals so
as to have long charge diffusion lengths and efficient charge collection in

perovskite solar cells.?
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Figure 33. n-i-p devices: a) external quantum efficiency (EQEpv) and b) J-V curves obtained
under 1 sun illumination (100 mW c¢cm2) as a function of Phim dopant concentration. ¢) Cross-
section SEM image of a representative n-i-p solar cell. d) J-V curve of the champion n-i-p solar
cell.

p-i-n vs n-i-p: the importance of the front contact

The results show a strongly enhancement of the performance in n-i-p
solar cells compared to that of the devices in the p-i-n configuration (Figure
34). This enhancement is due to the increased FF value, which is above 80% in
the n-i-p, compared to the FF around 70% registered in the p-i-n configuration.
A possible reason for the enhanced FF, when going from the p-i-n to the n-i-p
configuration, is likely related to the difference in conductivity of the doped
charge transport layers at the front contact. As mentioned above, the
conductivity of the n-ETL is two orders of magnitude higher than the

conductivity of the p-HTL, for the different dopant concentrations evaluated.
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Figure 34. J-V curves obtained under 1 sun illumination (100 mW cm™2) of the champion p-i-n
and n-i-p solar cells obtained in this work.

To shed light on the difference of the PV performance between p-i-n
and n-i-p devices, the light intensity dependence on the FF is evaluated in both
configurations (Figure 35a and 35b). The light intensity-FF dependence shows
two different regimes for both devices, one from 1 to 0.1 sun illumination and
the other from 0.1 to 0.001 sun illumination. The FF of p-i-n cells increases at
lower light intensities in the first regime, whereas decreases in the second one,
even for cells using the optimum 11 wt.% dopant concentration in the p-HTL
(Figure 35a). However, in n-i-p devices, the FF is virtually independent on light
intensity (it is not affected) in the first regime and decreases in the second one
(Figure 35b). This trend therefore, confirms that in the p-i-n configuration a

barrier for hole extraction exists.

The external quantum efficiency of electroluminescence for p-i-n and
n-i-p devices was measured (Figure 35¢ and 35d). In p-i-n devices (Figure 35c),
the radiant flux saturates at about 1.7 V and then decrease, whereas the n-i-p
devices (Figure 35d), show enhanced electroluminescence without saturation.
This difference confirms a more efficient and balance charge carrier injection
in n-i-p devices. The ability to efficiently inject holes when the p-HTL is placed
between the HTL and the top metal electrode (n-i-p devices) can be understood
considering that the metal electrode is thermally evaporated on top of the p-
HTL, which leads to an improved contact because the metal atoms slightly

penetrate the soft organic layer and hence increase its conductivity. The EQE
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for electroluminescence (EQEkeL) of the best performing n-i-p cell presented in
this work is EQEg. = 0.36%, being this value among the highest reported for
light-emitting diodes employing MAPbDI; as the emitting layer.?'"-278
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Figure 35. FF dependence on light intensity of a) p-i-n and b) n-i-p at different dopant
concentrations of Fe-TCNNQ and Phlm, respectively. J-V and radiant flux-voltage curves of c)

p-i-n and d) n-i-p champion solar cells.

The hysteresis of the devices was evaluated at different J-V scan

speeds (Figure 36). Very small hysteresis between forward and reverse J-V

scans is observed only for p-i-n devices (Figure 36a), where small fluctuations

in the Voc and FF are present due to possible extraction issues at the ITO/p-

HTL contact (the overall variation of the PCE was limited to 0.1%). On the

other hand, highly efficient n-i-p devices are essentially hysteresis-free,

independently on the scan speed used (Figure 36b).
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Figure 36. J-V curves obtained under 1 sun illumination (100 mW cm™2) at different scan speeds
for a) p-i-n and b) n-i-p solar cells.

Role of the intrinsic transport layers

Intrinsic (undoped) HTL and ETL were placed between the p-HTL and
n-ETL and the perovskite to the purpose of avoiding negative interactions.
However, it is not obvious whether such a negative interaction in fact occurs,
since in perovskites electrons and holes are spontaneously formed after photon
absorption without long-living intermediate excitonic states and, additionally,
the absorber layer is very thick compared with organic photovoltaic devices.
Therefore, a series of p-i-n and n-i-p devices with selective removal of one of
the two undoped charge transport layers (HTL or ETL) were fabricated,
evaluated and its performance (J—V characteristics) was compared with the
reference cell in which both undoped layers are present (green curve) (Figure
37). For comparison, the key parameters extracted from the J—-V curves for p-i-
n and n-i-p devices with one of the two or both undoped charge transport layers

are shown in Table 5.

94



QD
—
-
o

T T T T T 10 T T T T T
p-i-n b) n-i-p
5t p-i-n w/o TaTm (HTL) 4 S5t n-i-p w/o TaTm (HTL) q
p-i-nw/o C_ (ETL) n-i-pw/o C_ (ETL)
O 60 0 60

5t

J(mAcm?)
J(mAcm?)

-10 - -10 -

-15 + 4 -15+
-20 4 -20
L L L L L L L L L L
-02 00 02 04 06 08 10 12 -02 00 02 04 06 08 10 12
Voltage (V) Voltage (V)

Figure 37. a) J-V curves obtained under 1 sun illumination (100 mW cm™2) for p-i-n devices with
both undoped charge transport layers (green line) or without one of the undoped charge transport
layers (blue and red). b) J-V curves obtained under 1 sun illumination (100 mW cm™) for n-i-p
devices with both undoped charge transport layers (orange line) or without one of the undoped
charge transport layers.

Table 5. Key PV performance data extracted from J-V curves of representative p-i-n and n-i-p
devices with one of the two undoped charge selective layers or with both undoped layers.

Voc Jsc FF | PCE

Device structure [mV] | [mAcm?] | [%] | [%]

p-HTL/TaTm/MAPDbI3/Ceo/n-ETL 1082 20.02 73.1 | 15.8
p-i-n p-HTL/MAPDI3/Ceo/n-ETL 1033 20.19 73.3 | 15.3

p-HTL/TaTm/MAPbI3/n-ETL 1032 17.82 45.0 | 8.3
n-ETL/Ceo/ MAPDI3/TaTm/p-HTL 1115 20.28 79.8 | 18.0
n-i-p n-ETL/MAPbIs/TaTm/p-HTL 1084 20.45 68.8 | 15.2
n-ETL/Ce/MAPDI3/p-HTL 998 19.44 68.7 | 13.3

In p-i-n devices, the dopant concentrations were fixed at the optimum
11 and 30 wt.% for the p-HTL and n-ETL, respectively. The performance of
the devices without the undoped ETL is significantly worse (lower FF, Jsc and
Voc) than for the reference cell. Without the undoped Ceo layer, the perovskite
film is in close contact with the n-ETL, therefore electron-hole recombination
can occur at the interface causing the simultaneous reduction of the PV
performance. In contrast, the solar cells without the undoped HTL perform only
slightly worse compared to the reference cell, most likely due to the low dopant

content and hence low conductivity of the p-HTL (compared to the n-ETL).
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However, this layer (p-HTL) can still confine the electrons in the perovskite
layer and inhibit charge recombination at the p-HTL/MAPDI; interface. The
slight decrease in Voc observed without the undoped TaTm layer can be
attributed to the lower Fermi level of the p-HTL compared to the HOMO of the
TaTm.

Also in the n-i-p configuration the effect of the undoped charge
transport layers was evaluated (Figure 37b). The selective removal of the
undoped layers leads to a decrease in device performance, as observed in the p-
i-n devices. The effect of the removal of the Cgo between the n-ETL and the
perovskite substantially reduces the Voc and FF, while the removal of the
undoped HTL has a limited effect on the device performance, in agreement with
what was observed for p-i-n devices and with the conductivity trend among the
p-HTL and the n-ETL. Therefore, the presence of the undoped layers between
the perovskite and the doped charge transport layers is required for highly

efficient solar cells, independently on the device configuration.

Role of the doped transport layers

Additionally, the effect of the selective removal of one of the doped
organic layers on the device performances was studied. In both configurations,
p-i-n and n-i-p, p-HTL and n-ETL are required to avoid severe charge
extraction issues. Whereas the devices with only a thin layer of pure TaTm and
no doped layer between the ITO and the TaTm shows a strong extraction issue
(Figure 38a), devices with only a thin layer of pure Cg and no doped layer
between the fullerene and the metal show lower (FF especially) but still
appreciable reported photovoltaic behaviour (Figure 38b).1%% 2° An interface
dipole is created at the interface between Cg and noble metals (Au or Ag)

enhancing the electron extraction through the contact.
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Figure 38. J-V curves obtained under 1 sun illumination (100 mW cm2) for p-i-n devices a)
without p-HTL or b) without n-ETL.

Stability and reproducibility

The stability of the solar cells was analysed without encapsulation
under continuous illumination of a white LED light inside a nitrogen-filled
glovebox. The light intensity was adjusted by setting the Jsc of the solar cells
equal to the value obtained under the 1.5 AM illumination. The temperature of
the cells reached approximately 40 °C during the first 10 minutes of the test and
remains constant afterwards. All cells were illuminated under short-circuit
conditions and at fixed time intervals J-V scans were taken to extract the key
performance indicator of the cells from which the evolution of the PCE was
derived. In Figure 39, the stability of both configuration, p-i-n and n-i-p, is
shown and no substantial difference in PCE lifetime exists between them. The
parameter that causes the PCE decay in p-i-n cells is the current density,

whereas in the n-i-p cells the decay is caused by the decrease of the FF.
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Figure 39. Time-dependent Voc, FF, Jsc and PCE of a) p-i-n and b) n-i-p solar cells.

The statistics of the PV performance of p-i-n and n-i-p devices is shown
in Figure 40. This chart clearly shows the enhanced PV performance of n-i-p

respect to p-i-n solar cells.

10 —

Number of devices

Figure 40. Statistics of the PCE measured for p-i-n (green) and n-i-p (red) devices. Green and red
solid lines represent the Gaussian distribution fitting for the PCE.
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3.3.4. Conclusions

In this work, fully vacuum-deposited perovskite solar cells were
fabricated by depositing methylammonium lead iodide between intrinsic and
doped organic charge transport layers.

Two different configurations, one inverted with respect to the other, p-
i-n and n-i-p, are prepared and optimized leading to planar solar cells without
hysteresis and very high efficiencies, 16.5% and 20%, respectively. A direct
comparison between these two opposite device configurations has been carried
out for the first time, with the same materials just inverting the order of the

layers.

The results obtained in this work demonstrate that the PV performance
of n-i-p devices is enhanced compared to the p-i-n configuration. This increase
in the PV performance in n-i-p devices is due to its enhanced FF and likely
related to the higher conductivity of the n-ETL (Ceo:Phlm) placed at the front
contact than the p-HTL (TaTm:Fs-TCNNQ) in p-i-n devices. In n-i-p devices,
the extraction and injection of charge carriers is more efficient and more

balanced than in p-i-n devices.

The optimization of the dopant concentration at the front contact in
both configurations was carried out. After a trade-off between absorption and
conductivity of the layers, and the PV performances of the respective devices,
the optimum values of dopant concentration in p-i-n devices were 11 wt.% of
Fs-TCNNQ for the p-HTL and 60 wt.% for the n-ETL in n-i-p devices.

In order to study the effect of the intrinsic and doped charge transport
layers in the PV performance of the solar cells, p-i-n and n-i-p devices were
built up without one of the both intrinsic or doped charge transport layers and

further characterized.

The PV performance of p-i-n devices without intrinsic ETL was
significantly worse compared to p-i-n devices without intrinsic HTL. Without

the ETL, the perovskite film is in close contact with the n-ETL and electron-
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hole recombination can occur at the interface causing the simultaneous
reduction of the PV performance. However, in the solar cells without the
intrinsic HTL due to the low dopant content and hence low conductivity of the
p-HTL (compared to the n-ETL), the electrons in the perovskite layer can still
be confined and the charge recombination at the p-HTL/MAPDI; interface is
inhibited. The study of the effect of the selective removal of one of the doped
organic layers on the device performances led to in both configurations, p-i-n
and n-i-p, p-HTL and n-ETL are required to avoid severe charge extraction
issues. However, the PV performance of p-i-n solar cells without the n-ETL is
still appreciable due to the presence of an interface dipole created at the
interface between Cs and noble metals (Au or Ag) enhancing the electron

extraction through the contact.

The high efficiency obtained this work in n-i-p devices (exceeding
20%) is the record not only for vacuum-deposited perovskite cells, but also the
highest observed for devices incorporating the MAPbI; absorber. In addition,
the EQE for electroluminescence (EQEg.) of the best performing n-i-p cell
(EQEeL = 0.36%) is among the highest reported for light-emitting diodes
employing MAPDI; as the emitting layer

The fully vacuum-deposited solar cells presented in this work allow to
fine tune the device properties by controlling the individual layer thicknesses

and composition for specific applications including tandem configurations.

3.3.5. Contribution of the author

Article. Momblona, C.;* Gil-Escrig, L.;* Bandiello, E.; Hutter, E. M.; Sessolo,
M.; Lederer, K.; Blochwitz-Nimoth, J.; Bolink, H. J.; Efficient vacuum
deposited p-i-n and n-i-p perovskite solar cells employing doped charge
transport layers. Energy & Environmental Science 2016, 9 (11), 3456-3463. (*
equally contributed).(IF: 29.518, Q1).

IF = Impact factor (Science Citation Reports, Web of Science), Q = Quartile.
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Chapter 4

General conclusions
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The aim of this thesis is the implementation of unconventional

materials into light-emitting and photovoltaic devices.

The motivation of this thesis, as commented in Chapter 1, is to reduce
the energy consumption to generate illumination and the amount of fuel fossil
employed in the generation of energy. For this purpose, novel, efficient and
low-cost electroluminescent and photovoltaic devices need to be developed.

In the introduction of the Chapter 2, Section 2.1.7., is mentioned that
the small number of red-emitting LECs reported and their poor stability
compared to yellow/orange LECs are two of the principal limitations of LECs.
With this in mind, the work developed in Section 2.2. was focused on the
development of red- and near-infrared LECs and the improvement of the device

stability.

The IiTMCs studied in this work were based on the
[Ir(ppy)2(btzpy)][PFs] complex (ppy = 2-phenylpyridinate and btzpy = 2-
(pyridin-2-yl)benzo[d]thiazole) and all of the complexes studied showed red-
and near-infrared photoluminescence in the solid-state with moderate PLQY's
values (<18%). The LECs prepared with these complexes also exhibit red to
near-infrared electroluminescence. Although the maximum luminance values
were moderate, they exhibited extremely high device stability with lifetimes in
the range of 1000 — 6000 h, being the most stable red-emitting LECs reported
up to date. The EQEg. values obtained were moderate (EQEg. values up to 2%),
however, these values were impressive in view of its low thin-film PLQY
values and the high current density applied in some cases. Moreover, the
possibility of tuning the luminance levels was demonstrated, having a fast
response with almost no loss in device stability, maintaining its impressive
characteristics by increasing the average current density up to the extremely
high value of 1500 A m2,
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The results obtained in this work confirm the potential of the
[Ir(ppy)2(btzpy)][PFe] type complexes for lighting systems and this work
constitutes a step forward in their application in commercial red-light
applications. The results presented in this Chapter were published in two
different publications (Section 2.2.5.).

In Chapter 3 (Section 3.1.2.) the benefit of the precise control over the
film thickness when employing vacuum-deposition techniques was
highlighted.

In view of the good photovoltaic performance with perovskite
absorbers obtained previously in our group, in Section 3.2. an in-depth study of
the photovoltaic efficiency by increasing the photocurrent obtained through
modification of the perovskite thickness was performed. In this study, a series
of vacuum-deposited MAPbI; layers with a wide range of layer thicknesses
ranging from 210 to 900 nm were fabricated by co-evaporation and then
characterized. Given the good properties of the layers, the perovskite layers
were implemented into p-i-n devices where the perovskite layer was
sandwiched between undoped organic charge transport layers. The
photogenerated Jsc was enhanced when the perovskite thickness was increased,
however, at the same time a reduction in the FF and hence in the PCE was
observed. This reduction was linked to the low mobility of the undoped
polyTPD layer. The partial oxidation of the polyTPD layer increases its
conductivity and the device that contains the doped polyTPD layer with the
thicker perovskite thick film recovers the FF (65%) and the PCE (12.0%)
reaching the same high efficiency than the most efficient device of the series
with thinner perovskite films (PCE = 12.7%). Therefore, in this work was
demonstrated that with non-limiting organic layers, the PV performance of
vacuum-deposited perovskite solar cells is rather independent on the perovskite

layer thickness and also demonstrating that the charge carrier diffusion length
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is not limiting in the devices. The results presented in this Section were

published in one publication (Section 3.2.5.).

In Section 3.3., the fabrication and characterization of fully vacuum-
deposited planar perovskite solar cells, employing a MAPDI; perovskite layer
deposited between a double layer of an intrinsic and doped n- or p- type organic
charge transport layers, respectively, were described. Two different
configurations, one inverted with respect to the other, p-i-n and n-i-p, were
prepared using the same materials in both layouts. This was the first time where
a direct comparison between the two device types was described. The
optimization of the dopant concentration was carried out and it was found that
the presence of the undoped layers between the perovskite and the doped charge
transport layers were required for high efficiency cells, independently on the

device configuration.

The optimized solar cells lead to planar solar cells hysteresis-free and
very high efficiencies exceeding 16.5% (p-i-n) and 20% (n-i-p), at the time the
highest efficiencies reported for vacuum-deposited perovskite and in general
with MAPbIs-based solar cells. The improved performance in n-i-p solar cells
compared to that of the devices in the p-i-n configuration is primarily caused
by the higher FF value. This is likely related to the difference in conductivity
of the doped charge transport layers at the front contact leading to a more
efficient and balance charge carrier extraction/injection of the charges. When
used as a light-emitting diode these structures also presented the highest EQEg.
reported for MAPDI3z based diodes. The results presented in this Section were

published in one publication (Section 3.3.5.).
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Chapter 5

Resumen en Castellano
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Capitulo uno: Introduccion general y objetivos de la tesis

1.1. Introduccion general

En los Gltimos afios se ha producido un incremento en el consumo
energético mundial debido al aumento de la poblacién y el desarrollo
econémico.! En concreto, la iluminacién constituye mas de un 15% del
consumo eléctrico global y un 5% de las emisiones de gas invernadero a nivel
mundial.? Con el completo reemplazo de la iluminacién convencional, basada
en luces incandescentes y fluorescentes, por un sistema de iluminacion de
estado sélido (SSL), el consumo energético en iluminacion se veria reducido a
menos del 10% del consumo eléctrico global.® Por lo tanto, la iluminacion en
estado s6lido (SSL) basada en diodos emisores de luz (LEDs), diodos orgéanicos
emisores de luz (OLEDS) o células electroquimicas emisoras de luz (LECs) ha
emergido como la mejor alternativa para promover el ahorro energético en
iluminacion.

Respecto a la generacion de energia anual, las fuentes de energia no
renovables (combustibles fosiles: carbdn, petrdleo y gas) representan mas del
85% de la generacién energética global, mientras que solo un 3% son las
energias renovables (ver Figura 1). Indiscutiblemente, la mayor fuente de
energia renovable, la mas limpia y permanente, es el sol. La radiacion solar que
alcanza la superficie de la Tierra en un afio es de un orden de magnitud mayor
a la de todos los recursos estimados de energias no renovables, incluyendo la
energia nuclear.* Por lo tanto, es indiscutible la superioridad de este recurso
energético cuando se compara con las reservas limitadas de carbén, petroleo y
gas que existen en la Tierra. En la actualidad, el desarrollo de la energia solar
se ha convertido en una alternativa viable a los combustibles fésiles para aliviar
la crisis energética y solventar problemas medioambientales. La energia solar
fotovoltaica puede convertir directamente y de manera eficaz la luz solar en
electricidad. Sin embargo, para que sea competitiva con los combustibles

fosiles, es necesario reducir su coste global mediante el incremento de la
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eficiencia y el tiempo de vida operacional y la reduccion de costes por célula
fotovoltaica. En la actualidad, el mercado fotovoltaico esta liderado por células
solares cuyo material absorbente de luz es el silicio cristalino o policristalino
(c-Siy poly-Si, respectivamente). Recientemente, células solares cuyo material
absorbente de luz son materiales tipo perovskita han emergido como una nueva
generacion de células solares de bajo coste y con un menor factor de emision
de CO, en comparacion con los demés sistemas fotovoltaicos, siendo

competitivas en si mismas o en combinacién con el silicio cristalino.

1.2. Objetivos de la tesis

El objetivo global de la tesis es la implementacién de materiales no
convencionales en dispositivos emisores de luz y fotovoltaicos con altas

eficiencias de conversion.

En particular, los objetivos de esta tesis consisten en:

v' Mejora de la estabilidad de células electroquimicas emisoras de luz y
ampliacion de su longitud de onda de emisién desde el rojo hasta el
infrarrojo cercano.

v" Mejora de la eficiencia de células solares basadas en perovskitas
mediante la deposicion en fase vapor del absorbente de luz y la
optimizacién de las interfaces en la estructura del dispositivo

fotovoltaico.
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Capitulo dos: Células electroquimicas emisoras de luz

2.1. Introduccion

Las células electroquimicas emisoras de luz (LECs) son dispositivos
emisores de luz basados en la utilizacion de una monocapa de un material
electroluminiscente como elemento emisor de luz.> 111 17.19 | 3 presencia de
iones en la capa emisora de luz es crucial para el mecanismo de operacién del
dispositivo LEC, por lo que los emisores basados en complejos iénicos de
metales de transicion (iTMCs) se han convertido en el material electroactivo
mas prometedor en la tecnologia LEC. 1315

El primer LEC publicado en 1996 empleaba un polimero de un
complejo de Ru(ll) como material electroluminiscente.?® Sin embargo, debido
al limitado rango de emisién desde el naranja hasta el rojo y a las bajas
eficiencias obtenidas con los complejos de Ru(ll),? %% otros iTMCs de
Re(1),” Pt(I),* Cu(l)* o Ir(ll1)52 empezaron a ser implementados en
dispositivos LEC. Los complejos de Ir(111) (Ir-iTMCs) han destacado debido a:
1) su versatilidad sintética formando complejos homo- y heterolépticos, 2) su
color de emision en todo el rango visible, 3) su mejor fotoestabilidad (el estado
excitado triplete no emisor ((MC) es menos accesible) y 4) la mayor eficiencia
y estabilidad del dispositivo. Desafortunadamente, debido a la escasez del iridio
en la corteza terrestre y a su alto precio, es deseable el reemplazo del mismo

por otros materiales mas abundantes y baratos, como el cobre.

La mayoria de los Ir-iTMCs utilizados en dispositivos LEC tienen la
estructura [Ir(C*N)2(N~N)]*, donde el metal central Ir(lll) est4 coordinado a
dos ligandos ciclometalantes anidnicos (C*N) y un ligando secundario neutro
(N~N) (Figura 2a). La carga positiva estd neutralizada con un contraion
pequefio y movil, generalmente hexafluorofosfato o tetrafluoroborato. Al
contrario que los semiconductores organicos, de naturaleza fluorescente, el alto
acoplamiento spin-Orbita presente en los Ir-iTMCs debido a la presencia de

atomos pesados promueve que la eficiencia del cruce intersistema (ISC) entre

111



los estados excitados singlete y triplete sea maxima resultando en emision
fosforescente. En los Ir-iTMCs, los orbitales moleculares frontera HOMO y
LUMO residen en diferentes entornos moleculares. EIl HOMO esta formado por
una mezcla de orbitales dr del metal y de orbitales 7 del fenilo de los ligandos
C~N (Figura 2b), mientras que el LUMO esta localizado en el ligando NN
(Figura 2c).*®49 Esta distribucion espacial de los orbitales moleculares frontera
permite modificar independientemente la energia de ambos mediante la
modificacion quimica de los ligandos. ElI uso de sustituyentes
atrayentes/dadores de electrones en los ligandos C*N estabiliza/desestabiliza la
energia del HOMO, mientras que el uso de sustituyentes dadores/atrayentes de
electrones en el ligando NN desestabiliza/estabiliza la energia del LUMO (ver

Figura 3).13, 15, 57-58

Todas las capas de un dispositivo LEC son depositadas desde
disolucion de los componentes en disolventes benignos a excepcion del
electrodo superior metélico, el cual es depositado mediante evaporacion
térmica en vacio. Para la deposicién de las capas a escala de laboratorio, se usa
un “spin coater”, cuyo equivalente a nivel industrial serian las técnicas de roll-
to-roll (R2R), “inkjet printing”, “spray-sintering, “slot-die” o “blade-coating”
entre otras.®* Entre las estructuras mas usadas en los dispositivos LEC
destacan las de tipo sandwich,?® plana®-° o en cascada.” La estructura tipo
sandwich consiste en una o dos capas organicas/organometalicas intercaladas
entre un 6xido conductor transparente (TCO) y un electrodo metalico de alta
funcién de trabajo (estable al aire) como el aluminio o el oro. Una de las
ventajas de los dispositivos LEC, en contraste a la tecnologia OLED, es que no
se requiere el uso de metales de baja funcion de trabajo, los cuales son
extremadamente inestables en aire, y por lo tanto no es necesaria la
encapsulacion del dispositivo. En concreto, un dispositivo LEC con estructura
tipo sandwich (Figura 4) esta constituido por una capa inyectora de huecos
formada por el polimero poli(3,4-etilendioxitiofeno):poliestirenosulfonato
(PEDOT:PSS), que ayuda a hacer plana la superficie del TCO (ITO) y aumenta

112



el rendimiento de la preparacion de los dispositivos, seguido por una capa del
material emisor de luz. La capa emisora de luz estd compuesta por una mezcla
de iTMC y una sal de litio”>™ o liquido i6nico (IL).”"" La adicién de estas
sales aumenta la densidad de iones moviles, asi como la movilidad ionica,
ayudando a la migracion de iones y acelerando el tiempo de encendido de los
dispositivos. Para aumentar la homogeneidad de las capas y aumentar el
rendimiento cuéntico de fotoluminiscencia disminuyendo la desactivacion de
la emision (quenching) que ocurre debido a altas concentraciones empleadas,
el iTMC puede ser dispersado en un polimero inerte, como polimetilmetacrilato
(PMMA).Z

El mecanismo de operacién que rige el comportamiento de los
dispositivos LEC®® 87 consiste en la disociacion y migracion de los iones
presentes en la capa emisora hacia los respectivos electrodos al aplicar una
diferencia de potencial. Estos iones forman una doble capa eléctrica (EDL) en
ambos electrodos reduciendo la barrera energética de inyeccién de las cargas
en ambos electrodos y facilitando la inyeccion de las mismas. La capa emisora
se empieza a oxidar y reducir formando regiones dopadas altamente
conductoras tipo p- y n-. Tras la formacién de estas capas dopadas, la inyeccion
de carga esta favorecida y gradualmente la corriente en el dispositivo y la
emision de luz se incrementan. Durante la operacion del dispositivo, es
inevitable el crecimiento de las capas dopadas en detrimento de la zona neutra
central produciendo un incremento de la desactivacion de los excitones y
disminuyendo la luminancia en el dispositivo hasta que finalmente no se
produce emision de luz. Por lo tanto, el mecanismo de operacion de los

dispositivos LEC conlleva que estos dispositivos sean autolimitantes.

A dia de hoy la tecnologia LEC todavia presenta una serie de
limitaciones que tienen que ser superadas como: 1) la reduccién del tiempo de
encendido, 2) el aumento de la eficiencia del dispositivo junto con los niveles
de luminancia, 3) la mejora de la estabilidad del dispositivo y 4) la obtencion

de emision en el azul y en el rojo.
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Debido a que la estabilidad de un dispositivo LEC es el resultado de
una luminancia estable en el tiempo procedente del complejo i6nico de Ir y del
empleo de corriente pulsada como modo de operacion,®8° en este capitulo se
traté de mejorar la estabilidad de dispositivos LEC emisores en el rojo mediante
modificacion del ligando secundario y la aplicacién de corriente pulsada.

2.2. Método experimental

En este capitulo de la tesis se han fabricado y caracterizado dispositivos
LEC a partir de Ir-iTMCs sintetizados, purificados y caracterizados por los
grupos del Profesor Dr. Edwin C. Constable y la Profesora Dra. Catherine E.
Housecroft de la Universidad de Basel (Suiza) (complejos 1-6) y por el grupo
del Profesor Eli Zysman Colman de la Universidad de St. Andrews (Reino

Unido) (complejos 7 y 8) (ver Figura 7).

El procesado, preparacién y caracterizacion de los dispositivos LEC fue
llevado a cabo en una sala limpia de clase 10000 (Figura 8). Todos los
materiales empleados en este trabajo estan disponibles comercialmente y se
utilizaron sin purificacion posterior a su adquisicion. El estudio de las
propiedades fotofisicas de los complejos 1-8 se llevé a cabo en estado solido,
depositando el material sobre un sustrato de cuarzo obteniendo capas delgadas
de igual composicion y espesor que la capa activa usada en los dispositivos
LEC. Una vez preparada la muestra, el espectro de fotoluminiscencia y el
rendimiento cuéntico fueron obtenidos excitando cada muestra en una esfera

integradora modelo C9920-02 Absolute PL Quantum Yield Measurements.

Los dispositivos LEC fabricados en este estudio tienen la siguiente
arquitectura tipo sandwich (ver Figura 4): ITO/PEDOT:PSS(80
nm)/complejo(1-8):1L(100 nm)/AI(80 nm). El proceso de preparacion
consistio en la deposicion de una capa de 80 nm de PEDOT:PSS mediante spin-
coating sobre un sustrato de ITO previamente limpiado, seguido de la
deposicion de la capa activa de 100 nm de espesor. La capa activa fue

depositada también por spin-coating desde una disolucion de los complejos (1
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8) mezclados con el liquido i6nico [Bmim][PFs] en una relacion molar
complejo:IL de 4 a 1. El liquido i6nico fue utilizado para reducir el tiempo de
encendido del dispositivo y mejorar su rendimiento.”® Ademas, en las
disoluciones de los complejos 2 y 4 se afiadio PMMA (2% en peso respecto a
los deméas componentes de la disolucion) para mejorar el recubrimiento y
homogeneidad de la capa. Para terminar el dispositivo, una capa de aluminio
de 70 nm fue depositada mediante evaporacion térmica en vacio. La
caracterizacion de los dispositivos LEC se realiz6 utilizando corriente pulsada
(onda cuadrada, 1000 Hz, 50% ciclo de trabajo). Los dispositivos LEC 1-6
fueron estudiados a una densidad de corriente media de 100 A m=2, el
dispositivo LEC 1 a 300, 700, 1250 y 1500 A m2y los dispositivos LEC 7y 8
a 400 A m2. La aplicacion de la corriente y la medida de la luminancia y el
voltaje frente al tiempo fueron realizadas en el equipo Botest OLT OLED
Lifetime-Test System, y la irradiancia fue medida usando una esfera
integradora (UDT Instruments, modelo 2525LE) acoplada a un sensor
radiométrico (UDT Instruments, modelo 247) y un optometro UDT

Instruments, modelo S370).

2.3. Resultados y discusion

El estudio se llevo a cabo utilizando una familia de Ir-iTMCs derivados
del complejo [Ir(ppy)2(btzpy)1[PFs] (Hppy = 2-fenilpiridina; btzpy = 2-(piridin-
2-il)benzo[d]tiazol). Los espectros de fotoluminiscencia de las capas delgadas
correspondientes a los complejos 1-8 obtenidos bajo iluminacion (Aexc = 320
nm) presentaron longitudes de onda méaximas de emision desde el rojo (625 nm
para el complejo 6) hasta el infrarrojo cercano (707 nm para el complejo 7)
(Tabla 1). Los correspondientes rendimientos cuanticos de fotoluminiscencia
son bajos en todas las muestras (< 18%), correspondiendo el mayor valor de
PLQY observado al complejo 2 (PLQY de 17,6%) y los menores a los
complejos 3,5y 7 (PLQYs de 9,7, 5,8 y 5%, respectivamente) (Tabla 1). Estos
bajos valores de PLQY pueden ser consecuencia de la ley de banda de energia

prohibida (“energy gap law”).100101
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Los espectros de electroluminiscencia (EL) de los dispositivos
estudiados presentan emision en el rojo para los LECs 1-6 y 8 con A7} %, a
636, 642, 651, 648, 655 y 598 (LECs 1-6), respectivamente, y 661 nm para el
LEC 8 (Figura 9a) y emision en el infrarrojo para el LEC 7 con A7} %, a 705
nm (Figura 9b). Estos dispositivos electroluminiscentes son interesantes ya que
hasta la fecha muy pocos ejemplos de LECs emisores en el rojo y en infrarrojo
cercano han sido publicados, y muy pocos ejemplos presentan emision en el
rojo puro. Las coordenadas de la Commision Internationale de I’Eclairage (CIE
coord.) obtenidas para los dispositivos 3, 5 y 6 presentan coordenadas CIE

coincidentes con las del rojo puro (0,66; 0,33).

La evolucion temporal de la luminancia y el voltaje del dispositivo fue
evaluada bajo aplicacidn de corriente pulsada (Figura 10). Los parametros clave
del rendimiento de los dispositivos LEC 1-8 estan presentados en la Tabla 2.
El dispositivo LEC 1 presenta una luminancia maxima de 77 cd m2 alcanzada
a las 54 h junto con un tiempo de vida (ti2) que excede las 1000 h. El largo
tiempo requerido para alcanzar la luminancia méaxima junto con el largo tiempo
de vida implican que el movimiento i6nico en el dispositivo y el crecimiento de
las capas dopadas es lento. El dispositivo LEC 2 presenta la luminancia maxima
mas alta de la serie con 200 cd m2alcanzada a las 870 h junto con un notable
aumento en estabilidad con un tiempo de vida que alcanza las 6000 h. Las
superiores prestaciones del dispositivo LEC 2 determinan que este dispositivo
no sélo es el mejor de la serie, sino que es el dispositivo LEC emisor en el rojo
mas estable publicado hasta la fecha, ya que el dispositivo emisor en el rojo
mas estable publicado hasta ese momento presentaba un tiempo de vida de 280
h.192 El tiempo de encendido en ambos dispositivos (LECs 1y 2) es similar; sin
embargo, la luminancia en el LEC 2 continla aumentando con el tiempo,
indicando que la inyeccion de carga no es Optima y que el balance entre las
cargas se alcanza lentamente. Este hecho podria indicar que el movimiento
idnico es lento y produce un crecimiento muy lento de las zonas dopadas en el

tiempo llegando a ser beneficioso para la estabilidad del dispositivo. La mayor
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luminancia obtenida en el LEC 2 es debido al mayor valor de PLQY medido en
estado sélido para el complejo 2 (17,6%) en comparacion con el complejo 1
(11%). El dispositivo 3 presenta una luminancia maxima (119 cd m2) y un
tiempo de vida mayor (ti2 > 4500 h) que el complejo 1, aunque el complejo 1
presente menor PLQY en estado sélido (9,7%) en comparacion con el complejo
1 (11%). Sin embargo, cuando el tamafio de los sustituyentes aumenta
(complejos 4 y 5), la estabilidad de los correspondientes dispositivos se ve
reducida cayendo a valores de decenas de horas. El reemplazo del 4&tomo de
azufre en la unidad de benzotiazol (LEC 1) por un atomo de oxigeno (LEC 6)
no afecta a la luminancia maxima alcanzada (Lmax = 77 and 97 cd m?
respectivamente) pero si afecta negativamente a la estabilidad y la eficiencia
del dispositivo. En los dispositivos LEC 4-6, el tiempo requerido para alcanzar
la maxima luminancia y el tiempo de encendido son casi cuatro veces mas
rapidos que los LECs 1-3, corroborando la hipétesis de que el rapido

crecimiento de las capas dopadas incrementa la desactivacion de los excitones.

El dispositivo LEC 7 fue fabricado desde una disolucion en metil etil
cetona/anisol 3:2. Sin embargo, este dispositivo no emitié luz al aplicar la
corriente pulsada probablemente debido a la mala calidad de la capa que se
obtiene como consecuencia de la baja solubilidad del complejo en el disolvente.
El uso de diclorometano como disolvente mejoré la solubilidad del complejo
produciendo una capa mas uniforme después de su deposicion por spin-coating.
El dispositivo 7 accionado con una densidad de corriente media de 400 A m
presentd una irradiancia maxima de 262 uW c¢cm2y un ty> de 80 h (LEC 7),
mientras que el LEC 8 presentd una luminancia maxima de 59 cd m2y un ti,
de 0,24 h. La presencia de bencenos fusionados en el ligando secundario (LECs
1-6, 8) parece ser beneficiosa para la estabilidad del dispositivo. Por otra parte,
la presencia de un catibn mas grande (complejo 7) en comparacién con el
complejo 8, reduce el movimiento i6nico en la capa activa durante la operacion,
disminuyendo la desactivacion del exciton y aumentando el tiempo de vida.

Ademés, el tiempo requerido para alcanzar la luminancia maxima es
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significativamente mayor en el LEC 7 (0,8 h) en comparacion con el LEC 8 (<

5 s), indicando un movimiento idnico més lento y favoreciendo la estabilidad.

Debido a que los dispositivos LEC emiten en el rojo, solo una parte de
la emision es visible al ojo humano, por lo que la eficiencia del dispositivo se
expresa mas adecuadamente en términos de eficiencia cuantica externa
(EQEEeL). Los mayores valores obtenidos para la serie de complejos estudiada,
medidos a densidad de corriente media de 100 A m2, corresponden a los LECs
2 'y 3 con valores de EQEg. de 2 y 1,49%, respectivamente, mientras que los
LECs 1, 4, 5y 6 presentan valores de EQEg_ de 0,7, 1,04, 0,14 y 0,55%,
respectivamente. Los LECs 7 y 8 evaluados a 400 A m2, obtienen valores de
EQEg. de 0,37 y 0,23%, respectivamente. Aunque los valores obtenidos son
bajos en comparacién al maximo de 9,51% publicado para el LEC emisor en el
rojo mas eficiente,® estas eficiencias son considerablemente altas si se tienen
en cuenta los bajos valores de PLQY que presentan los complejos en estado

sélido.

El dispositivo LEC 1 fue seleccionado para estudiar su estabilidad en
condiciones de operacion extremas, empleando altas densidades de corriente
medias desde 300 hasta 1500 A m= (Figura 12). Se observo que en los
dispositivos que operaban a las mas altas densidades de corriente, el
decaimiento de la luminancia era minimo en el intervalo de tiempo estudiado,
presentando una dependencia lineal en el rango de 100 a 700 A m?2 y
aumentando, aunque de manera no lineal, a mas altas densidades de corriente.
Este tipo de tendencia lineal ya se habia observado a bajas diferencias de
corriente, pero nunca a valores tan altos, indicando que en el dispositivo LEC
1 existe poca desactivacion exciton-exciton o exciton-polarén hasta altas
densidades de corriente de 700 A m2 Ademas, la luminancia puede verse

modificada por la densidad de corriente aplicada.

También se observé que, aumentando la densidad de corriente aplicada
al dispositivo, el tiempo de encendido se puede reducir desde 500 s hasta 5 s al

incrementar la densidad de corriente media de 300 a 1500 A m~ (Figura 13).
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2.4. Conclusiones

En este capitulo de la tesis se han fabricado y estudiado ocho
dispositivos LEC emisores de luz en el rojo. En la serie estudiada, han
destacado los dispositivos 1-3, los cuales presentan una estabilidad muy alta
con tiempos de vida que exceden las 1000, 6000 y 4000 horas, respectivamente.
Estos valores de tiempo de vida son los més largos publicados hasta la fecha en
dispositivos LEC emisores en el rojo. Ademas, se ha demostrado la posibilidad
de aumentar los niveles de luminancia del dispositivo aumentando la densidad
de corriente aplicada a valores extremos, sin que dicho aumento conlleve una
pérdida de estabilidad y, ademas, obteniendo una respuesta rapida de

encendido.

Los resultados obtenidos en este trabajo se publicaron en los siguientes
articulos cientificos (FI = Factor de impacto (Science Citation Reports, Web of
Science), Q = Cuartil):

Articulo 1. Ertl, C. D.;* Momblona, C.;} Pertegas, A.; Junquera-Hernandez, J.
M.; La-Placa, M.-G.; Prescimone, A.; Orti, E.; Housecroft, C. E.; Constable, E.
C.; Bolink, H. J., Highly stable red-light-emitting electrochemical cells.
Journal of the American Chemical Society 2017, 139 (8), 3237-3248. (*
igualmente contribuido). (FI: 13.858, Q1).

Articulo 2. Pal, A. K.; Cordes, D. B.; Slawin, A. M. Z.; Momblona, C.;
Pertegds, A.; Orti, E.; Bolink, H. J.; Zysman-Colman, E., Simple design to
achieve red-to-near-infrared emissive cationic Ir(11l) emitters and their use in
light-emitting electrochemical cells. RSC Advances 2017, 7 (51), 31833-31837.
(FI: 3.108, Q1).

119



120



Capitulo tres: Células solares basadas en perovskita

3.1. Introduccion

Las perovskitas de haluro metalico han emergido en los dltimos afios
como un revolucionario material semiconductor para aplicaciones
optoelectrénicas.*>134 En menos de una década de su aplicacion en células
solares, las células solares de perovskita han alcanzado eficiencias superiores
al 22%.'% Las altas eficiencias alcanzadas junto con el bajo coste de los
materiales de partida y los multiples métodos de procesado existentes hacen
factible la pronta comercializacion de este tipo de dispositivos.

Las perovskitas organicas-inorganicas poseen propiedades eléctricas y
Opticas excepcionales que las convierte en excelentes candidatos como
materiales semiconductores absorbentes/emisores de luz. En concreto, las
perovskitas poseen un alto coeficiente de absorcién con un comienzo abrupto
de la absorcion,*” conduccion ambipolar con movilidades de electrones y
huecos balanceadas,!® altas longitudes de difusion de las cargas
fotogeneradas,*3*-14! bajos niveles de densidad de defectos o trampas*? y una
baja energia de enlace del exciton.}#3145 Las perovskitas 3D tienen una formula
general ABXs, en la que el octahedro formado por una unidad de haluro
metalico (BXs) se extiende en las tres dimensiones, y un catién pequefio A se
introduce en los huecos intersticiales (Figura 14). La perovskita arquetipo esta
compuesta por un catién A monovalente organico o inorganico (metilamonio
CHsNHs;" o MA*, formamidinio NH.CH=NH," o0 FA*, cesio Cs*), un catién B
divalente (Pb?" 0 Sn?*) y un haluro X (CI-, Br-, I"),}8%%0 siendo la composicion

MAPDI; la mas ampliamente estudiada y aplicada en células solares.

La estructura electronica viene determinada por una mezcla de orbitales
np®, siendo n el ndmero quéntico principal (C: n =3, Brn=4,1n=5)y
orbitales ns? del metal (Ge: n =4, Snn =5, Pb n=6) en la banda de valencia y
la banda de conduccién por los orbitales np® vacios del metal. Por lo tanto, el

cation organico/inorganico no afecta a la estructura electrénica de manera
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directa.’®%162 | a banda prohibida puede ser modulada desde el infrarrojo
cercano hasta el ultravioleta cercano sustituyendo la composicion de alguna de
las tres posiciones: A, B y/o X.

Las perovskitas pueden ser sintetizadas mediante una amplia variedad
de técnicas, que incluyen desde disolucién hasta su deposicién en vacio o una
combinacion de ambas. Las propiedades de las capas varian dependiendo del
método de deposicién empleado, por lo que para comprender las propiedades,

una descripcion exhaustiva del proceso de preparacion es necesaria.

En la deposicidn por disolucion, los precursores son disueltos en un
disolvente organico y la capa es depositada por métodos de revestimiento como
spin-, dipping- y doctor blade-coating o de impresion.8 Este proceso puede
hacerse por deposicion en un paso o en dos. En la deposicién en un paso, los
precursores son disueltos en disolventes polares de alta temperatura de
ebulliciény la disolucidn es depositada mediante spin-coating. Posteriormente,
un tratamiento térmico es necesario para la conversion a perovskita.'8%-1%! Para
mejorar la calidad de la capa, normalmente se afiade, junto con los precursores
un aditivol’® 192197 g se adiciona un disolvente que no disuelva la perovskita en
los Gltimos segundos del proceso de spin-coating. 2% En la deposicion en dos
pasos, primero se deposita una capa de Pbl, y posteriormente se convierte a

perovskita mediante exposicion a una disolucion o vapor de MA.201-204

En la deposicion en vacio, los precursores son situados en crisoles
ceramicos y calentados en vacio (1 x 10°— 1 x 10°® mbar) hasta su temperatura
de sublimacién (Figura 15). Los espesores y velocidades de evaporacién son
monitorizados mediante microbalanzas de cuarzo (QCM) situadas en el interior
de la camara de vacio. La composicién quimica de la capa depositada es
controlada mediante la relacién entre las velocidades de evaporacion de cada
uno de los precursores, mientras que la morfologia es controlada por la
velocidad total de evaporacion usada. Diferentes técnicas de deposicion en
vacio han sido utilizadas para preparar capas de perovskita, entre ellas se

encuentran el closed space vapour transport (CSVT),?%" la deposicion quimica
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en fase vapor (CVD),2%2% |a evaporacion flash?%?!1 o deposicion de capa
atémica (ALD).21%-214

Las principales ventajas de utilizar las técnicas de deposicion en vacio
son: uso de materiales sublimados intrinsecamente mas puros, control preciso
sobre espesor, estequiometria y morfologia de la capa, compatible con
deposicion en éreas grandes, fabricacion de multicapas, baja temperatura en el
sustrato durante fabricacion, eliminacion de disolventes y empleo de una

técnica ampliamente en la industria semiconductora.

El principio béasico de operacion de una célula solar consiste en tres
procesos: absorcién de luz, separacion de cargas y transporte y extraccion de

cargas.

Un buen absorbente de luz debe tener una banda prohibida directa y un
alto coeficiente de absorcion. Dependiendo de la permitividad del material, las
cargas estaran atraidas formando un excitén o como cargas libres. A pesar del
amplio rango de valores de energia de enlace del exciton publicados (de 2 a 62
meV a temperatura ambiente), 4> 289283 todo parece indicar que las especies
generadas después de la fotoexcitacién en MAPbI; son cargas libres. Una vez
que las cargas estan disociadas, hay que dirigir el flujo de electrones y huecos
hacia los respectivos electrodos. Para ello, hay dos estrategias, la presencia de
una union p-n o el uso de capas selectivas de cargas depositadas en contacto
con la capa absorbente de luz. Durante la tesis se utilizara la segunda estrategia,
donde la capa de perovskita estard depositada entre una capa transportadora de
huecos (HTL) y otra transportadora de electrones (ETL) (Figura 16). Estas
capas tienen que estar formadas por materiales con una energia del HOMO, en
el caso del HTL, y del LUMO, en el del ETL, que estén alineadas con la banda
de valencia (VB) y la de conduccion (CB) de la capa absorbente de luz,

respectivamente.

Dependiendo de la secuencia de las capas en el dispositivo, las células

solares se pueden catalogar en p-i-n o0 n-i-p empezando por la capa por la que
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incide la luz. “p” y “n” se refieren a las capas transportadoras de huecos y de
electrones, respectivamente, e “i”” a la capa de perovskita. La estructura p-i-n (0
“invertida”) (Figura 20a y 20b) deriva de las células solares orgéanicas, donde
una capa de PEDOT:PSS es utilizada como HTL como contacto frontal y una
capa de PCBM como ETL. La estructura n-i-p (o “regular”) (Figura 20c y 20d)
deriva de las células solares sensibilizadas por colorantes, donde el éxido TiO>
es el ETL como contacto frontal y el spiro-OMeTAD es utilizado como HTL.

Estado del arte

Las células solares de perovskita estan alcanzado las eficiencias de
células solares fabricadas con silicio cristalino (26%).2*” Hasta la fecha, las
células solares mas eficientes tienen eficiencias del 22,1% en éareas pequefias
(0,09 cm?),%%8 del 12,1% en un médulo de 36,1 cm?2*° y del 23,6% en el caso
de una célula solar tindem monolitica perovskita/Si.?*° Ademas, se ha obtenido
el 18% de eficiencia en una célula solar flexible con area 0,1 cm?.2*' Sin
embargo, su estabilidad a largo plazo y la toxicidad del plomo empleado en su
fabricacion son dos problemas a resolver para su aplicacién. La transicion a
perovskitas con composicion multicomponente (multication/multihaluro)
representa una via para aumentar la estabilidad.?**?*® Sin embargo, el
reemplazo del plomo por otro metal menos toxico es todavia un reto y esta

dando lugar a nuevas lineas de investigacion.
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3.2. Mejora de la eficiencia de las células solares de perovskita mediante
el aumento de la luz absorbida por efecto del espesor de la capa
absorbente

3.2.1. Introduccion

La mayoria de las células solares de perovskita publicadas en los
primeros afos de estudio utilizaban una estructura mesoscépica (ver Figura 20a
y 20d) de un 6xido metalico transportador de electrones (Figura 20d), la cual
requiere un tratamiento térmico a alta temperatura, siendo incompatible con su
deposicion en sustratos plasticos. La alternativa utilizada actualmente es la
fabricacion de células solares tipo p-i-n donde la perovskita se deposita entre
capas organicas planas cuyo procesado no requiere alta temperatura (Figura
20b). Anteriormente nuestro grupo de investigacion deposit6 en vacio una capa
de perovskita MAPbDI; entre finas capas de materiales selectivos de carga,
PEDOT y polyTPD como materiales transportadores de huecos y PCBM como
material transportador de electrones.™®> PolyTPD y PCBM fueron
seleccionados para bloguear electrones y huecos, respectivamente, debido al
buen alineamiento de sus niveles energéticos HOMO y LUMO con las bandas
de valencia y de conduccién de la perovskita, respectivamente, alcanzando

valores de eficiencia mayores de 12%.1%2

Debido al buen rendimiento fotovoltaico obtenido con una capa
relativamente fina de MAPbI; de 285 nm, un aumento de la fotocorriente
generada seria esperable con mayores espesores si la longitud de difusion de
las cargas es suficientemente alta en la capa de perovskita. Dependiendo del
método de preparacion, valores muy diferentes de longitud de difusion de
cargas han sido publicados para MAPbIz, desde 100 a 1000 nm,139-140. 250
Aceptando el valor maximo de 1000 nm, una célula solar con una capa

absorbente de luz de ese espesor podria ser posible.

Una de las ventajas de la deposicion de perovskita en vacio es el control

preciso sobre el espesor de la capa. Por lo tanto, en este trabajo se han preparado
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capas de entre 210 y 900 nm de MAPbDI; en vacio y se han implementado en
células tipo p-i-n. El efecto del espesor de MAPbI; en la respuesta fotovoltaica
fue evaluado observando un aumento de Jsc y una disminucion de FF al
aumentar el espesor de la capa absorbente de luz. La oxidacion parcial de la
capa de polyTPD en celdas con 900 nm de perovskita favorecié la recuperacion
del FF y de la eficiencia obteniéndose valores similares a los méaximos
alcanzados con espesores menores de perovskita. EI mantenimiento de la
eficiencia demuestra que con capas orgéanicas no limitantes, el rendimiento de
la célula solar es independiente de la capa absorbente de luz y que la longitud
de difusién de carga no es limitante en la capa de perovskita.

3.2.2. Método experimental

Los materiales empleados en este trabajo, a excepcion del CH3NHsl,
estan disponibles comercialmente y se utilizaron sin purificacién posterior a su
adquisicion.

La capa de perovskita fue depositada por coevaporacion térmica en
vacio de los precursores Pbl, y CH3sNHsl. Los materiales fueron introducidos
en crisoles ceramicos, colocados sobre fuentes de evaporacion y calentados a
sus correspondientes temperaturas de sublimacién en una cdmara de vacio a 1
x 10° — 1 x 10°® mbar (Figura 15). Los sustratos estan colocados 20 cm por
encima de los crisoles cerdmicos. Por debajo de los sustratos, se dispone un
obturador “shutter” que se mantiene cerrado hasta que la proporcién 6ptima de
Pbl,:CH3sNHsl es alcanzada. Debido a que el material CH3NH;3l forma capas no
uniformes y blandas, la temperatura del CHsNHal fue mantenida constante a 70
°C vy, una vez la lectura en el sensor esta estabilizada, se calienta el Pbl,. La
proporcion Pbl2:CHsNHsl 6ptima se determiné mediante la caracterizacion de
la capa depositada mediante difraccion de rayos X. Las temperaturas dptimas
de deposicion obtenidas fueron 250 °C para el Pbl, y 70 °C para el CHsNHal.
El proceso fue controlado mediante tres microbalanzas de cuarzo (QCM)

situadas en el interior de la cAmara, dos para monitorizar el espesor/velocidad
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de evaporacion de los precursores y una para la deposicién de la capa de

perovskita.

Las capas finas de MAPbI; evaporadas en vacio fueron implementadas
en células solares tipo p-i-n con la estructura: ITO/PEDOT:PSS/polyTPD(0
polyTPD-dopado)/MAPbIs/PCBM/Au (Figura 21). El proceso de preparacion
consistid en la deposicion de una capa de 80 nm de PEDOT:PSS mediante spin-
coating sobre un sustrato de ITO previamente limpiado, seguida de la
deposicion de una capa de 20 nm de polyTPD o polyTPD dopado con AgSbFs
(0,05% molar). Posteriormente, se depositd en vacio una capa evaporada de
perovskita con un rango de espesores entre 210 y 900 nm en el correspondiente
dispositivo. Para terminar el dispositivo, se depositaron 20 nm de una capa de
PCBM mediante meniscus coater y 70 nm de una capa de aluminio mediante

evaporacion térmica en vacio.

La absorcion Optica de las distintas capas se midid con un
espectrofotometro Avantes Avaspec 2048, y el espesor de las mismas con un
perfilbmetro Ambios XP1. Las capas se caracterizaron por difraccion de rayos
X de haz rasante (GIXRD) en un difractémetro de polvo analitico PAN
Empyrean, usando radiacion Cu Kal. Las curvas J-V y la EQEpyv Se midieron
en un Simulador MiniSum de ECN the Netherlands. Las medidas en funcion de
la intensidad de luz se realizaron colocando filtros neutros (LOT-
QuantumDesign GmbH) entre la fuente de luz y el dispositivo. Todas las

caracterizaciones fueron realizadas en atmdsfera de nitrogeno.

3.2.3. Resultados y discusion

Las propiedades 6pticas y la cristalinidad de las capas evaporadas de
MAPDI; fueron medidas para evaluarlas como capas absorbentes de luz antes
de implementarlas en células solares. Todas las capas evaporadas de MAPDI;
presentaron un principio de absorcion a 790 nm, correspondiente a un valor de
banda prohibida de ~1,5 eV. En la Figura 22 se observa que el aumento de la

absorcién (a 760 nm) es practicamente lineal con el espesor de la capa de
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perovskita. El difractograma de rayos X (Figura 23) presenta los picos tipicos
de la estructura tetragonal de la perovskita. Aunque existen pequefias
variaciones entre los difractogramas, es conocido que la MAPbI; tolera
pequefias variaciones de su composicion por lo que el rendimiento del

dispositivo no se vera afectado por dichas variaciones.?%¢-27

Debido a las buenas propiedades de las capas evaporadas de MAPbIs,
éstas fueron implementadas en células solares tipo p-i-n con la estructura:
ITO/PEDOT:PSS/polyTPD/MAPDIs/PCBM/Au (Figura 21a). Si se observa el
diagrama de niveles de energia (Figura 24a), el desajuste energético entre la
capa de PCBM vy el electrodo superior (Au) se minimiza debido a que se
produce un dipolo interfacial favoreciendo la extraccién de las cargas. El
rendimiento fotovoltaico de las células solares fue evaluado mediante curvas
J-V bajo iluminacion de 1 sol (100 mW cm) y los parametros extraidos de las
curvas se presentaron en la Figura 25 y Tabla 3. La fotocorriente generada (Jsc)
aumenta al aumentar la absorcién de luz al aumentar el espesor de la capa
absorbente de luz de 200 a 400 nm, y continda aumentando mas lentamente
hasta alcanzar un espesor de 900 nm (Figura 25). El incremento de Jsc es de un
5% frente a un aumento del 25% de la absorbancia de luz al aumentar el espesor
en el rango de 400 nm a 900 nm (Figura 22), indicando que la eficiencia de
absorcién se incrementa en dispositivos con espesores mas grandes mientras
que la eficiencia de recoleccion se reduce. El Voc permanece constante para
dispositivos con espesores de perovskita entre 200 y 400 nm y disminuye cerca
de un 10% para dispositivos con espesores mayores. Sin embargo, el FF es el
pardmetro que mas se ve afectado, disminuyendo al aumentar el espesor de la
capa de perovskita, lo cual influye negativamente en la eficiencia del

dispositivo.

Al disminuir la intensidad de luz incidente en un dispositivo con una
capa de perovskita relativamente gruesa (Tabla 4), el FF mejora desde un 49%
a un 61%, lo cual indica que el factor limitante de la eficiencia es la extraccion

de carga y no la densidad de defectos o trampas presentes en la perovskita. Esta
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limitacidn en la extraccion de carga puede deberse a la diferencia de movilidad
de los huecos en la capa de polyTPD en comparacion con la capa de perovskita.
Para aumentar la extraccion de cargas, la capa de polyTPD fue parcialmente
oxidada aumentando asi su movilidad. Para ello, se fabric6 una célula solar tipo
p-i-n con 900 nm de espesor y estructura ITO/PEDOT:PSS/polyTPD
dopado/MAPDIs/PCBM/Au  (Figura 21b). El dispositivo presenta una
recuperacion del FF, un valor similar de Voc y Jsc comparado con el dispositivo
con la capa de polyTPD sin dopar (Figura 26). Debido a esta mejora en el
rendimiento del dispositivo, se obtuvo una eficiencia del 12% alcanzando los
mejores valores reportados para dispositivos con una capa de perovskita de 285

nm.

3.2.4. Conclusiones

En este estudio se fabricaron una serie de dispositivos tipo p-i-n con
diferentes espesores para la capa de perovskita absorbente de luz (MAPbIs)
depositada en vacio. El dispositivo mas eficiente (12,7%) con una capa ho
dopada transportadora de huecos se obtuvo con un espesor de capa de
perovskita de 300 nm. Al aumentar el espesor de la capa absorbente de luz hasta
900 nm, la eficiencia del dispositivo se vio negativamente afectada
disminuyendo hasta un valor de 7,2%. Sin embargo, si el material transportador
de huecos (polyTPD) se dopa ligeramente, el dispositivo recupera la eficiencia
(12%) comparado con la célula solar mas eficiente de la serie (12,7%) fabricada

con una capa de perovskita mas fina.

Los resultados obtenidos demuestran que las cargas fotogeneradas en
la capa de perovskita no se ven afectadas por pérdidas de recombinacion
significativas en capas muy gruesas, corroborando los altos valores de
longitudes de difusién de las cargas. En este trabajo se demuestra que el
rendimiento de la célula solar es practicamente independiente del espesor de la

capa de perovskita para valores entre 300 y 900 nm.
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Los resultados obtenidos en este trabajo se publicaron en el siguiente
articulo cientifico (FI = Factor de impacto (Science Citation Reports, Web of
Science), Q = Cuartil):

Articulo. Momblona, C.; Malinkiewicz, O.; Roldan-Carmona, C.; Soriano, A.;
Gil-Escrig, L.; Bandiello, E.; Scheepers, M.; Edri, E.; Bolink, H. J., Efficient
methylammonium lead iodide perovskite solar cells with active layers from 300
to 900 nm. APL Materials 2014, 2 (8), 081504. (FI: 4.335, Q1).
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3.3. Celulas solares totalmente evaporadas altamente eficientes tipo p-i-

ny n-i-p

3.3.1. Introduccioén

La comprension de las propiedades y limitaciones de las capas
selectivas de cargas adyacentes a la capa de perovskita es de gran importancia
para el desarrollo de células solares de alta eficiencia. Las estrategias utilizadas
para mejorar la extraccién de cargas han sido el uso de capas muy finas o el
aumento de la movilidad de las cargas mediante oxidacién o reduccion parcial
(dopado) de la capa. Una alternativa para aumentar la conductividad de las
capas de extraccion de cargas consiste en el uso de capas de semiconductores
organicos dopados. El uso de dopantes moleculares mediante coevaporacién
reduce la tendencia a difundir en el semiconductor y la conductividad puede
aumentar del orden de varios 6rdenes de magnitud variando la concentracion
de dopante. Los dopantes moleculares han sido tipicamente utilizados en
OLEDs y en células solares organicas, ya que presentan temperaturas de
sublimacion apropiadas entre 100 y 400 °C y proporcionan un dopado mas

estable.

En esta parte de la tesis, se han fabricado células solares donde todas
sus capas han sido depositadas en vacio, donde la capa de MAPbI; ha sido
depositada entre dos capas dobles de extraccién de cargas. Cada una de las
capas esta compuesta por una fina capa intrinseca de material semiconductor
actuando como capa transportadora de cargas y una capa mas gruesa consistente
en el mismo material semiconductor parcialmente oxidado (en el caso del
transportador de huecos) o reducido (en el caso de la capa transportadora de
electrones). Esta secuencia de capas ha sido preparada en células solares tipo
p-i-n 'y n-i-p permitiendo por primera vez una comparacion directa entre ambos
tipos de dispositivos. El efecto y funcidn de las capas no dopadas y dopadas en

el rendimiento del dispositivo fue estudiado de forma exhaustiva.
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3.3.2. Método experimental

Todos los materiales empleados en este trabajo estan disponibles
comercialmente y se utilizaron sin purificacion posterior a su adquisicion. Se
selecciond el Fs-TCNNQ como dopante molecular del material transportador
de huecos TaTm y el Phim como el dopante para el material transportador de
electrones Ceo, debido a sus adecuadas temperaturas de sublimacién en vacio.

Se fabricaron dos tipos diferentes de células solares planas, tipo p-i-ny
n-i-p, con las siguientes configuraciones (Figura 27): ITO/TaTm:Fe-
TCNNQ(40 nm)/TaTm(10 nm)/MAPbI3(500 nm)/Ce(10 nm)/Cso:PhIm(40
nm)/Ag(100 nm) (Figura 27a) e ITO/Ce:PhIm(40 nm)/Ceo(10
nm)/MAPbI3(500 nm)/TaTm(10 nm)/TaTm:FeTCNNQ(40 nm)/Au(100 nm)
(Figura 27b). La capa dopada compuesta por TaTm:Fs-TCNNQ se referira en
el texto como p-HTL y la capa dopada compuesta por Cego:Phlm se referira
como n-ETL. Los dispositivos se fabricaron en una cdmara de vacio, la cual
contiene seis fuentes térmicas para evaporacion de moléculas. La estructura de
la camara de vacio y monitorizacion del proceso son los mismos descritos en el
capitulo anterior. Previamente a la deposicién de las capas, cada material fue
calibrado individualmente y se obtuvo un factor de calibracion para la
diferencia de lectura de espesor en el sensor y el espesor real de la capa
depositada. Una vez obtenido el factor de calibracion, los materiales fueron co-
evaporados en el rango de temperaturas de 135-160 °C para los dopantes y 250
°C para las moléculas transportadoras de carga. Para la optimizacion de la
concentracién de dopante en las capas dopadas, la velocidad de deposicion para
los materiales TaTm y Cgo fue mantenida constante a 0,8 A s mientras se
variaba la velocidad de deposicién de los dopantes durante la co-deposicion.
Las capas puras de TaTm y Ceo fueron depositadas a una velocidad de

evaporacion de 0,5 A s,

En la fabricacion de los dispositivos p-i-n (Figura 27a) se depositaron
40 nm de p-HTL (TaTm:Fs-TCNNQ) y 10 nm de TaTm puro, mientras que en

la fabricacion de los dispositivos n-i-p (Figura 27b) se depositaron una capa de
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40 nm de n-ETL (Cgo:Phim) y 10 nm de Ceo puro. Una vez depositados los
respectivos contactos selectivos de carga, se depositd una capa de perovskita
de 500 nm de espesor siguiendo el mismo procedimiento al descrito en la
Seccion 3.2.2. de este capitulo. A continuacion, se depositaron una capa de 10
nm de Ceo puro y una capa de 40 nm de n-ETL (Ceo:PhIm) (p-i-n, Figura 27a) o
10 nmde TaTmy 40 nm de p-HTL (TaTm:Fs-TCNNQ) (n-i-p, Figura 27b). Se
completaron los dispositivos con la deposicion de una capa de 100 nm del
respectivo electrodo superior (Ag para p-i-n y Au para n-i-p) mediante

evaporacion térmica en vacio.

Las capas de perovskita y los dispositivos fueron caracterizados de

igual manera a la descrita en la Seccion 3.2.2. de este capitulo.

3.3.3. Resultados y discusion

Como etapa previa se depositd una capa de 500 nm de perovskita sobre
vidrio y se estudiaron sus propiedades opticas, morfoldgicas y cristalinas. El
difractograma de rayos X presenta los picos tipicos de la fase tetragonal de
MAPbDI; (Figura 28a). La morfologia superficial de la capa observada por SEM
presenta una capa compacta, libre de huecos y con un tamafio de grano de
entorno a 100 nm (Figura 28b). El espectro de absorcion exhibe absorcion que
comienza de forma abrupta a 790 nm correspondiente a una banda prohibida de
~1.5 eV (Figura 28c).

Una vez caracterizada la capa, ésta se implement6 en células solares
tipo p-i-n con la configuracion ITO/TaTm/MAPDIs/Ce/Ag. La respuesta
fotovoltaica de la célula solar bajo iluminacion de 1 sol es muy baja presentando
un pronunciado efecto s-shape, el cual indica que la extraccién de las cargas
esta impedida debido a una alta resistencia de las capas transportadoras de
cargas o0 a la existencia de una barrera de extraccion de las cargas en las

interfaces con los electrodos.

Para reducir la resistencia en serie del dispositivo y asegurar un

contacto éhmico entre las capas organicas y los electrodos, se introdujo una
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capa parcialmente oxidada y reducida entre las interfaces TCO/HTL y
ETL/metal, respectivamente (Figura 27). La conductividad y absorcion de las
capas p-HTL y n-ETL se midieron para diferentes concentraciones de dopante,
observando que la conductividad y absorcion de la capa p-HTL aumenta al
aumentar la concentracion de dopante (Figura 31a y 31c). Sin embargo, en la
capa n-ETL la conductividad aumenta pero la absorbancia disminuye al
aumentar la concentracion de dopante (Figura 31b y 31d). Hay que resaltar que
la conductividad de la capa p-HTL es dos 6rdenes de magnitud menor que la
de la capa n-ETL en el rango de concentracién de dopantes estudiado.

En células solares tipo p-i-n, para optimizar la concentracion de
dopante en la capa p-HTL, se mantuvo constante la concentracion de dopante
en el contacto n-ETL a 30% en peso. A partir de los datos obtenidos de las
curvas J-V medidas bajo iluminacién de 1 sol en dispositivos con diferentes
cantidades de dopante en la capa p-HTL (Figura 32), se observé un aumento en
el FF de 55% a 74% cuando se aumenta la concentracién de dopante en la capa
p-HTL desde un 3% a un 11% en peso. Las cargas se extraen mas
eficientemente al aumentar la conductividad en la capa. Ademas, el Voc
también aumenta debido a una reduccidn de la recombinacién de carga al verse
favorecida la extraccion de cargas hacia los electrodos. Sin embargo, el Jsc
disminuye al aumentar la concentracion de dopante debido a que la capa p-HTL
absorbe mas al aumentar la concentracion de dopante, disminuyendo la luz que
incide en la capa de perovskita. Se obtuvo una concentracion 6ptima de dopante
en la capa p-HTL del 11% en peso obteniendo células solares con PCE del
15,9%. Una vez optimizada la concentracion de dopante de la capa p-HTL, ésta
se mantuvo constante a la 6ptima concentracion de 11% en peso y la
concentracion de dopante en la capa n-ETL fue modificada. En este caso, el
efecto de la concentracién de dopante en la capa n-ETL no es significativo y se
obtuvieron rendimientos similares en el rango de concentraciones de dopante
estudiado, debido a que la conductividad de la capa n-ETL es suficientemente

alta para la extraccion de cargas hacia el electrodo (Ag).
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En los dispositivos tipo n-i-p, el electrodo superior elegido fue el Au
debido a su funcién de trabajo méas alta en comparacion con la Ag. Para
optimizar la concentracion de dopante en la capa n-ETL, ésta se varié mientras
que la concentracion de dopante p-HTL se mantuvo constante e igual a un 11%
en peso (Figura 33). El Jsc aumenta al aumentar la concentracion de dopante
debido a la menor absorcion de la capa n-ETL. El Voc y el FF se mantuvieron
constantes en el rango de concentraciones de dopante evaluado, presentando
altos valores de 1,1 V' y 80%, respectivamente. Estos valores dan lugar a valores
de PCE del 18% y a una célula solar con un 20% de eficiencia, la cual constituye
el record no solo de células solares con perovskita depositadas en vacio, sino

también de células solares basadas en MAPDIs.

Los resultados demuestran un fuerte aumento en el rendimiento de las
células solares n-i-p respecto a las p-i-n, debido a un mayor valor de FF en n-i-
p (80%) en comparacion con p-i-n (70%) (Figura 34). El aumento de FF puede
ser debido a la diferencia de conductividad de las capas transportadoras de
cargas dopadas en el contacto frontal con el ITO, ya que la conductividad de la
capa n-ETL es dos érdenes de magnitud mayor que la conductividad de la capa
p-HTL. Para esclarecer esta diferencia, se realizaron medidas de dependencia
de FF frente a la intensidad de luz incidente en ambas configuraciones (Figura
35). El FF de las células solares p-i-n aumenta al disminuir la intensidad de luz
y luego disminuye (Figura 35a), mientras que en los dispositivos n-i-p el FF no
se ve afectado por la intensidad de luz incidente al comienzo y luego disminuye
(Figura 35b). Esta tendencia confirma que en la configuracion p-i-n existe una
barrera de extraccion de los huecos. Las medidas de la eficiencia cuantica
externa de electroluminiscencia (Figuras 35¢ y 35d) demostraron una mayor
eficiencia y una inyeccion de cargas mas balanceada en los dispositivos n-i-p.
La habilidad de inyectar mas eficientemente huecos cuando la capa p-HTL esta
situada entre la capa de HTL y el electrodo superior Au (n-i-p) se puede explicar
considerando que el electrodo metélico es evaporado térmicamente encima de

la capa p-HTL, lo cual da lugar a un contacto mas eficiente debido a que atomos

135



metalicos pueden penetrar ligeramente en las capas organicas y aumentar su
conductividad. La mejor celda tipo n-i-p presenta un valor de EQEg = 0,36%,
el cual es uno de los mayores valores publicados para diodos emisores de luz

empleando como capa emisora MAPDIs.

La histéresis de los dispositivos fue evaluada a diferentes velocidades
de barrido en curvas J-V (Figura 36). Se observd una histéresis minima en
dispositivos p-i-n con pequefias fluctuaciones en Voc y FF debidas a un posible
problema de extraccion de las cargas en la interface ITO/p-HTL (Figura 36a).
Sin embargo, los dispositivos n-i-p no presentan histéresis a ninguna de las

velocidades de barrido estudiadas (Figura 36b).

Para estudiar el efecto de las capas HTL y ETL en el dispositivo, se
fabricaron y evaluaron una serie de células solares p-i-n sin la presencia de una
de las dos capas intrinsecas (Figura 37a y Tabla 5). El rendimiento de la célula
solar que no contiene la capa intrinseca ETL es significativamente peor que la
célula solar de referencia que contiene ambas capas debido a que
recombinacion entre electrones y huecos puede ocurrir en la interface causando
la reduccion simultanea de todos los parametros de la célula solar. Sin embargo,
para las células solares que no contienen la capa intrinseca HTL, su rendimiento
empeora ligeramente en comparacién con la célula de referencia, debido a la
menor conductividad de la capa p-HTL (comparado con la capa n-ETL), la cual
puede confinar los electrones en la capa de perovskita y disminuir la

recombinacion de carga en la interface p-HTL/MAPDIs.

El efecto de la eliminacion de las capas intrinsecas en dispositivos n-i-
p también fue evaluado (Figura 37b y Tabla 5). La supresion de la capa de Ceo
reduce el rendimiento de la célula solar en los pardmetros Voc y FF, mientras
la supresion de la capa de TaTm tiene un efecto minimo. Por lo tanto, la
presencia de las capas intrinsecas entre la capa de perovskita y las capas
dopadas es necesaria para la obtencién de células solares altamente eficientes

independientemente de la configuracion del dispositivo.
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Por altimo, se evalud el efecto de las capas dopadas en el rendimiento
de las células solares (Figura 38). En ambas configuraciones, las capas p-HTL
y n-ETL son esenciales para evitar problemas severos en la extraccion de
cargas. Sin embargo, dispositivos tipo p-i-n con una capa fina de Cg v el
electrodo superior (Ag) presentan un apreciable rendimiento fotovoltaico
debido al dipolo que se crea en la interface Cso/Ag aumentando la extraccion
de las cargas hacia el electrodo.

3.3.4. Conclusiones

En este trabajo se han fabricado células solares de perovskita cuyas
capas han sido depositadas por deposicion en vacio. La capa absorbente de luz
(MAPDI;) se depositd entre capas intrinsecas y dopadas compuestas por
moléculas organicas transportadoras de cargas. En concreto, se fabricaron y
evaluaron dos tipos diferentes de configuraciones, una invertida respecto a la
otra, p-i-n y n-i-p produciendo células solares planas sin histéresis y con muy

altas eficiencias, 16,5% and 20%, respectivamente.

Los resultados demostraron que las prestaciones de las células solares
tipo n-i-p eran superiores a las obtenidas en la configuracion p-i-n. Este
aumento, debido al incremento en el FF, esta probablemente relacionado con la
diferencia de conductividad en la capa transportadora de cargas dopada en el
contacto frontal, siendo mayor la conductividad de la capa n produciendo una
extraccion e inyeccion de cargas mas eficiente con la interface del ITO y

presentando un mayor balance entre las cargas.

En este trabajo se optimizo la concentracion de dopante que contiene
la capa dopada del contacto frontal. La optimizacion se realizd6 mediante
medidas de absorbancia y conductividad de las capas con diferentes
concentraciones de dopante, junto con su evaluacion en la respuesta
fotovoltaica de los correspondientes dispositivos mediante curvas J-V. Los
valores 6ptimos de concentracion de dopante fueron de 11% en peso de dopante

tipo p (Fe-TCNNQ) para la capa p-HTL (configuracién p-i-n) y 60% en peso
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de dopante tipo n (Phlm) para la capa n-ETL (configuracion n-i-p). En ambas
configuraciones, la concentraciéon de dopante en la capa dopada del contacto
superior se mantuvo constante a 30% en peso de dopante tipo n (Phim)
(configuracion p-i-n) y a 11% en peso de dopante tipo p (Fe-TCNNQ)
(configuracion n-i-p).

Se estudid el efecto de las capas intrinsecas y dopadas transportadoras
de huecos en el rendimiento fotovoltaico de las células solares. Para ello, se
fabricaron células solares tipo p-i-n y n-i-p sin la presencia de una de las dos
capas intrinsecas o sin una de las dos capas dopadas.

El rendimiento fotovoltaico de las células solares p-i-n sin capa
intrinseca ETL se vio significativamente efectada en comparacion con células
solares sin la capa intrinseca HT L. Esto es debido a que la menor conductividad
de la capa p-HTL puede confinar los electrones en la capa de perovskita
reduciendo la recombinacion de carga en la interface p-HTL/MAPbI;. Mientras
gue en dispositivos n-i-p, la supresion de la capa de ETL reduce el rendimiento
de la célula solar mientras que la supresion de la capa de HTM tiene un minimo

efecto.

En el estudio de la supresion de las capas dopadas se observé un mayor
efecto negativo en el rendimiento de las células solares. En ambas
configuraciones, las capas p-HTL y n-ETL son esenciales para evitar problemas
severos en la extraccion de cargas. Sin embargo, en dispositivos tipo p-i-n con
una capa fina de Ceo Yy el electrodo superior (Ag) presentan un apreciable
rendimiento fotovoltaico debido al dipolo que se crea en la interface

aumentando la extraccion de las cargas hacia el electrodo.

Por lo tanto, la presencia de las capas intrinsecas entre la capa de
perovskita y las capas dopadas es necesaria para la obtencién de células solares

altamente eficientes independientemente de la configuracion del dispositivo.

Este trabajo representd el poder realizar por primera vez una

comparacion directa entre estas dos configuraciones, p-i-n y n-i-p, utilizando
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los mismos materiales en su fabricacion e invirtiendo dnicamente el orden de
deposicion de los mismos. Tras la optimizacion, las células solares no
presentaron histéresis y se obtuvieron muy altas eficiencias, mayores de 16.5%
(p-i-n) y 20% (n-i-p), siendo no solo las eficiencias mas altas publicadas en
células solares depositadas en vacio sino también entre las células solares cuya
capa absorbente de luz es MAPbI3;. También, los dispositivos fueron evaluados
como diodos emisores de luz obteniendo el méximo valor de EQEg.
(EQEEL=0,36%) entre los diodos emisores de luz basados en MAPDI;
publicados.

Ademas, la fabricacion de estos dispositivos cuyas capas han sido
depositadas en vacio, demuestran que se puede realizar una modificacién de las
propiedades del dispositivo controlando la composicién de las capas,
permitiendo el uso de este tipo de células solares en una especifica aplicacion

de los mismos en configuracidn tipo tandem.

Los resultados obtenidos en este trabajo se publicaron en el siguiente
articulo cientifico (FI = Factor de impacto (Science Citation Reports, Web of
Science), Q = Cuartil):

Articulo. Momblona, C.;* Gil-Escrig, L.;*Bandiello, E.; Hutter, E. M.; Sessolo,
M.; Lederer, K.; Blochwitz-Nimoth, J.; Bolink, H. J.; Efficient vacuum
deposited p-i-n and n-i-p perovskite solar cells employing doped charge
transport layers. Energy & Environmental Science 2016, 9 (11), 3456-3463. (*
igualmente contribuido). (FI: 29.518, Q1).
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ABSTRACT: The synthesis and characterization of a series of new cyclometalated
iridium(11I) complexes [Ir(ppy),(N"N)][PF;] in which Hppy = 2-phenylpyridine
and N"N is (pyridin-2-yl)benzo[d]thiazole (L1), 2-(4-(tert-butyl)pyridin-2-yl)benzo-
[d]thiazole (L2), 2-(6-phenylpyridin-2-yl)benzo[d]thiazole (L3), 2-(4-(tert-butyl)-6-
phenylpyridin-2-yl)benzo[d]thiazole (L4), 2,6-bis(benzo[d]thiazol-2-yl)pyridine
(LS), 2-(pyridin-2-yl)benzo[d]oxazole (L6), or 2,2'-dibenzo[d]thiazole (L7) are
reported. The single crystal structures of [Ir(ppy),(L1)][PF.]-1.5CH,CL, [Ir-
(ppy).(L6)][PF,]-CH,Cl,, and [Ir(ppy),(L7)][PF,] have been determined. The
new complexes are efficient red emitters and have been used in the active layers in
light-emitting electrochemical cells (LECs). The effects of modifications of the 2-
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(pyridin-2-yl)benzo[d]thiazole ligand on the photoluminescence and LEC perform-
ance have been examined. Extremely stable red-emitting LECs are obtained, and when [Ir(ppy).(L1)][PE¢], [Ir(ppy).(L2)]-
[PE,], or [Ir(ppy).(L3)][PF,] are used in the active layer, device lifetimes greater than 1000, 6000, and 4000 h, respectively, are

observed

1. INTRODUCTION

Lighting is one of the most important needs for daily life. Light-
emitting electrochemical cells (LECs) have great potential as
light-emitting devices that have emerged over the last 20
yea:s.F ' LECs are simpler than organic light-emitting diodes
(OLEDs), because they are typically based on a single layer
architecture, whereas OLEDs employ a multilayer stack.’> The
active layer of a LEC consists of an emitter containing ions,
using either a polymeric material or an ionic transition-metal
complex (iTMC),"*”" sandwiched between two air-stable
electrodes. This allows for the preparation of novel form
factors, such as fibers,'® and on-chip designs. iTMCs, and
particularly iridium-iTMCs, are the most explored type of
electroluminescent material in LECs due their phosphores-
cence emission that allows them to theoretically achieve 100%
of luminescence conversion.'” The operation of LECs depends
on the movement of ions, which can lead to a delay in turn-on
of light emission after applying a bias. Additionally, the
movement of ions eventually also leads to a reduction of
luminance. If LECs are to be applied commercially, a
combination of fast responses with efficient and stable devices
must be accomplished. Since 2004,'" when Slinker et al.
employed the first iridium-iTMC, many types of ligands and
substituents have been studied, reporting lifetimes up to 3000 h
for orange-emitting LECs."” We have shown that this objective
is facilitated by operating the device under pulsed current.'’
The stability of LECs, as for OLEDs, depends on the current
applied through the device and decreases with increasing
current density. This dependency is typically stronger in LECs

| i © 2017 American Chemical Society
<7 ACS Publications

3237

because of the increase in ion separation leading to the growing
of doped regions™” or to chemical degradation.” Additionally,
the efficiency typically decreases with increasing current
densities, due to exciton—polaron and exciton—exciton
quenching processes. Recently, reports were published showing
that the charge carrier balance is improved by adding lithium
salts to the light-emitting layer.”*™>* Many different emission
colors have been reported ranging from blue to deep red and
even near-infrared, yet few pure red-emitting LECs have been
reparted This color is important in applications such as
signage and automotive. Generally, pure-red LECs under DC
operation mode exhibit lifetimes of a few hours.*'"***
Tamayo et al reported a red-emitting complex, [Ir(tbutyl-
ppz).(biq)][PF¢] (tbutyl-ppz™ 4'-tert-butylphenyl)-
pyrazolato, big = 2,2-biquinoline), that was used in LECs
showing a luminance of 7500 cd m™ (no lifetime data were
presented).‘q Zhang et al. also reported a red-LEC using the
[tr(ppy)s(pyoxd) ][PFe] complex (ppy~ = 2-phenylpyridinate,
pyoxd = 2-phenyl-5-(2-pyridyl)-1,3,4-oxadiazole) with an EQE
of 9.51%."" However, the lifetime of the device (time required
to reach one-half of the maximum luminance, t;;,) under
constant-voltage of $ V was 490 min. Hu et al. introduced in a
host—guest configuration an NN ancillary benzoimidazole
ligand in [Ir(ppy),(qIbi)][PFs] (qIbi 2-(1-phenyl-1H-
benzoimidazol-2-yl)quinoline) producing a LEC with a deep
red emission.””
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In cyclometalated [Ir(C*N),(N*N)]* complexes, the
benzothiazole moiety has previously been used as part of the
cyclorneta]atin% C"N ligand, for example, as 2-phenylbenzo-
[d]thiazole.®~*° Although complexes of other metal ions
coordinated by 2-(Fyridjn-2-yl)benzo[a‘]t]ﬂazole (btzpy) have
been investigalted,""u there is only one example of an
[Ir(C*N),(N"N)]* complex incorporating a related NN
domain (N"N = 2-(pyridin-2-yl)-4,5-dihydrothiazole); in this
example, the focus of attention was on the use of the
iridium(II) complex as a photosensitizer for catalytic water
reduction.”

Here, we report a series of LECs using the ionic iridinm(III)

complex [Ir(ppy),(btzpy)][PE,] having ppy~ as the cyclo-
metalating ligand and btzpy as the N'N ancillary ligand. The
incorporation of substituents, replacement for other ligands,
and the role of the heteroatom in the benzothiazole unit are
analyzed. All LECs exhibit deep red to infrared electro-
luminescence. Long lifetimes, even when driven at high current
densities, are obtained.

2. EXPERIMENTAL SECTION

Synthesis and Compound Characterization. Starting materials
were obtained in reagent grade and used as received. Dry solvents were
purchased from Sigma-Aldrich or Acros Organics and used for
reactions carried out under inert atmosphere. For all other reactions,
solvents used were of reagent grade or distilled. HPLC grade solvents
were used for analyses. Column chromatography was performed using
Fluka silica gel 60 (0.040—0.063 mm).

One- and two-dimensional NMR spectra were measured on a
Bruker Avance I11-500 (500 MHz) spectrometer. Chemical shifts are
referenced to residual solvent peaks with S(TMS) 0 ppm.
Electrospray ionization mass spectra were recorded on a Bruker
Esquire 3000F" spectrometer. LC-ESI mass spectra were obtained on
a combination of Shimadzu (LC) and Bruker AmaZon X instruments.
Elemental analysis was performed on an Elementar Vario Micro Cube
instrument, and high resolution ESI mass spectra on a Bruker maXis
4G QTOF spectrometer. FT-IR spectra were recorded on a
PerkinElmer Spectrum Two UATR instrument. Absorption spectra
were measured on an Agilent 8453 spectrophotometer, and solution
emission spectra on a Shimadzu 5301PC spectrofluorophotometer.
Solution and powder photoluminescence quantum vyields were
recorded on a Hamamatsu absolute PL quantum yield spectrometer
C11347 Quantaurus QY. Emission spectra of powder samples as well
as solution and powder excited-state lifetime measurements were
carried out on a Hamamatsu Compact Fluorescence lifetime
spectrometer C11367 Quantaurus Tau. Electrochemical measure-
ments were performed using cyclic and square-wave voltammetry on a
CH Instruments 900B potentiostat with both glassy carbon and
platinum working and platinum auxiliary electrodes; a silver wire was
used as a pseudoreference electrode. Dry, purified CH,Cl, was used as
solvent, and 0.1 M TBAPF; as supporting electrolyte. Ferrocene as
internal reference was added at the end of each experiment.

Crystallography. Single crystal structure determination was
carried out on a Bruker APEX-II diffractometer. Data reduction,
solution, and refinement was done using the programs APEX™ and
SHELXL97.”™ Structure analysis was done using Mercury v. 3.6

Photoluminescence Characterization. The samples for thin-
film photoluminescence measurements were done with the same
composition and thickness than the emissive layer of LECs. Each
complex was mixed with the ionic liquid (IL) 1-butyl-3-methyl-
imidazolium hexafluoridophosphate ([Bmim][PF,]) in a 4-to-1 molar
ratio. A 100 nm thick film was deposited from a 20 mg mL™! solution
of complexes 1, §, and 6 in acetonitrile, complexes 2, 3, and 4 in
dichloromethane, and complex 7 in methyl ethyl ketone/anisol 3:2,
respectively. Prior to deposition, all solutions were filtered with a 0.22
pim pore size filter and spin-coated at 1000 rpm for 30 s in air onto
cleaned quartz substrates. As the films obtained from the filtered
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solutions of complexes 2 and 4 in the LEC layout were
inhomogeneous, a small amount of 2 wt % of PMMA was added to
improve the homogeneity of the layer.

The thin-film photoluminescence spectra and quantum yields were
measured in air with a Hamamatsu C9920-02 Absolute PL Quantum
Yield Measurement System.

Computational Details. Density functional calculations (DFT)
were carried out with the D.01 revision of the Gaussian 09 program
package‘l" using Becke's three-parameter B3LYP exchange-correlation
functional ™"’ together with the 6-31G** basis set for C, H, N, §, and
0, and the “double-{” quality LANL2DZ basis set for the Ir
element.*' An effective core potential (ECP) replaces the inner core
electrons of Ir leaving the outer core [(55)°(5p)°] electrons and the
(5d)® valence electrons of Ir(TIT). The geometries of the singlet ground
state (Sg) and of the lowest-energy triplet state (T,) were fully
optimized without imposing any symmetry restriction. Phosphor-
escence emission energies were estimated as the vertical difference
between the energy of the minimum of the lowest-energy triplet state
and the energy of S, at the T, optimized geometry. The calculation of
the energy of S; at the T, geometry was performed as an equilibrium
single-point calculation with respect to the solvent reaction field/
solute electronic density polarization process. All the calculations were
performed in the presence of the solvent (dichloromethane). Solvent
effects were considered within the self-consistent reaction field
(SCRF) theory using the polarized continuum model (PCM)
approach.® ™" Time-dependent DFT (TD-DFT)*~"" calculations
of the lowest lying 6 triplets of all systems, and the lowest 40 singlets
of 1 and 7, were performed in the presence of the solvent at the
minimum-energy geometry optimized for the ground state.

LEC Fabrication. All materials were used as received. Poly(3,4-
ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS Clevios
P VP Al 4083) was purchased from Heraeus. The ionic liquid (IL) 1-
butyl-3-methylimidazolium hexafluoridophosphate ([Bmim][PF,])
and the poly(methyl metacrylate) (PMMA, M,, = 120000 g mol™")
were purchased from Sigma-Aldrich. The solvents acetonitrile,
dichloromethane, methyl ethyl ketone, and anisol were purchased
from Sigma-Aldrich. The photolithography-patterned indium tin oxide
(ITO) glass substrates were purchased from Naranjo Substrates (www.
naranjosubstrates.com).

LECs were prepared as follows. The substrates were subsequently
cleaned with soap, deionized water, and isopropanol in an ultrasonic
bath for 5 min each, followed by 20 min of UV-o0zone treatment. Onto
the clean ITO substrates, an 80 nm thick film of PEDOT:PSS was
spin-coated at 1000 rpm for 60 s. The PEDOT:PSS was added from a
syringe and filtered with a 0.45 ym pore size filter. The PEDOT:PSS
layer was dried at 150 °C for 15 min. On top of it, a 100 nm thick film
of the emissive layer was deposited in the same conditions that were
described for thin-film photoluminescence samples. In brief, filtered
solutions of complex:IL in a 4-to-1 molar ratio were spin-coated in air
at 1000 rpm for 30 s and transferred to a glovebox (MBraun, O, < 0.1
ppm, H,0 < 0.1 ppm) for annealing at 100 °C for 1 h. Finally, a 70 nm
thick film of aluminum was deposited as top electrode contact using a
shadow mask. The active area in all devices is 0.634 cm”.

LEC Characterization. LECs using complexes 1—7 were tested by
applying pulsed current and by meonitoring the voltage and the
himinance with a True Color Sensor (MTCSiCT Sensor, MAZeT
GimbH) using a Lifetime Test System (Botest OLT OLED Lifetime-
Test System, Botest System GmbH). The pulsed current consisted of a
block wave at 1 kHz frequency with a duty cycle of 50%. LEC with
complex 7 was tested by applying pulsed current with the Lifetime
Test System and the irradiance was monitored with a sensitive Si-
photodiode coupled to an integrating sphere. The peak current density
of the pulse was 200 A m™ and the average current density was 100 A
m™ for LECs 1—7. For further understanding of the stability of LEC
1, this device was driven at average current densities of 300, 700, 1250,
and 1500 A m™ Electroluminescence spectra were recorded using an
Avantes fiber optics photospectrometer. All devices were tested
without encapsulation and were characterized inside the glovebox at
room temperature. For each device configuration, we evaluated eight
cells to ensure meaningful statistics.

DOI: 10.1021/Jacs.6b13311
J. Am. Chem. Soc. 2017, 139, 3237-3248



Journal of the American Chemical Society

Scheme 1. Synthesis of Iridium(III) Complexes 1—7“
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“Reaction conditions: (a) AgPF,, MeOH, room temperature, 2—3.5 h; (b) N*N (L1—-L7), MeOH, room temperature, overnight. Reported yields

(over two steps) are calculated based on the dimer starting materials.

3. RESULTS AND DISCUSSION
Ligand Synthesis. The chemical structures of ancillary

ligands L1-L7 used in this series of complexes are shown in
Scheme 1 and the syntheses are detailed in the Supporting
Information. 2-(Pyridin-2-yl)benzo[d]thiazole (L1), 2-(4-(tert-
butyl) pyridin-2-yl)benzo[d]thiazole (L2), and 2-(pyridin-2-
yl)benzo[d]oxazole (L6) were prepared by adaptation of a
copper-catalyzed coupling reaction described in the literature. ™
2,6-Bis(benzo[d]thiazol-2-yl)pyridine (L5)* and 2,2'-bibenzo-
[d]thiazole (L7)°° were synthesized following reported
literature procedures by a condensation reaction of 2-
aminothiophenol with 2,6-pyridinedicarboxaldehyde or oxalic
acid, respectively. The synthesis of 2-(6-phenylpyridin-2-
yl)benzo[d]thiazole (L3) and 2-(4-(fert-butyl)-6-phenylpyri-
din-2-yl)benzo[d]thiazole (L4) has not yet been reported.
Bromination of 2-phenylpyridine and 4-(fert-butyl)-2-phenyl-
pyridine with n-BuLi/LiDMAE and C]E'u‘,t'Nl gave 2-bromo-6-
phenylpyridine and 2-bromo-4-(tert-butyl)-6-phenylpyridine,
which were then used in Cu(I)-catalyzed coupling reactions
with benzothiazole™ to yield the desired products L3 and L4 in
moderate yields. Ligands L3 and L4 were characterized by 1D
and 2D NMR spectroscopy, LC-ESI mass spectrometry, IR
spectroscopy, and elemental analysis. In the mass spectra, the
base peaks at m/z 289.0 (for L3) and 345.1 (for L4)
correspond to the [M+H]* ions.

Synthesis of [Ir(C"N),(N"N)][PFs] Complexes. Cationic
iridium complexes of the type [Ir( C"N),(N"N)]* are typically
synthesized by cleavage of the [Ir(ppy),Cl], dimer with the
desired N*N ligand in MeOH or CH,Cl,/MeOH.**"*" Using
this method, however, traces of chloride ions can be carried
through to the final product, despite using an excess of NH,PFg
for ion metathesis. We have recently shown that these chloride
impurities are detrimental to device perfo::1'11131'1(:&!.Si Therefore,
the complexes in this series were prepared via an intermediate
solvento complex, formed by the reaction of the iridium dimer
with AgPF, in MeOH (Scheme 1). During the reaction, AgCl
precipitates and is removed by fltration through Celite. The
filtrate is concentrated and the solvento intermediate is used
immediately without purification or characterization for
subsequent transformations. As shown in a series of stable
orange emitters, the purity obtained by this synthetic route can
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lead to excellent LEC performance, decreasing the risk of
chloride ion impurities in the final complexes.*® In Scheme 1,
the synthetic strategy to complexes 1—7 is shown. Reaction of
the [Ir(ppy),(MeOH),][PF;] intermediate with the corre-
sponding N"N ligands L1-L7 in MeOH at room temperature
gave the desired iridium complexes in moderate to good yields
based on the iridium dimer starting material. All complexes in
this series were fully characterized by 1D and 2D NMR
spectroscopy, IR spectroscopy, ESI-MS, and elemental analysis.
The base peaks in the ESI mass spectra correspond to the [M—
PE¢]" cations.

Crystal Structures. Single crystals of 1-1.5CH,Cl, 6
CH,Cl,, and 7 were grown by layering CH,Cl, solutions of the
complexes with Et,0. Structures of the complex cations are
shown in Figures 1—3, confirming that coordination occurs
through the nitrogen atom(s) of the benzothiazole/benzox-
azole unit(s) in all three complexes. 1-1.5CH,Cl, and 6-CH,Cl,
crystallize in the monoclinic space groups P2,/c and P2,/n,
respectively, whereas 7 crystallizes in the orthorhombic space

Figure 1. Structure of the A-[Ir(ppy),(L1)]* cation in 1-1.5CH,Cl,. H
atoms omitted for clarity and ellipsoids plotted at 50% probability
level. Selected bond parameters: Irl1-N1 = 2.172(2), Ir1-N2
2.050(2), Ir1-N3 = 2.143(2), Irl-N4 = 2.041(2), Ir1-C5
2.007(3), Ir1—C32 = 2.014(3), 81-C15 = 1.731(3), S1-C17
1.742(3) A; N1-Ir1—N3 = 76.15(9), N2—Ir1—CS = 80.63(10), N4—
Ir1—C32 = 80.65(10), N1-Ir1—C5 = 17148(9), N2-Ir1-N4 =
172.68(9), N3—Ir1—C32 = 175.40(10), C15—-51-C17 = 88.97(14)°.

DOI: 10.1021/Jacs.6b13311
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Figure 2. Structure of the A-[Ir(ppy),(L6)]* cation in 6-CH,Cl,. H
atoms omitted for clarity and ellipsoids plotted at 50% probability
level. Selected bond parameters: Irl-N1 = 2.044(2), Irl-N2
2.055(2), Ir1=N3 = 2.173(2), Irl-N4 = 2.140(2), Irl—Cl11
2.009(3), Ir1-C22 = 2.008(3), O1-C28 = 1.355(4), O1-C29
1.394(4) A; N1-Ir1—C11 = 80.60(11), N2—Ir1—C22 = 80.60(11),
N3—Irl-N4 = 76.33(9), N1-Ir1-N2 = 172.13(9), N3—Ir1—C11 =
170.59(10), N4—Ir1—C22 = 173.90(10), C28—01—C29 = 103.9(2)°.

Figure 3. Structure of the A-[Ir(ppy),(L7)]* cation in 7. H atoms
omitted and ellipsoids plotted at 50% probability level. Symmetry
code: i = —x + 1/2, —y + 1/2, z + 1. Selected bond parameters: Ir1—
NI = 2.176(3), Ir1—N3 = 2.048(2), Ir1—C20 = 2.004(3), S1—C6 =
1.730(4), S1I—C7 = 1.718(3) A; N1—Ir1—N1' = 75.58(14), N3—Irl—
C20 = 8075(12), N1-Irl-C20 = 175.83(13), N3-Irl-N3' =
168.96(15), C6-S1—C7 = 88.77(16)°.

group Fdd2. CH,Cl, solvent molecules are heavily disordered
in 1-1.5CH,Cl, and have been removed using the SQUEEZE®
method. In 6-CH,Cl,, the CH,Cl, solvent molecule is ordered.
The asymmetric unit of 7 contains half a cation and half an
anion; in each case, the second half is generated by a G,
rotation axis which is parallel to the ¢ axis of the unit cell and
runs through the iridium or the phosphorus center,
respectively.

For 1-1.5CH,Cl, and 6-CH,Cl,, the phenylpyridine ligand,
of which the coordinating C atom is trans to the benzothiazole/
benzoxazole unit, is nearly planar (angles between the ring
planes are 3.3 and 2.7°, respectively). The other ppy
cyclometallating ligand (coordinating carbon frans to the
pyridine ring of the ancillary ligand) shows deviation from
planarity, with angles between the ring planes of 8.2 and 10.9°,
respectively. Whereas the L1 andillary ligand in 1-1.5CH,Cl, is
distorted from planarity (angle between the ring planes = 8.2%),
ligand L6 in 6-CH,Cl, does not exhibit the same behavior
(angle between the ring planes = 2.2°). In 7, both the ppy~ and
the L7 ligands are twisted so that the angles between the ring
planes amount to 7.1 and 7.5°, respectively.
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Electrochemical Properties. Electrochemical data gained
from cyclic voltammetry measurements in CH,Cl, solution are
summarized in Table 1; cyclic voltammograms are depicted in

Table 1. Electrochemical Data of Complexes 1-7 in
Deaerated CH,Cl, Solutions and Referenced to Fc/Fc* (See
Also Figure S1)“

AE,
EA V] (o= Bu lnVD) [V

E [V
complex (EP‘ = E, [mV])

1 +0.94 (92) —1.55 (83) 249
2 +0.92 (95) —1.59 (89) 2.51
3 +0.86% (126) —1.57 (95) 243
4 +0.87% (151) —-1.62 (89) 2.49
5 +0.99", +1.17° —147 (86), —2.30% 2.46
6 +0.927 (114) =161 (104) 2.53
7 +LO1¥ (144) —1.27% (123), —2.03% (140) 228

“Measured using Pt working and counter electrodes, an Ag
pseudoreference electrode, and 0.1 M TBAPF; as supporting
electrolyte at a scan rate of 0.1 V s~ ir = irreversible, qr = quasi-
reversible.

Figure S1. Reduction potentials are similar for complexes 1—4
and 6 (—1.55 to —1.62 V), indicating that reduction takes place
mainly on the benzothiazole unit of the ancillary ligand and
replacing benzothiazole by benzoxazole does not significantly
influence the reduction potential. Both 5 and 7 are more readily
reduced than complex 1, with E%5 shifted by 0.08 and 028 V,
respectively. The introduction of a second benzothiazole
moiety therefore has a pronounced stabilization effect on the
LUMO, especially in 7, where the two benzothiazoles are
directly linked. A second reduction peak is observed for both
complexes, which is not seen for the remaining five compounds
within the accessible solvent window. Oxidation potentials are
in a close range (+0.86 to +1.01 V), as expected for
[Ir(ppy),(N*N)][PF;] complexes in which the HOMO is
located on the iridium center and the cyclometalating ligand.
For compound 7, oxidation is shifted to higher potential, which
can be explained by the extremely electron-deficient nature of
ligand L7, making oxidation of the iridium center more difficult.
The opposite trend is seen in 3 and 4, where the introduction
of a phenyl group on the ancillary ligand facilitates oxidation.
For complex §, two irreversible oxidation waves are observed,
whereas all other complexes exhibit only one reversible to
quasi-reversible oxidation.

Photophysical Properties. UV—vis absorption spectra in
CH,Cl, solution are shown in Figure 4. All complexes show
intense absorption bands in the UV with maxima in the range
254—314 nm, which are ascribed to spin-allowed 7 — ¥
transitions of the ligands. Lower energy bands between 350 and

50000 |
= i st
£ 40000 —_—2
fos ——3
S 30000 N » 4
= Y 5
T 20000 - S AN o—8
3 - \&‘ g
= 10000 BN, 7

.
L i et e vt s

300 350 400 450 500 550 600
Wavelength (nm)

250

Figure 4. UV—vis absorption spectra in CH,Cl, solution (1.0 X 107%
mol dm™) of complexes 1-7.
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450 nm correspond to spin-allowed metal-to-ligand ("MLCT)
and ligand-to-ligand charge transfer ('LLCT) excitations,
whereas the low intensity tails above 450 nm arise from spin-
forbidden *MLCT, 3LLCT, and ligand-centered (°LC)
transitions.'* With the exception of 7, the UV—vis absorption
spectra of all complexes in this series are similar. Compound 7
exhibits more intense absorption bands at wavelengths higher
than 360 nm compared to the other complexes, with
considerably stronger absorption bands extending into the
visible region (around 450 nm). This feature is attributed to the
ancillary ligand (L7).

Excitation of CH,Cl, solutions of complexes 1—7 gives the
photoluminescence spectra shown in Figure 5 with photo-
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Figure S. Photoluminescence spectra in CH,Cl, solution (1.0 X 1075
mol dm™) of complexes 1—7. 4, = 430 nm for 1—6 and 445 nm for
7.

physical data summarized in Table 2. Emission maxima lie in
the red to deep-red region, ranging from 636 to 686 nm. For all
complexes, the shapes and positions of the emission bands are
independent of the excitation wavelength. Introduction of
ligand L1 leads to a 49 nm red-shift of the emission maximum
in CH,Cl, when compared to the archetype complex
[Ir(ppy)a(bpy)][PFs] (595 nm, bpy = 2,2"-bipyridine).”® This
red-shift can be explained by the electron-deficient nature of the
benzothiazole moiety, leading to stabilization of the LUMO and
as a consequence a smaller energy gap. Replacing the pyridine
ring of L1 by another benzothiazole unit (ligand L7) leads to a
further 42 nm bathochromic shift of the emission maximum in
7. Substituting L1 with a further benzothiazole group (ligand
LS) does not have the same effect as L7; the pendant
benzothiazole ring in § red-shifts the emission maximum by
only 8 nm. Coordination of the benzothiazole to the iridium
center is therefore crucial for a substantial bathochromic shift.
With the exception of 7, the emission maxima of all complexes
in this series are found in a small 16 nm range between 636 and

652 nm, corresponding to red emission. Introduction of a
pendant phenyl (3) or benzothiazole ring (5) exerts a negligible
influence on the luminescence maximum. An 8 nm blue-shift of
the emission band is observed upon tert-butyl substitution on
the pyridyl ring in complexes 2 and 4. The same effect is
observed by changing the benzothiazole to a benzoxazole unit
in the ancillary ligand (complex 6). The majority of complexes
in this series show broad, unstructured emission profiles,
indicating a large charge transfer character of the emissive state.
Some vibrational structure is observed in the emission bands of
complexes 2 and 6, suggesting that the *LC contribution is
more pronounced in the emissive state of these two complexes.
Photoluminescence quantum yields in solution are generally
low (<10%) within this series of complexes (Table 2), but
unexceptional for red emitters. A fert-butyl substituent on the
ancillary ligand in 2 and 4 leads to slightly higher PLQYs of
14.0 and 11.0%, respectively. Lifetimes were determined using
biexponential fits in the case of compounds § and 6; data are
given in Table 2.

Emission spectra of powder samples are depicted in Figure 6;
emission maxima, quantum yields, and excited-state lifetimes
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Figure 6. Solid-state photoluminescence spectra of powder samples of
complexes 1-7. 4., = 280 nm.

are summarized in Table 2. All complexes exhibit a blue-shift in
the range 4—30 nm on going from CH,Cl, solution to the solid
state (powder). The largest shift is seen for compound 7; this is
also the only complex in this series which has a structured
emission profile in the solid state. PLQYs vary from 3.1% for
complex § to 17.0% for complex 7. Biexponential fits were used
for solid state decay curves of all complexes. Average lifetimes
lie in the range 185—565 ns, with complex 7 exhibiting not only
the highest quantum yield, but also the longest 7,,.. Thin films
of the complexes combined with [Bmim][PF] as ionic liquid
(4:1 ratio) were spin-coated onto quartz substrates to
determine their photophysical properties. For compounds 2

Table 2. Photophysical Properties of Complexes 1—7 (See Also Table S1)

solution® powder film”
complex 42 [nm]” 72 [ns]™ PLQY [%]” 72 [nm]* Ty [n5] PLQY [%]” 42 [om] PLQY [%]
1 644 222 7.7 630 277 8.6 645 11.0
2 636 329 14.0 630 305 16.0 642 17.6
3 645 183 6.5 638 214 85 651 9.7
4 636 275 11.0 625 287 10.0 626 12.5
5 652 169° 4.1 648 185 3.1 658 58
6 636 166° 59 616 236 9.7 625 12.3
7 686 126 3.6 656 565 17.0 693 6.7

“Deaerated CH,Cl, solutions. b/lm =266 nm for 1, 270 nm for 2—4 and 6, 265 nm for 5, and 259 nm for 7. “Measured under an atmosphere of
argon. “Ae = 280 nm. “z,,, (biexponential fits were used for the excited state lifetime determination). Sl = 320 nm.
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and 4, 2 wt % poly(methyl methacrylate) (PMMA) was added
to increase the quality of the film. The photoluminescence
spectra of the different films are depicted in Figure 7 and the
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Figure 7. Thin-film photoluminescence spectra of complexes 1-7. 4,
= 320 nm.

deduced emission maxima and quantum yields are reported in
Table 2. Apart from complex 4, red-shifts in the emission
maxima are observed for all complexes on going from powder
samples to thin films. A pronounced red-shift of 37 nm is seen
for complex 7, resulting in an emission maximum close to the
near-infrared region (693 nm). All other complexes exhibit
smaller bathochromic shifts ranging from 9 to 15 nm.
Interaction of the complexes with the ionic liquid in thin
films apparently leads to a slight stabilization of the triplet
emissive state and thus a smaller energy gap. The PLQY of the
films of all but complex 7 are similar to the values obtained
from the powder samples (Table 2). Only for complex 7, the
PLQY is significantly lower in film (6.7%) than for the powder
sample (17%).

Theoretical Calculations. To obtain a deeper knowledge
of the electrochemical and photophysical properties of
complexes 1—7, the molecular and electronic structures of

the respective [Ir(ppy),(N"N)]* cations, in both ground and
excited electronic states, were investigated by means of density
functional theory (DFT) calculations at the B3LYP/(6-
31G**+LANL2DZ) level in the presence of the solvent
(CH,CL,).

The minimum-energy geometries calculated for the [Ir-
(ppy)2(N"N)]* cations in their electronic ground state (S,)
reproduce the near-octahedral coordination of the Ir metal and
are in good agreement with the X-ray diffraction data presented
above for 1, 6, and 7. For these complexes, the N*N ligands are
predicted to be mainly planar (angle between ring planes = 2.7,
1.9, and 3.8°, respectively). For 3, 4, and §, the ancillary ligand
deviates more from planarity (angle between ring planes = 14.6,
16.0, and 14.3° respectively) to accommodate the pendant
phenyl or benzothiazolyl groups. These groups give rise to a
face-to-face 7-stacking with the phenyl group of the adjacent
ppy~ ligand, similar to the intracation stacking observed for
(Ir(ppy),(Phbpy)]* (Phbpy = 6-phenyl-2,2"-bipyridine) and
[1x(ppy),(Naphbpy)]" (Naphbpy = 6-(2-naphthyl)-2,2"bipyr-
idine) in previous studies.”*” The centroid—centroid distance
between the stacked rings is 3.78, 3.80, and 3.74 A for 3, 4, and
S, respectively.

Figure 8 compares the energies calculated for the frontier
molecular orbitals of complexes 1—7 with those obtained for
the archetypal [Ir(ppy),(bpy)]* complex. The contour plots of
the highest-occupied (HOMO) and lowest-unoccupied
(LUMO) molecular orbitals show the same topology for all
the complexes and only those computed for [Ir(ppy),(bpy)]*,
1, and 7 are depicted in Figure 8 as representative examples. As
usually found for [Ir(C*N),(N"N)]* complexes, the HOMO
spreads over the iridium center and the phenyl rings of the
ppy” ligands, whereas the LUMO is located over the N*N
ligand. The energy of the HOMO remains almost constant
along the series 1—6 (—5.83 to —5.86 eV), and close to that of
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Figure 8. Schematic representation comparing the energies calculated for the frontier molecular orbitals of the archetype complex [Ir(ppy).(bpy)]*
and of complexes 1—7. Isovalue contours (+0.03 au) of the HOMO and LUMO are included for [Ir(ppy),(bpy)]*, 1, and 7. Hydrogen atoms are
omitted for clarity. The chemical structure of the N*N ligands is shown in the upper part of the figure.

3242 DOl 10.1021/jacs.6b13311

J. Am. Chem. Soc. 2017, 139, 3237-3248

188



Journal of the American Chemical Society

the archetypal complex (—5.80 eV). This is an expected
behavior because all the complexes bear the same C”N ligands
and the structural differences are related to the ancillary ligand
from which the HOMO has no contribution. Hence, the energy
of the HOMO is only indirectly affected as in complex 7, that
features a slightly lower HOMO energy (—5.92 eV) due to
electron-deficient nature of ligand L7. The theoretical
predictions are in good agreement with the very similar
oxidation potentials measured for complexes 1—4 and 6, and
the higher value recorded for 7. No significant difference is
expected for complex $, for which the measured potential is
irreversible.

Regarding the LUMO, its energy undergoes significant
changes due to the different structure of the ancillary ligand
(see Figure 8). The substitution of the bpy ligand in the
reference [Ir(ppy).(bpy)]* complex by the btzpy ligand
incorporating the benzothiazole unit in 1 stabilizes the
LUMO by 0.33 eV, passing from —2.66 ¢V in [Ir(ppy),(bpy)]"
to =298 eV in 1. The attachment of additional tert-butyl and
phenyl groups to the pyridine moiety of btzpy leads to
accumulative destabilizations of the LUMO of 2 (—2.89 eV), 3
(=291 V), and 4 (—2.82 V) compared with 1. Replacing
benzothiazole by benzoxazole has a similar small destabilization
effect in the LUMO of 6 (—290 eV). In contrast, the
attachment of a second benzothiazole unit produces a small
stabilization of the LUMO of § (—3.02 eV). The greatest effect
is found for complex 7 (—3.29 eV), for which the pyridine ring
is substituted by a second electron-deficient benzothiazole unit,
and the LUMO is stabilized by 0.31 eV. The theoretical trends
fully support the reduction potentials measured experimentally
(Table 1), which present close values for 2, 3, 4, and 6 (around
—1.60 V), slightly more negative than 1 (=1.55 V), and less
negative values for § (—1.47 V) and especially for 7 (=127 V).

The HOMO-LUMO energy gaps calculated for 1—7 are in
all cases smaller than that computed for the archetype complex
(3.14 eV). The largest gap in the family is predicted for
complex 4 (3.02 eV), it decreases for complexes 2, 3, and 6,
that show gaps around 2.95 eV, and in passing to 1 (2.88 eV)
and 6 (2.83 eV), and the smallest gap is predicted for complex
7 (2.63 eV). If emission comes from a triplet excited state
originating in the HOMO — LUMO excitation, these results
justify, in a first approach, the gradual shift to the red
experimentally observed for the emission of complexes 1—6,
and especially for 7, when compared with [Ir(ppy),(bpy)]"
(Table 2).

To verify the nature of the emitting state, time-dependent
DFT (TD-DFT) calculations of the lowest-energy triplet states
were performed for the cations of complexes 1-7 at the
optimized geometry of S, Table S2 in the Supporting
Information compiles the vertical excitation energies and the
electronic description computed for the first three triplet
excited states. Results for complexes 1—7 mostly present the
same pattern. The lowest-lying triplet state (T,) is mainly
described by the HOMO — LUMO excitation and has a
SMLCT/?LLCT nature. The second lowest state (T,), which
also has a *MLCT/?LLCT nature, appears 0.3—0.4 eV higher in
energy than T, and presents some SLC character (13—22%)
due to excitations centered on the ancillary ligand. The third
state (T;) mainly implies the C"N ligands (*LC nature) with
some contribution from the metal and is computed more than
0.5 eV above T,. The energy differences between these states
point to the HOMO — LUMO MLCT/?LLCT state as the
emissive triplet state for complexes 1-7.
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To further confirm the nature of the emitting triplet, the
geometry of the lowest-lying triplet state was optimized using
the spin-unrestricted UB3LYP approach. Figure 9a summarizes

(nmp\en‘ AE (eV) E_[eV)
1 2.06 179
2 2.08 182
3 2.07 178
4 210 1.80
5 188 170
6 21 1.84
7 181 158
(b) é
e Y
1 7

Figure 9. (a) Schematic energy diagram showing the adiabatic energy
difference (AE) between the Sy and T states and the emission energy
(Eem) from T, calculated for complexes 1—7. (b) Unpaired-electron
spin-density contours (0.002 au) calculated for fully relaxed T, states

of complexes 1 and 7.

the adiabatic energy difference between S, and T, (AE) and the
emission energy (E.,) estimated as the vertical energy
difference between T, and §; at the optimized minimum-
energy geometry of T,. Figure 9b shows the unpaired-electron
spin-density distributions computed for the fully relaxed T,
states of complexes 1 and 7 as representative examples. All the
complexes exhibit similar spin density plots spreading the ppy-
Ir environment and the NN ligand (Ir ~ 0.Se, C"N ligands ~
0.5e, N"N ligand ~ 1.0e) that perfectly match the topology of
the HOMO — LUMO excitation indicating an electron
transfer from the Ir(ppy), moiety to the ancillary ligand. This
supports the 3SMLCT/’LLCT nature predicted for the emitting
state by the TD-DFT calculations and agrees with the broad
and unstructured bands observed in the photoluminescence
spectra. The DFT values predicted for E_, are in the range
1.58=1.79 eV (Figure 9a) underestimating the experimental
emission energies by 0.1—0.2 eV. They correctly reproduce the
main experimental trends featuring similar emission energies
for complexes 1—4 and 6, a slightly redder emission for 5, and a
deeper red emission for 7.

TD-DFT calculations of the lowest-lying singlet excited
states were also performed to disentangle the different features
observed in the absorption spectra (Figure 4). For complex 7,
two relatively intense S, — S, electronic transitions are
computed at 362 and 373 nm, with oscillator strengths of 0.10
and 0.59 respectively. These transitions originate from 7 — 7*
excitations centered over the 2,2'-bibenzo[d]thiazole (L7)
ligand. The corresponding transitions for complexes 1—6 are
found at higher energies and show lower intensities (for 1: 328
and 335 nm, with oscillator strengths of 0.30 and 0.15,
respectively). These differences explain the more intense
absorption bands recorded experimentally for 7 at wavelengths
higher than 360 nm, which are not observed for the other
complexes (Figure 4).

Light-Emitting Electrochemical Cells (LECs). Simple
two-layer LECs were prepared to investigate the electro-
luminescent properties of complexes 1-7. For clarity, LECs
fabricated using complexes 1—7 will be referred as LECs 1-7.

DOI: 10.1021/jacs 6613311
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LEC structure is as follows, ITO/PEDDT:PSS/compIex(l—
7):IL/Al layout, as explained in the Experimental Section. The
IL was added to reduce the turn-on time (f,,) defined as the
time to reach a luminance of 100 c¢d m™2.%

LECs are dynamic devices and are characterized in a different
way than OLEDs. In particular, the frequently used luminance
and current density versus voltage scans used in OLEDs cannot
be used since, due to the slow ionic motion occurring in LECs,
they operate in a different manner depending on the scan
speeds. Therefore, LECs are generally studied under either
fixed voltage or fixed current density over time. As mentioned
earlier, our group has shown the benefits of operating the
device under pulsed-current driving."*" In this study, LECs 1—
7 were evaluated using a pulsed-current with an average current
density of 100 A-m™, consisting of a block wave at a 1000 Hz
frequency with a duty cycle of 50%. Using the pulsed driving
mode LEC 7 did not produce any electroluminescence. This is
most likely related to the poorer film quality of complex 7
resulting from its low solubility. Owing to the poor film quality,
the distance between the anode and the cathode is not uniform
over the device area which can lead to higher leakage current. A
very high current density was indeed observed when operating
LEC 7 under a constant-voltage of 4 V, corroborating our
hypothesis of high leakage currents (Figure S2).

The electroluminescence (EL) spectra of LECs 1-7 are
shown in Figure 10. All the LECs 1—7 emit in the red region.
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Figure 10. Electroluminescence spectra of LECs 1—7 driven either at
an average pulsed-current density of 100 A'm™ (1000 Hz, 50% duty
cycle, block wave) for 1—6 or constant-voltage of 4 V for 7.

The Commision Internationale de |'Eclairage (CIE) coordi-
nates for LECs 1—6 were determined from the electro-
luminescence spectra and are collected in Table 3. The EL
spectra for LECs 1, 2, 3 and § are similar to the PL spectra
indicative of the similar excited states being involved in the light
emission process. LEC 4 show a red-shift of 22 nm (475" EL =
648 nm) and LEC 6 has a blue-shift of 27 nm (452 EL = 598

nm), for reasons, currently not yet understood. These
electroluminescence spectra are very interestin% as up to now
25,82—64
only few pure red LECs have been reported.™
The evolution of the luminance versus time for LECs 1—6
driven at 100 A-m™* average pulsed-current density is shown in
Figure 11 and the performance key parameters are given in
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Figure 11. Luminance (a, c) and average voltage (b) versus time of
LECs 1—6 operated under an average pulsed-current density of 100 A-
m™ (1000 Hz, 50% duty cycle, block wave). Panel (c) shows the
extrapolation of the luminance to half the initial value for LECs 1-3.

Table 3. LECs 1—6 present the typical behavior under pulsed-
current mode operation. The luminance rises while the voltage
drops due to the growth of the p- and n-doped regions in the
active layer.'* Once the maximum luminance is attained, the
luminance starts to decrease and the operating average voltage
remains constant with values between 2.00 and 2.58 V.

LEC 1 presents a maximum luminance of 77 cd-m™ after 54
h under operation, which implies that the ionic movement in
this system is slow. The device lifetime, expressed by the time
to reach one-half of the maximum luminance (t,;,), was
estimated by extrapolating the luminance curve leading to a
value higher than 1000 h. Moreover, LECs 2 and 3 actually
show a higher maximum luminance (200 and 119 cd'm™) and

Table 3. Performance Parameters and Electroluminescence Data Obtained for LECs 1—6 Operated under a Pulsed-Current of

100 A-m™ (1000 Hz, 50% Duty Cycle, Block Wave)

LEC  lum, Jfedm™* i /h* fd/ B tp/h? efficacy,/cd AT PE/ImW'Y  EQE,./%°  i™ EL/nm CIE"
1 77 4.6 54 >1000° 0.75 0.47 0.70 636 0.6289, 0.3674
2 200 4.3 870 >6000° 202 1.22 2.00 642 0.6297, 0.3663
3 119 02 63 >4500" 122 0.77 1.49 651 0.6436, 0.3524
4 91 13 18 63" 101 0.51 1.04 648 0.6219, 0.3748
5 9 4.8 >150° 0.09 0.06 0.14 655 0.6476, 0.3393
6 97 02 0.84 9 0.97 0.54 0.55 598 0.5852, 0.4109

“Maximum luminance reached. “Time to reach 50 cd-m™* luminance. “Time to reach the maximum luminance. “Time to reach one-half of the
maximum luminance. “Maximum efficacy reached. “Maximum power effidency reached. *Maximum external quantum efficiency reached. "The
Commission Internationale de I'Eclairage (CIE) color coordinates. ‘Extrapolated values.
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further enhanced device stability than LEC 1 (Table 3). The
best device of the series (LEC 2) has a t,;, in excess of 6000 h
under the operating conditions (average pulsed-current density
of 100 A-m™2). An extended time-dependent luminance graph
for LEC 2 up to 1200 h under operation is depicted in Figure
S3. Tts turn-on (f,,) defined as time to reach 50 cd-m™ rises
similar to that for LEC 1 (4.6 and 4.3 h for LEC 1 and 2,
respectively), yet its luminance continues to increase over a
long time, indicating that optimum charge injection and charge
balance are only slowly obtained, which could indicate that this
slow ionic motion leads to a very slow dopin _growing over
time becoming beneficial for the device lifetime.”>® The higher
luminance obtained for LEC 2 is due to the higher PLQY
measured for complex 2 (17.6%) compared with complex 1
(11%). LEC 3 incorporating the complex with the pendant
phenyl group attached to the N*N ligand also shows a higher
luminance (lum,,,, = 119 cd-m™ at 63 h) and a longer lifetime
(>4500 h) than complex 1 (>1000 h). When increasing the size
of the substituents beyond that of complex 3 as in 4 and 5, the
corresponding LECs have a significantly reduced stability, they
now decay on a time scale of tens of hours. The replacement of
the benzothiazole unit (LEC 1) by a benzoxazole (LEC 6)
maintains the luminance (lum_, = 77 and 97 cd-m™,
respectively), yet produces a detrimental effect in terms of
stability (f,, > 1000 and 150 h, respectively). In general, the
time to reach the maximum luminance (t,.,) and t,, for LECs
4—6 is almost four times faster than for LECs 1—3, which
support the hypothesis that the device lifetime is mainly
affected by the growth of the doped zones, which increases the
quenching of excitons. LEC 7, as mentioned above, emits in the
near-infrared and is not included in Figure 11 because it did not
work under pulsed driving operation. The response of LEC 7
under constant-voltage operation is shown in Figure S5.
Conclusions are difficult to draw due to the high current
density caused probably by the poor film formation, and higher-
solubility complexes would be needed to evaluate this type of
complexes more carefully.

The current efficiency of LEC 1 is around 0.75 cd-A™" and is
stable over time. The stability is a result of the stable luminance
resulting from the complex and the pulsed-current driving
approach. The efficiency is not very high in part due to the
emission wavelength, which is only in part visible to the human
eye. LECs 2 and 3 are slightly better, as can be observed from
their higher luminance values (Table 3), with efficacies of 2.02
and 1.22 cd-A™!, respectively.

In view of the deep-red emission wavelength, it is better to
express the efficiency as the external quantum efficiency (EQE)
defined as

EQE = bgp/2n" )

where b is the recombination efficiency (equal to 1 for two
ohmic contacts), ¢ is the fraction of excitons that decay
radiatively, and n is the refractive index of the glass substrate
and is equal to 1.5 (the factor 1/2n* accounts for the coupling
of light out of the device). As the Ir(IlI)-based complexes can
efficiently harvest both singlet and triplet excitons, ¢ should
resemble the PL efficiency. Hence, the efficiency of the device is
mainly determined by the PLQY of the iTMC emitter. The
maximum EQE that can be obtained with a PLQY of 11%
without special outcoupling structures is roughly 2.4%.
Experimentally, this value is not observed, and instead a
maximum EQE of 0.70% for LEC 1 was obtained. However,
due to the higher luminance achieved for LECs 2 and 3, the
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maximum EQE values for LECs 2 and 3 were 2.00 and 1.49%,
respectively. Several examples of red—emil:\tingg1 LECs have been
reported under constant-voltage operation,™ L7858 leading to
champion peak EQEs of 9.51% with a limited t,,, of 82 h."" To
the best of our knowledge, the best device lifetime for red-
emitting LECs has been reported under pulsed-c:urrerltf'g_-’rI or
constant-current’ "> operation with a maximum lifetime of 110
h. Hence, the characteristics described here for LECs 1—3 show
stabilities ranging from 10 to 60 times longer than those
reported previously. These values are exceptional and are only
comparable to very few orange emitting LECs operated under
the same driving conditions.”” The performance of the stable
red LECs is limited by the moderate luminance and the rather
slow response, which is dependent on the applied current and
generally linked to the device stability (higher current density
leads to lower device lifetime). For this reason, we further
investigate how the device stability is affected by increasing the
current density.

To do this, a good performing complex obtained in sufficient
large quantities is needed to prepare a number of devices to be
operated under increasing average current densities. Complex 1
was selected for this more in-depth analysis due to its simplest
chemical structure. The luminance versus time measured for
LEC 1 devices operated using pulsed-current densities (block
wave, 1000 Hz, and 50% duty cycle) of 300, 700, 1250, and
1500 A-m™* are depicted in Figure 12. The luminance decay is
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Figure 12. Time-dependent luminance of LEC 1 operated under
different pulsed-current densities from 300 to 1500 A'm™.

always very slow and, surprisingly, it does not depend very
strongly on the applied current density. As mentioned before,
this is remarkable as in electroluminescent devices a strong
dependency of the lifetime on the current density is normally
observed. There is virtually no luminance decay over the first
100 h (Figure 12) when driven under the pulsed conditions at
average current densities of 300 and 700 A-m~2, and only a
moderate decrease of approximately 10% is observed when the
average current density is set at 1250 and 1500 A-m™ after 100
h. The luminance decay of the LEC 1 driven at 700 A-m~? was
followed for a longer time (450 h) resulting in a decay of only
15% (Figure S4). The quasi steady-state luminance that is
reached by each device increases linearly in the range from 100
to 700 A-m™2 For clarity, the luminance curve for the lower
current density (100 A-m™) is not depicted in Figure 12. At
higher applied current densities than 700 A-m™2, the luminance
values still increase but less than linearly. This linear
dependence has been previously reported in LEC devices
operated in pulse mode at very low current densities. However,
this linearity is not usually present at high current densities.*
This implies that there is little exciton—exciton or exciton—
polaron quenching up to high current densities of 700 Am™,
as this would lead to a sublinear increase, and that the

DOl 10.1021/jacs.6b13311
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luminance intensity can be tuned by the current density
applied. The time to reach the maximum luminance (Figure
SSa) is also affected by the applied average current density and
interestingly, the time to reach 100 cd'm™ is substantially
reduced to the second scale, from 500 s at 300 A‘m™ to § s at
1500 A-m™2 (Figure 13). For lower current densities it takes
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Figure 13. Time to reach 100 cd'm™ (fyp0ca.~) versus applied current
densities (pulsed current, 1000 Hz, 50% duty cycle, block wave) for
LEC 1.

longer to reach the maximum luminance. This is related to the
voltage that is applied, which is lower for lower applied current
densities (FigureS5b). Once the maximum luminance is
reached, the operating voltage rapidly drops to values in
between 2.5 and 2.9 V, depending on the set current density.
Herein it is demonstrated the possibility of tuning the
luminance levels, fast response with almost no lost in device
stability, which is step forward in the demand for red light
applications.

4. CONCLUSIONS

In conclusion, a series of ionic iridium(III) complexes using
two 2-phenylpyridinate cyclometalating ligands and one 2-
(pyridin-2-yl)benzo[d]thiazole based ancillary (N"N) ligand
have been designed, prepared, and fully characterized. These
complexes are efficient red emitters and have been used to
prepare light-emitting electrochemical cells. The effects of
modifying the chemical structure of the 2-(pyridin-2-yl)benzo-
[d]thiazole ligand and its substitution by 2-(pyridin-2-yl)-
benzo[d]oxazole and 2,2'-bibenzo[d]thiazole units on the
photoluminescence and device performance are carefully
studied. Density functional calculations clearly show that
these chemical changes only affect the LUMO level leading
to important reductions of the HOMO—LUMO energy gap
compared to the archetypal [Ir(ppy),(bpy)] complex. The
emissive triplet state corresponds in all cases to the HOMO —
LUMO *MLCT/’LLCT state. Strikingly, stable red-emitting
LECs are obtained. In particular, LECs using the complexes
incorporating 2-(pyridin-2-yl)benzo[d]thiazole, 2-(4-(tert-
butyl)pyridin-2-yl)benzo[d]thiazole, and 2-(6-phenylpyridin-2-
yl)benzo[d]thiazole as ancillary ligands exhibit lifetimes in
excess of 1000, 6000, and 4000 h, respectively. This
demonstrates that these ligands are very interesting to be
further explore in both ionic and neutral iridium-based
phosphorescent complexes.
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Synthetic details

2-Bromo-6-phenylpyridine,' 4-(rert-butyl)-2-phenylpyridine,” 2-(pyridin-2-yl)benzo[d]thiazole (L1),’
2,2-bibenzo[d]thiazole (L7).** 2-bromo-4-(rert-butyl)pyridine.® and 2,6-bis(benzo[d]thiazol-2-
yl)pyridine (L5)" were synthesized according to literature procedures and their 'H NMR spectroscopic
data matched those reported. Adaptation of the reported synthesis of 2-(pyridin-2-yl)benzo[d|thiazole
(L1)* gave 2-(4-(tert-butyl)pyridin-2-yl)benzo[d]thiazole (L2)* and 2-(pyridin-2-yl)benzo[d]oxazole
(L6)° and their '"H NMR spectroscopic data were compared to those described in the literature.
[Ir(ppy):Cl]> was synthesized according to the standard method"™" and '"H NMR spectroscopic data
matched those reported in the literature.

2-(6-Phenylpyridin-2-yl)benzo|d]thiazole (L3)
2-{6-Phenylpyridin-2-yl)benzo[d]thiazole (L3) was synthesized by
adaptation of a literature procedure.’ Benzothiazole (110 pL. 135 mg,

0.971 mmol), 2-bromo-6-phenylpyridine (455 mg, 1.94 mmol), Cul (17.9
mg, 94.0 pmol), phenanthroline monohydrate (19.1 mg, 96.4 pmol), K;PO,

(412 mg, 1.94 mmol) and dry DMF (0.8 mL) were added to a microwave
vial, purged with N», sealed and heated at 120 °C overnight. The mixture was let to cool to room
temperature. H;O (50 mL) and EtOAc (50 mL) were added to the mixture and the layers were
separated. The aqueous layer was extracted with EtOAc (3 * 50 mL), the combined organic layers
were washed with brine (100 mL), dried over Na;SO; and the solvent was removed under reduced
pressure. The crude product was purified by column chromatography (silica, cyclohexane/EtOAc 6:1),
the solvent removed and the residue washed with n-pentane to yield 2-(6-phenylpyridin-2-
yl)benzo[d]thiazole (L3) as an off-white solid (143 mg, 0.496 mmol, 51.1%). M.p. 129.3 °C. '"H NMR
(500 MHz, CDCly) 6/ppm 8.31 (dd, J = 7.6, 1.0 Hz, 1H, H®), 8.20-8.15 (m, 2H, H*), 8.12 (pseudo-
dt, J =83, 09 Hz, 1H, H™), 7.97 (ddd, /= 8.0, 1.1, 0.6 Hz, 1H, H""), 7.92 (pseudo-t,.J = 7.7 Hz, 1H,
H™), 7.85 (dd, ./ = 7.9, 1.0 Hz, 1H, H®), 7.56-7.50 (overlapping m, 3H, H™™™), 7.50-7.45 (m, 1H,
H%), 7.43 (ddd, /= 8.2, 7.2, 1.2 Hz, 1H, H™). “C{'H} NMR (126 MHz, CDCl;) §/ppm 170.4 (C™),
157.1 (C™), 154.5 (C™), 151.2 (C™), 138.3 (C®"), 138.0 (C™), 136.5 (C™™), 129.6 (C™), 129.0 (C™),
127.1 (C™), 126.3 (C™), 125.7 (C™), 123.7 (C™), 122.1 (C*"), 121.8 (C®), 119.0 (C®). IR (solid,
wem™) 2982 (w), 1589 (w), 1566 (m), 1509 (w), 1447 (s), 1435 (m), 1319 (m), 1270 (w), 1250 (w),
1237 (w), 1183 (w), 1155 (w), 1083 (m), 1028 (w), 988 (m), 946 (w), 922 (w), 870 (w), 811 (m), 786
(w), 757 (s), 732 (s), 691 (s), 667 (m), 623 (m), 587 (w), 574 (w), 531 (w), 486 (w), 432 (m). LC-ESL-
MS m/z 289.0 [M+H]" (calc. 289.1). Found C 74.67, H 4.43, N 10.01; C,gH,>N,S requires C 74.97, H
4.19, N 9.71%.

2-Bromo-4-(fert-butyl)-6-phenylpyridine

s2
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2-Bromo-4-(tert-butyl)-6-phenylpyridine was synthesized by adaptation of a

5 2 3 literature procedure.! A solution of n-BuLi (1.6 mol L™ in n-hexane, 16.0 mL,

3 / E\ 4
=N

Br (dimethylamino)ethanol (1.30 mL, 1.15 g, 13.0 mmol) in dry n-hexane (10 mL)

at 0 °C. After stirring for 30 min at 0 °C, a solution of 4-(rert-butyl)-2-phenylpyridine (879 mg, 4.16

120 g, 256 mmol) was added dropwise to a solution of 2-

mmol) in dry n-hexane (5 mL) was added dropwise. The mixture was stirred for 1 h at 0 °C and then
cooled to =78 °C before adding a solution of CBry (4.86 g, 14.7 mmol) in dry n-hexane (10 mL). The
reaction mixture was stirred for 1 h at =78 C before it was allowed to warm to room temperature and
stirred for 3 d. H,O (100 mL) was added and the mixture was extracted with +-BME (3 = 100 mL).
The combined organic layers were dried over Na,S0, and concentrated under reduced pressure. The
residue was purified by column chromatography (silica, cyclohexane—1% EtOAc) to yield 2-bromo-4-
(tert-butyl)-6-phenylpyridine as a light brown solid (892 mg, 3.07 mmol, 73.9%). M.p. 47.7 °C. 'H
NMR (500 MHz, CDCl;) é/ppm 7.98-7.94 (m, 2H, H®), 7.64 (d, J = 1.5 Hz, 1H, H¥), 7.49-7.40
(overlapping m, 3H, H*"™), 7.40 (d, J = 1.5 Hz, 1H, H¥), 1.36 (s, 9H, H'"™). "C{'H} NMR (126
MHz, CDCls) &/ppm 163.8 (C™), 158.5 (C™), 142.6 (C%), 138.3 (C%'), 129.4 (C%), 128.7 (C™),
127.1 (C"), 123.5 (C®), 116.7 (C™), 35.2 (CE™F), 30.5 (C™C"), IR (solid, 7em™) 3045 (w), 2968
(m), 2869 (w), 1590 (s), 1579 (m), 1530 (s), 1498 (m), 1477 (m), 1455 (w), 1415 (m), 1385 (s), 1367
(m), 1296 (m), 1240 (m), 1201 (w), 1184 (w), 1156 (m), 1128 (w), 1066 (m), 1029 (w), 1002 (w), 986
(w), 918 (w), 871 (m), 854 (m), 794 (m), 769 (s), 758 (s), 638 (s), 639 (s), 534 (w), 461 (w). LC-ESI-
MS m/z 290.0 [M+H]" (calc. 290.1). Found C 61.92, H 5.42, N 5.02; C,sH,¢BrN requires C 62.08, H
5.56, N 4.83%.

2-(4-(tert-Butyl)-6-phenylpyridin-2-yl)benzo|d|thiazole (L4)

2-(4-(tert-Butyl)-6-phenylpyridin-2-yl)benzo[d]thiazole (L4) was
synthesized by adaptation of a literature procedure.’ Benzothiazole (100
pL. 123 mg, 0.883 mmol), 2-bromo-4-(tert-butyl)-6-phenylpyridine (495
mg, 1.71 mmol), Cul (17.2 mg, 90.3 pmol), phenanthroline monohydrate
(17.6 mg, 88.8 pmol), KsPO;4 (361 mg, 1.70 mmol) and dry DMF (0.8 mL)

were added to a microwave vial, purged with N,, sealed and heated at 120 ®C overnight. The mixture
was let to cool to room temperature, diluted with EtOAc (100 mL), filtered through Celite® and
washed with EtOAc (50 mL). The combined filtrate was washed with H;O (100 mL), dried over
Na,S0y and the solvent removed under reduced pressure. The crude product was purified by column
chromatography (silica, cyclohexane—5% EtOAc) and the solvent removed. n-Hexane was added to
the residue, the mixture was sonicated and the solid removed by filtration. The solid was dissolved
with EtOAc/CH;Cl, and the solvent removed to yield 2-(4-(rert-butyl)-6-phenylpyridin-2-
yl)benzo[d]thiazole (L4) as an off-white solid (164 mg, 0.476 mmol, 53.9%). M.p. 158.7 °C. 'H NMR
(500 MHz, CDCly) dfppm 8.36 (d, J = 1.6 Hz, 1H, H¥), 8.17-8.15 (m, 2H, H?), 8.13 (pseudo-dt, J =
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8.2, 0.9 Hz, 1H, H™), 7.97 (ddd, J = 8.0, 1.2, 0.7 Hz, 1H, H""), 7.85 (d, /= 1.7 Hz, 1H, H®), 7.56—
7.49 (overlapping m, 3H, H™), 7.49-7.45 (m, 1H, H™), 7.42 (ddd, J = 8.1, 7.2, 1.1 Hz, 1H, H™),
1.47 (s, 9H, H™). "C{'H} NMR (126 MHz, CDCls) d/ppm 171.1 (C™), 162.4 (C*), 1573 (C™),
154.4 (C™), 151.1 (C™), 139.0 (C™), 136.5 (C"™), 129.4 (C™), 129.0 (C™), 127.2 (C™), 126.3 (C™),
125.6 (C™), 123.6 (C™), 122.1 (C™), 1192 (C®), 116.4 (CH), 35.5 (CECHIY) 30,9 (CUEHHY IR
(solid, #em™) 2962 (w), 1595 (m), 1544 (m), 1472 (w), 1426 (m), 1392 (m), 1313 (m), 1233 (m),
1110 (w), 1024 (w), 927 (w), 879 (m), 779 (m), 756 (s), 730 (s), 696 (s), 649 (m), 588 (w), 533 (w).
LC-ESI-MS m/z 345.1 [M’+H]+ (calc. 345.1). Found C 76.35, H 5.97, N 8.33; CxHxN,S requires C
76.71, H 5.85, N 8.13%.

General procedure for the synthesis of iridium(11I) complexes

[Ir(ppy)2Cl]: and AgPF4 were suspended in MeOH (15-25 mL) and stirred at room temperature for 2—
3.5 h. The mixture was filtered through Celite® and washed with MeOH. The filtrate was
concentrated under reduced pressure to yield [Ir(C"N);(MeOH);][PFs] which was neither purified nor
characterized. Ancillary ligand (L1-7) and MeOH (5-10 mL) were added immediately to the solvento
intermediate and the mixture stirred at room temperature overnight. The resulting orange-red
precipitate was filtered off, redissolved in CH,Cl, and concentrated under reduced pressure. The crude
product was purified by column chromatography (silica) and the solvent removed. The residue was
dissolved in little CH,Cl; and precipitated with Et;O and/or n-hexane. Where necessary, the complex
was dissolved in little CH,Cl,, layered with toluene and m-hexane and stored in the refrigerator
overnight. The resulting precipitation was filtered off and dried under vacuum. The reported yields

(over two steps) were calculated based on the iridium dimer starting material.

Complex 1

[Ir(ppy)Cl]2 (100 mg, 0.0933 mmol) and AgPF, (51.4 mg, 0.203
mmol) in MeOH (20 mL), 2 h 45 min at room temperature.
Addition of 2-(pyridin-2-yl)benzo[d]thiazole (L1) (39.7 mg, 0.187
mmol) and MeOH (10 mL). Purification by column
chromatography (silica, CH,Cl, changing to CH,Cl—1% MeOH)

[PFaT

and precipitation with Et;0. Complex 1 was isolated as an orange
solid (129 mg, 0.151 mmol, 80.6%). 'H NMR (500 MHz, CD:Cl,)
dlppm 8.45 (pseudo-dt, J = 8.0, 1.0 Hz, 1H, H), 8.20 (pseudo-td, J = 7.8, 1.5 Hz, 1H, H), 8.08
(ddd, J = 8.3, 1.1, 0.7 Hz, 1H, H""), 8.02—7.96 (overlapping m, 2H, H™**%%), 7.93 (pseudo-dt, J= 8.4,
1.1 Hz, 1H, H¥), 7.80 (ddd, J = 8.2, 7.4, 1.5 Hz, 1H, H™), 7.80-7.72 (overlapping m, 3H, HA™ ),
7.62 (pseudo-dt, J=5.9, 1.1 Hz, 1H, H™), 7.56-7.51 (overlapping m, 2H, H*"*), 7.47 (pseudo-dt, J =
5.9, 1.2 Hz, 1H, H™), 7.24 (ddd. /= 8.4, 7.2, 1.2 Hz, 1H, H"), 7.14 (pseudo-td, J = 7.6, 1.2 Hz, 1H,
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H*), 7.11 (pseudo-td, J = 7.6, 1.2 Hz, 1H, H™), 7.03-6.98 (overlapping m, 2H, H**®), 6.98-6.94
(overlapping m, 3H, H="%) 6 41 (dd, J=7.7, 1.2 Hz, 1H, H*®), 6.25 (dd, /= 7.8, 1.2 Hz, 1H, H"®).
BCi'H} NMR (126 MHz, CD.ClL) d/ppm 170.0 (C™), 168.4 (C™), 167.9 (C™), 152.3 (C™), 151.5
(C™), 151.2 (C™), 150.2 (C™), 149.2 (C™), 147.54 (C™"), 147.52 (C*), 144.7 (CY), 144.2 (CD),
140.5 (C™), 138.92 (C™), 138.85 (C™), 134.8 (C7™), 132.8 (C*), 131.7 (C™), 131.4 (C"), 131.1
(C™), 1299 (CH), 129.3 (CF), 129.0 (C™), 126.9 (CF), 125.6 (C™H), 125.5 (CM), 124.2 (C™), 123.9
(C®), 123.7 (2C, €7y, 1235 (€M), 123.3 (€M), 120.6 (C™), 1203 (C¥). IR (solid, Wem™) 3045
(w), 1608 (m), 1584 (m), 1563 (w), 1479 (s), 1458 (w), 1440 (m), 1421 (m), 1323 (w), 1269 (m), 1229
(w), 1165 (m), 1065 (w), 1031 (m), 1008 (w), 835 (s), 794 (m), 757 (s), 739 (s), 730 (s), 713 (m), 670
(m), 631 (m), 556 (s), 477 (w). UV/Vis (CH,Cl,, 1.0 x 10~ mol dm™) A/nm (e/dm’® mol™ em™) 255
(39 000), 295 sh (24 000), 330 (21 000), 350 sh (17 000), 382 (8300), 410 sh (5600). Emission
(CH;Cly, 1.0 x 107 mol dm™ /o= 266 nm) A7 = 644 nm. ESI-MS m/z 713.4 [M—PFg]" (calc. 713.1).
Found C 47.16, H 2.97, N 6.76; C33Ha4FeIrN4PS-0.5H,0 requires C 47.11, H 2.91, N 6.46%.

Complex 2

q* [Ir{ppy):Cl]x (100 mg, 0.0933 mmol) and AgPF; (51.9 mg,
0.205 mmol) in MeOH (20 mL), 2 h at room temperature.
Addition of 2-(4-(tert-butyl)pyridin-2-yl)benzo|d]thiazole (L2)

[PFel (50.1 mg, 0.187 mmol) and MeOH (10 mL). Purification by
column chromatography (silica, CH,Cl; changing to CHyClr—

1% MeOH) and precipitation with Et;0O. Complex 2 was
isolated as an orange solid (121 mg, 0.133 mmeol, 70.9%). 'H
NMR (500 MHz, CD,Cl,) é/ppm 8.26 (dd, J= 2.0, 0.6 Hz, 1H, HB), 8.08 (pseudo-dt, J= 8.2, 0.9 Hz,
IH, H), 7.98 (pseudo-dt, J = 8.3, 1.2 Hz, 1H, H®), 7.93 (pseudo-dt, J = 8.0, 0.9 Hz, 1H, H™), 7.87
(dd,./= 5.9, 0.6 Hz, 1H, H™), 7.80 (ddd, /= 8.3, 7.5, 1.5 Hz, 1H, H*), 7.78=7.73 (overlapping m, 3H,
HAY 7,62 (ddd, J = 5.8, 1.5, 0.7 Hz, 1H, H™), 7.54 (ddd, /= 8.3, 7.2, 1.1 Hz, 1H, H™), 7.51-
7.46 (overlapping m, 2H, H™®), 7.24 (ddd, J = 8.5, 7.2, 1.2 Hz, 1H, H™), 7.14 (pseudo-td, J = 7.6,
1.2 Hz, 1H, H™), 7.10 (pseudo-td, J = 7.6, 1.2 Hz, 1H, H*), 7.04-6.94 (overlapping m, 5H,
HASBSHESDSEY 6 40 (dd, J = 7.7, 1.2 He, 1H, H*®), 6.25 (dd, J = 7.6, 1.2 Hz, 1H, H*"), 1.43 (s, 9H,
H™). “C{'H} NMR (126 MHz, CD,Cl,) d/ppm 170.3 (C™), 168.5 (C™), 167.9 (C™), 165.6 (C™),
152.1 (C™), 151.2 (C™), 151.0 (C™), 150.3 (C®*), 149.2 (C™), 147.9 (C™"), 147.7 (C*"), 144.8 (C™),
144.2 (C™), 138.84 (CB*™%), 138.82 (C*¥™), 134.6 (C™™), 132.8 (C™), 131.6 (C*), 1314 (C*), 131.1
(C%), 129.3 (C™), 129.0 (C™), 127.3 (C®), 125.51 (C*¥), 125.50 (C¥), 124.1 (CBY), 123.9 (C™%),
123.71 (C), 123.67 (C™), 123.66 (C*), 123.4 (C), 123.3 (C™), 120.5 (C*), 120.3 (C™), 36.3 (C*+
QCHI3) 30,5 (CEHOCH IR (solid, wem™) 2963 (w), 1609 (m), 1584 (m), 1563 (w), 1479 (m), 1440
(w), 1423 (m), 1369 (w), 1326 (w), 1269 (w), 1247 (w), 1228 (w), 1165 (w), 1065 (w), 1033 (m), 834
(s), 794 (m), 757 (s), 730 (m), 709 (w), 670 (w), 631 (w), 556 (s), 462 (w), 418 (m). UV/Vis (CHaCls,
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1.0 x 107 mol dm™) A/nm (e/dm’ mol™ cm™) 258 (45 000), 314 (26 000), 348 sh (20 000), 381
(9500), 410 sh (6300). Emission (CH2Cly, 1.0 = 107 mol dm™>, A = 270 nm) Ay = 638 nm. ESI-MS
miz 769.2 [M=PFg]" (calc. 769.2). Found C 49.41, H 3.72, N 6.39; CixH3:FgIrN4PS-0.5H,0 requires C
4945, H 3.60, N 6.07%.

Complex 3

[Ir(ppy)Cl]2 (100 mg, 0.0933 mmol) and AgPF, (62.1 mg,
0.246 mmol) in MeOH (20 mL), 3 h 15 min at room
temperature. Addition of 2-{6-phenylpyridin-2-
yl)benzo[d]thiazole (L3) (55.5 mg, 0.192 mmol) and MeOH
(10 mL). Purification by column chromatography (silica,
CH;Cly changing to CH,Cly-1% MeOH) and precipitation

with Et;0. Complex 3 was isolated as an orange solid (152
mg, 0.163 mmol, 87.5%). '"H NMR (500 MHz, CDCl,) /ppm 8.48 (dd, J = 7.9, 1.3 Hz, 1H, H®),
8.25 (pseudo-t, J=7.8 Hz, 1H, H*), 8.03 (ddd, /= 8.3, 1.1, 0.5 Hz, 1H, H), 7.92 (pseudo-dt, J= 5.9,
1.1 Hz, 1H, H™), 7.90-7.82 (overlapping m, 2H, H¥®), 7.77-7.70 (overlapping m, 2H, HP*D%),
7.53-7.45 (overlapping m, 3H, H™"¥F) 7 42 (pseudo-dt, J = 5.9, 1.1 Hz, 1H, H™), 7.21 (dd, J= 7.8,
1.3 Hz, 1H, H*), 7.16-7.07 (overlapping m, 2H, H™*™), 7.04-6.98 (overlapping m, 3H, H**“*%),
6.86 (pseudo-td, J = 7.5, 1.4 Hz, 1H, H), 6.82-6.75 (overlapping m, 3H, H™*"®), 6.62 (pseudo-td, J
= 7.6, 1.2 Hz, 1H, H*), 6.53 (br, 2H, H*), 6.41 (pseudo-td, J = 7.4, 1.3 Hz, 1H, H*), 6.10 (dd, J =
7.8, 1.1 Hz, 1H, H™), 5.59 (dd, /= 7.7, 1.1 Hz, 1H, H*). “C{'H} NMR (126 MHz, CD,Cl,) 4/ppm
171.5 (C™), 169.1 (C™), 167.8 (C™), 167.0 (C™), 152.9 (C*), 151.6 (C™), 150.4 (C*), 149.4 (C™),
148.3 (C*), 144.1 (2C, C™), 143.4 (C*), 140.5 (C™), 138.8 (C™), 138.7 (C™), 137.6 (C""), 134.7
(C™), 132.0 (C™), 131.7 (C™), 131.4 (C™), 130.7 (C), 130.3 (C*), 129.8 (C™), 128.8 (C™), 128.6
(CF), 128.5 (C), 127.8 (C%), 126.0 (C®), 125.4 (CY), 125.1 (C*), 124.0 (C™), 123.6 (C™), 1234
(C™), 1232 (C™), 123.1 (C®), 121.8 (C*), 120.7 (C™), 1202 (C™). IR (solid, #em™) 3055 (w),
1608 (m), 1585 (m), 1563 (m), 1479 (m), 1459 (w), 1440 (m), 1424 (m), 1326 (w), 1270 (w), 1228
(w), 1180 (w), 1165 (w), 1064 (w), 1031 (w), 836 (s), 756 (s), 729 (s), 699 (m), 670 (m), 630 (m), 556
(s), 418 (m). UV/Vis (CH,Cly, 1.0 % 107 mol dm™) A/nm (/dm’ mol™ cm™) 261 (40 000), 271 sh (39
000), 340 (26 000), 355 sh (22 000), 420 sh (4500). Emission (CH,Cly, 1.0 x 107 mol dm™, A = 270
nm) Agm = 642 nm. ESI-MS m/z 789.1 [M—=PFg]" (calc. 789.2). Found C 51.03, H 3.33, N 6.32;
CaHagFglrNgPS-0.5H;0 requires C 50.95, H 3.10, N 5.94%.
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Complex 4

[Ir{ppy)2Cl]z (120 mg, 0.112 mmol) and AgPF; (77.6 mg,
0.307 mmol) in MeOH (25 mL), 3 h at room temperature.
Addition of  2-(4-(tert-butyl)-6-phenylpyridin-2-yl)
[PFeT benzo[d|thiazole (L4) (77.8 mg, 0.226 mmol) and MeOH
(5 mL). Purification by column chromatography (silica,
CH;Cl; changing to CH2Cly—1% MeOH) and precipitation

with n-hexane. Complex 4 was isolated as an orange solid
(190 mg, 0.192 mmol, 85.8%). 'H NMR (500 MHz, CD,Cl,) /ppm .32 (d, /= 2.0 Hz, 1H, HY), 8.04
(pseudo-dt, J = 8.2, 1.0 Hz. 1H, H"), 7.90-7.83 (overlapping m, 3H, H¥™"®) 7.78-7.71
(overlapping m, 2H, H™™), 7.51 (dd. J = 7.9, 1.3 Hz, 1H, H), 7.50-7.46 (overlapping m, 2H,
H™"*), 7.43 (d, /= 2.0 Hz, 1H, H*), 7.22 (dd, /= 7.8, 1.3 Hz, 1H, H), 7.13 (ddd, /=8.5, 7.2, 1.2
Hz, 1H, H™), 7.12-7.05 (m, 1H, H™), 7.04-6.97 (overlapping m, 3H, H¥* ™) 6 86 (pseudo-td, J =
7.5, 1.4 Hz, 1H, HY), 6.82-6.74 (overlapping m, 3H, H*"™), 6.63 (pseudo-td, J = 7.5, 1.2 Hz, 1H,
H™), 6.54 (br, 2H, H), 6.41 (pseudo-td, J = 7.5, 1.4 Hz, 1H, H*), 6.09 (dd, J = 7.8, 1.1 Hz, 1H,
H), 5.57 (dd. J= 7.7, 1.1 Hz, 1H, H**), 1.47 (s, 9H, H™). *C{'H} NMR (126 MHz, CD,Cl,) é/ppm
171.7 (C™), 169.1 (C®), 168.0 (C™), 166.7 (C™), 165.5 (C™), 152.8 (C™), 151.6 (C™*), 1503 (C*),
149.4 (C"), 148.4 (C*"), 144.5 (C"), 144.1 (C™), 143.3 (C*), 138.8 (C™), 138.7 (C*), 137.8 (C),
134.4 (C™), 131.8 (C™), 131.4 (C*), 130.7 (C™), 130.4 (C*), 129.7 (C™), 129.1 (CEH), 128.9 (C™),
128.6 (C™), 128.5 (C™), 127.9 (C9), 125.4 (CY), 125.2 (C™), 123.8 (C™), 123.5 (C*), 123.4 (C™),
123.3 (C™), 123.1 (C®), 123.0 (C™), 121.8 (CM), 120.6 (C®), 1203 (C™), 36.2 (CEO) 305
(CYC"9%) IR (solid, #em™) 2959 (w), 1608 (m), 1585 (m), 1541 (w), 1479 (m), 1440 (w), 1424 (m),
1349 (w), 1319 (w), 1270 (w), 1249 (w), 1165 (w), 1064 (w), 1031 (w), 902 (w), 876 (m), 834 (s), 756
(s), 729 (m), 697 (m), 669 (w), 656 (w), 630 (w), 556 (s). UV/Vis (CH,Cla, 1.0 % 107 mol dm™) A/nm
(e/dm® mol™ cm™) 261 (40 000), 270 sh (38 000), 339 (25 000), 355 sh (21 000), 385 (8400), 420 sh
(4100). Emission (CH>Cly, 1.0 x 107 mol dm™, Aue = 270 nm) A™* = 636 nm. ESI-MS m/z 845.1
[r'v;i'—FF{-;,]+ (calc. 845.2). Found C 53.70, H 4.03, N 5.82; CyH3FslrNPS requires C 5338, H 3.67, N
5.66%.

Complex 5

— . & T?a + [Ir(ppy)2Cl]> (150 mg, 0.140 mmol) and AgPFg (88.1 mg,
%S 0.348 mmol) in MeOH (25 mL), 2 h at room temperature.
4 SN 4% e Addition of 2,6-bis(benzo[d]thiazol-2-yl)pyridine (L5)
: 6, '|||-4._\':22:“N * [PFs (98.0 mg, 0.284 mmol) and MeOH (10 mL). Purification
4 'L . 3:' Sh by column chromatography (silica, CH,Cl, changing to
3 3| q: X 4@? CH,Cl—1% MeOH), layering with toluene/n-hexane and

- A 5 6 —
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subsequent precipitation with n-hexane from a CH,Cl; solution. Complex 5 was isolated as a dark red
solid (136 mg, 0.137 mmol, 49.0%). '"H NMR (500 MHz, CD,Cl,) d/ppm 8.66 (br, 1H, H™), 8.60 (dd,
J=179, 1.2 Hz. 1H, H"), 8.31 (pseudo-t, J = 7.8 Hz, 1H, H™), 8.10 (dd, J = 8.2, 1.0 Hz, 1H, H"),
7.91-7.77 (overlapping m, 4H, H¥**™®%%0% 7 75 (dd, /= 7.8, 1.1 Hz, 1H, H®), 7.71 (d. /= 8.1 Hz,
1H, H*"), 7.68 (dd, J = 8.2, 1.1 Hz, 1H, H*™"), 7.64 (dd, J = 7.8, 1.4 Hz, 1H, H"®), 7.55-7.45
(overlapping m, 3H, HE¥*F595%) 7 41 (ddd, J = 8.3, 7.2, 1.2 Hz, 1H, H%"™), 7.24 (ddd, /= 7.3, 5.8,
1.8 Hz, 1H, H™), 7.18-7.06 (overlapping m, 2H, H*"%), 7.02 (pseudo-td, J = 7.5, 1.2 Hz, 1H, H™),
6.97 (pseudo-td, J = 6.3, 2.0 Hz, 1H, H*), 6.79 (pseudo-td, J = 7.5, 1.4 Hz, 1H, H), 6.66 (d, J = 8.6
Hz, 1H, H™), 6.21 (pseudo-t. J = 7.5 Hz, 1H, H*"), 5.96 (dd,J = 7.8, 1.1 Hz, 1H, H®), 5.67 (pseudo-t,
J=7.2 Hz, 1H, H*), 5.36 (d. J = 7.6 Hz, 1H, H**). “C{'H} NMR (126 MHz, CD,Cl,) é/ppm 170.6
(C™), 168.6 (C®), 167.3 (C™), 162.9 (C™), 157.4 (C™), 153.8 (C™), 153.1 (CT¥™), 151.7 (C™),
148.9 (C™), 145.5 (C), 144.3 (C™), 143.4 (C), 142.9 (CM), 141.1 (C*), 138.90 (2C, CHYBITDIDY
138.88 (2C, CBYBITDIDY )37 3 (TG 134.9 (CF™), 132.7 (C*), 131.83 (C°YF%), 131.81 (C™VE%,
130.8 (C%%), 129.1 (C™), 129.0 (C™), 128.9 (C*), 127.6 (C5), 127.1 (C"%), 126.8 (C59), 125.2
(C™), 124.6 (C™9), 124.0 (C), 123.62 (C™¥), 123.60 (C™), 123.43 (CB¥™), 123.38 (C™™),
123.3 (C™), 122.2 (C™97), 121.4 (C™), 120.3 (C*™®), 119.8 (C™™). IR (solid, Wem™) 3058 (w),
1608 (m), 1584 (m), 1564 (w), 1480 (m), 1459 (w), 1439 (w), 1423 (m), 1319 (w), 1270 (w), 1230
(w), 1180 (w), 1165 (w), 1119 (w), 1063 (w), 1031 (w), 983 (w), 835 (s), 756 (s), 728 (s), 669 (m),
630 (m), 556 (s), 420 (m). UV/Vis (CH:Cly, 1.0 % 107 mol dm™) i/nm (g/dm’® mol™ em™) 255
(41 000), 261 sh (40 000), 300 sh (30 000), 340 (25 000), 365 sh (19 000), 420 sh (4100). Emission
(CHyCly, 1.0 x 107° mol dm™ Jee= 265 nm) A7 = 652 nm. ESI-MS m/z 846.0 [M=PF,]" (calc. 846.1).
HR ESI-MS m/z 846.1340 (calc. 846.1332). Satisfactory elemental analysis could not be obtained.

Complex 6

B 1+ [Ir(ppy):Cl]; (149 mg, 0.139 mmol) and AgPF; (91.6 mg, 0.362
mmol) in MeOH (25 mL), 3.5 h at room temperature. Addition of
2-(pyridin-2-yl)benzo[d]oxazole (L6) (56.6 mg, 0.288 mmol) and

[FFel' MeOH (10 mL). Purification by column chromatography (silica,

3 A5
/

3 B| 5
4 ‘N 55 \._4

fn, ‘\\.

N & 7a CH,Cl, changing to CH,Cl—1% MeOH) and precipitation with
3 | D) 13 Et;0. Complex 6 was isolated as an orange solid (184 mg, 0.219

mmol, 78.6%). '"H NMR (500 MHz, CD,Cl,) é/ppm 8.52 (pseudo-
dt, /=79, 1.0 Hz, 1H, HE’], 8.25 (pseudo-td, J= 7.8, 1.5 Hz, 1H, H™), 8.05 (pseudo-dt, J =54, 1.1
Hz, 1H, H™), 7.99 (pseudo-dt, J = 8.3, 1.1 Hz, 1H, H®), 7.93 (pseudo-dt, J = 8.3, 1.0 Hz, 1H, H™),
7.86-7.81 (overlapping m, 2H, H**), 7.80-7.75 {overlapping m, 4H, HAYBECRDY 7 64 (ddd, J =
7.8, 54, 1.3 Hz, 1H, H™), 7.58 (ddd, J=8.7, 7.5, 1.2 Hz, 1H, H™®), 7.54 (pseudo-dt, J = 5.8, 1.1 Hz,
1H, H™), 7.26 (ddd, J = 8.4, 7.5, 1.0 Hz, 1H, H"), 7.16 (pseudo-td, J = 7.5, 1.2 Hz, 1H, H), 7.12
(pseudo-td, J= 7.6, 1.2 Hz, 1H, H*"), 7.05 (ddd, /= 7.4, 5.9, 1.4 Hz, 1H, H™), 7.02-6.96 (overlapping
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m, 3H, H*¥%) .46 (dd, /= 7.7, 1.3 Hz, 1H, H™), 6.39 (pseudo-dt, J = 8.1, 0.9 Hz, 1H, H™), 6.37
(dd, J = 7.7, 1.2 Hz, 1H, H*"). "C{'H} NMR (126 MHz, CD,Cl,) d/ppm 168.4 (C™), 168.1 (C*),
166.8 (C™), 152.3 (C™), 152.1 (C™), 150.2 (C™), 149.5 (C™), 1483 (C*"), 145.0 (C), 144.53 (C“"),
144.46 (C*), 144.0 (C™), 140.6 (C™), 139.01 (C™), 138.98 (C™), 137.9 (C™), 132.9 (C™), 132.1
(C*), 131.3 (C*), 131.0 (C¥), 130.8 (C™), 129.6 (C™*), 128.1 (C™), 126.8 (C*), 125.6 (C™), 125.2
(C™), 124.17 (CB¥D3), 124.15 (CBD9), 123.7 (2C, M, 120.5 (CBY, 1202 (C™F), 119.4 (C™), 113.2
(C™). IR (solid, Wem™) 3054 (w), 1608 (m), 1584 (m), 1565 (w), 1542 (w), 1479 (m), 1439 (m), 1423
(m), 1393 (m), 1304 (w), 1269 (w), 1229 (w), 1164 (w), 1142 (w), 1108 (w), 1093 (w), 1065 (w),
1032 (w), 1019 (w), 836 (s), 792 (m), 755 (s), 698 (w), 670 (w), 646 (W), 631 (w), 556 (s), 494 (w),
434 (w), 418 (m). UV/Vis (CH:Cl,, 1.0 x 107 mol dm™) A/nm (e/dm’ mol™ em™) 254 (42 000), 266
(41 000), 295 sh (31 000), 317 (29 000), 335 sh (21 000), 378 (9100), 410 sh (5700). Emission
(CH;Cly, 1.0 x 107 mol dm™ /=270 nm) A7 = 636 nm. ESI-MS m/z 697.1 [M—PF¢]" (calc. 697.2).
Found C 48.19, H 3.26, N 6.89; Cy3HyyFglrN4OP-0.5H,0 requires C 48.00, H 2.96, N 6.59%.

Complex 7
B [Ir(ppy)Cl)z (59.9 mg, 0.0559 mmol) and AgPFs (39.3 mg, 0.155
mmol) in MeOH (15 mL), 3 h at room temperature. Addition of
2,2'-bibenzo[d]thiazole (L7) (30.0 mg, 0.112 mmol) and MeOH (5
mL). Purification by column chromatography (silica, CH,Cl,

[PFel

changing to CH,Cly-2% MeOH) and precipitation with Et,O.

Complex 7 was isolated as an orange-red solid (83.7 mg, 0.0920
mmol, 81.9%). 'H NMR (500 MHz, CD,CL,) d/ppm 8.12 (pseudo-dt, J = 8.2, 0.7 Hz, 2H, H¥"), 7.95
(pseudo-dt, .J = 8.1, 0.9 Hz, 2H, H®), 7.80-7.74 (overlapping m, 4H, HM+B‘}, 7.63-7.55 (overlapping
m, 4H, H®""), 7.28 (ddd, J = 8.4, 7.1, 1.2 Hz, 2H, H®), 7.19 (pseudo-td, J = 7.6, 1.2 Hz, 2H, H*"),
7.02 (pseudo-td, J = 7.5, 1.4 Hz, 2H, H*), 6.96 (ddd, /= 7.4, 5.8, 1.4 Hz, 2H, H™), 6.86 (pseudo-dt, .J
= 8.9, 0.8 Hz, 2H, H™), 6.34 (dd, /= 7.8, 1.1 Hz, 2H, H**). "C{'H} NMR (126 MHz, CD;Cl,) é/ppm
168.1 (C82), 1633 (C™), 151.0 (CB), 150.2 (CH), 144.9 (CA), 144.8 (C*), 139.0 (CBY, 136.1 (CE™),
132.4 (C*), 131.2 (CY), 129.9 (C™), 129.7 (C™), 125.6 (C*), 124.2 (C*), 124.00 (C*), 123.97
(C™), 123.6 (C™), 120.5 (C™). IR (solid, #em™) 3093 (w), 1603 (m), 1587 (m), 1562 (w), 1477 (m),
1460 (m), 1441 (w), 1422 (m), 1409 (w), 1326 (m), 1297 (w), 1271 (w), 1257 (m), 1163 (m), 1134
(w), 1085 (w), 1073 (w), 1025 (m), 870 (m), 834 (s), 772 (s), 760 (s), 748 (s), 727 (m), 709 (m), 671
(m), 630 (w), 600 (w), 557 (s). 492 (w), 419 (m). UV/Vis (CHxCly, 1.0 x 10~ mol dm™) A/nm (&/dnt’
mol™ cm™) 254 (40 000), 338 sh (19 000), 367 (29 000), 387 (30 000), 415 sh (9800), 445 sh (4800).
Emission (CH,Cly, 1.0 x 107 mol dm™ iu.= 259 nm) A" = 686 nm. ESI-MS m/z 769.1 [M—PF,]"
(calc. 769.1). Found C 47.35, H 2.91, N 6.50; CsgH2sFoIrN,PS; requires C 47.31, H 2.65, N 6.13%.
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Crystallography

Solvent molecules were badly disordered in complex 1 and the SQUEEZE" procedure was used;

residual electron density corresponds to 1.5 CH,Cl, per formula unit.

1 L.5CH,Cl,. Cig50H5CLFgIr NP, S|, M = 985.24, yellow block, monoclinic, space group P2)/e, a =
14.4951(15), b= 13.7676(14), ¢ = 18.7348(19) A, £ = 106.359(3)°, U/ =3587.4(6) A*, Z=4, D, = 1.82
Mg m~, g(Cu-K,) = 10.8 mm™, T = 123 K. Total 33781 reflections, 6209 unique, R, = 0.022.
Refinement of 6169 reflections (424 parameters) with [ >2o (/) converged at final B, = 0.0243 (R, all
data = 0.0244), wR, = 0.0546 (wR, all data = 0.0547), gof = 0.9999. CCDC 1062206.

6'CH,ClL,. C3H,CLFIrNOP,, M = 926.70, red block, monoclinic, space group P2,/n, a =
14.6181(15), b = 13.8956(14), c = 16.9244(17) A, f = 107.448(2)°, U = 3279.6(6) A>, Z=4, D, =
1.877 Mg m, w(Cu-K,) = 10478 mm™', T = 123 K. Total 19957 reflections, 5966 unique, R;, =
0.022. Refinement of 5956 reflections (451 parameters) with / >2a () converged at final &, = 0.0256
(R, all data = 0.0257), wR; = 0.0556 (wR; all data = 0.0556), gof = 0.9994. CCDC 1515402.

7. CyHogFglry NgPy Sy, M = 917.92, red block, orthorhombic, space group Fdd2, a = 12.2991(19), b =
13.340(2), ¢ =40.350(7) A, U= 66203(18) A, Z=8, D. = 1.842 Mg m™, p(Cu-K,) = 10.068 mm ', T
= 123 K. Total 10929 reflections, 2564 unique, Ry, = 0.030. Refinement of 2553 reflections (228
parameters) with { >2¢ (/) converged at final &, = 0.0170 (R, all data = 0.0171), wR; = 0.0405 (wR; all
data = 0.0405), gof = 0.9244. CCDC 1515401.

Cyclic Voltammetry
a) b)
__1ES5 x5f —7
< 1E5 < 1E5|
- -
= L
5 €6 5 0 —
S 0 SES
Ose6( O x5l
-1 E-s " i i i -E-s L i A ' i 'l
- 2 -2 2

-1 0, 1 -1 0 1
Potential [V] Potential [V]

Figure S1. Cyelic voltammograms of complexes 1-6 (a) and 7 (b) with respect to Fe/Fe®, measured in
CH,Cl, solution; Pt working and counter electrodes, Ag pseudo-reference electrode, 0.1 M TBAPF,
supporting electrolyte, scan rate = 0.1 V s™'. The arrow indicates the initial scanning direction.
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Photoluminesce data

Table S1. Detailed excited-state lifetime data of complexes 1-7 in de-aerated CH:Cl; solution and as

powder samples. ry,, = average lifetime.

Solution™ Powder®
Complex

Tave D8] 71 [ns] (Ay) | 72 [nS] (Az) | Tave [DS] 71 [ns| (A1) | 72 [ns] (As)
1 222 —- - 277 206 (6796) | 397 (2094)
2 329 —- - 305 224 (5183) | 370 (3953)
3 183 —- - 214 148 (5424) | 266 (3743)
4 275 —- - 287 184 (5148) | 346 (4752)
5 169 139 (6306) 274 (917) 185 109 (4892) | 229 (4022)
6 166 143 (6297) | 237 (1185) 236 113 (2466) | 253 (7659)
7 126 —- - 565 340 (2834) | 613 (7404)

“ Measured in de-aerated CH,Cl, solution under an atmosphere of argon. ® /... = 280 nm. Biexponential fits were
used for the excited state lifetime determination of all powder samples and solution samples of 5 and 6,
according to the equation 1, .=¥, 41/ ¥ 4; (4, = pre-exponential factor of the lifetime). Monoexponential fits

were used for the remaining complexes (no 1; and 7> reported).

511

205



TD-DFT results

Table S2. Lowest triplet excited states (T,) calculated at the TD-DFT B3LYP/(6-31G**+LANL2ZDZ)
level for complexes 1 to 7 in CH,Cl, solution. Vertical excitation energies (£), dominant
monoexcitations with contributions (within parentheses) larger than 10%, nature of the
monoexcitation, and description of the excited state are summarized. H and L denote HOMO and

LUMO, respectively.

Complex  State E(eV) Monoexcitations MNature Description
1 T, 217 H— L{9%) dy{Ir ey — Wy MLCTPLLCT
T, 2.50 H-2 = L{31) I Tpay — T g MLCTALLCT
H-3 — L{20) L {Ir pay + T — ¥y MLCTALLCTPLO(NAN)
H-6 — L {20) Ty — Ty ILC(NANY
Ty 275 H — L+1 (65) (IO Tpay — T omy LCCANPMLCT
2 T, 224 H —+ L (98) (I Tpay — g MLCTALLCT
T, 2.55 H-2 — L {29) I Tpay — T g MLCTALLCT
H-3 — L{20) I Moo + Mo — T IMLCTPLLCTALOINAN)
H-6 — L (22) Ty — TN LO(NN)
Ts 275 H— L+1 (65) dalIrp o — T® o LCCANPMLCT
3 Ty 222 H—L{93) o Irh mpay — T8 MLCTALLCT
Tz 257 H-3 — L {43) dufIrk Moo + T — T MLCTALLCTPLO(NAN)
H-6 — L {14) Ty — Ty ILC(N*N)
Ts 272 H— L+1(57) dalIrp o — T® o LCCANPMLCT
4 Ty 2.29 H—L{91) o Irh mpay — T8 MLCTALLCT
Tz 2.63 H-3 — L{41) dufIrk Moo + T — T MLCTALLCTPLO(NAN)
H6 — L (14) N LO(NN)
Ts 272 H— L+1 (58) dalIrp o — T® o LCCANPMLCT
5 T 2.10 H — L(95) Al TP} ooy — Ty MLCTALLCT
Ta 2.50 H-2 — L{25) dal Ir moan — ¥ MLCTALLCT
H-3 — L(36) dufIr} Moo + Ty —+ Mo MLCTALLCT/LC(NAN)
H9 — L{13) T — Then ILC(NAN)
Ts 269 H— L+1(41) dal P} o —+ T oo ALC(CAN)PMLCT
H — L+2 (26) AP Tpay — T g ILC(CAN)PMLCT
6 T 22 H — L (98) dalIrf oo —+ T MLCTALLCT
T, 258 H-2 = L{(34) AP Tpay — T MLCTPLLCT
H-3 — L{23) L {Ir pay + T — ¥y MLCTPLLCTPLO(NAN)
H-6 — L{19) g — Mgy ILC(NANY
Ty 275 H — L+1 (67) (IO Tpay — T omy LCCANPMLCT
7 T, 1.91 H — L {96) (IO Mpay — Ty MLCTALLCT
T, 2.18 H-2 — L {50) (I Tpay + Tygasg — Ty MLCTALLCTPLO(NMN)
H-4 — L{23) dufIrh Moo + T — T MLCTALLCTPLO(NAN)
H-6 — L {16) T — Ty ILC(NANY
Ts 2.48 H-3 — L(65) dufIr) Tems + pusi— T MLCTALLCTPLC(NAN)
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Electroluminescence data

Light output (W mr2)

40 60
Time (h)

6000
5000

14000

3000

1 2000

1000

Current density (A m2)

Figure 82. [rradiance and current density versus time for LEC 7 operated under a constant-voltage driving of 4
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Near-infrared- (NIR-) emitting compounds are an important
subclass of luminescent materials due to their potential appli-
cations in sensors, night-vision displays, optical cosmetology,
telecommunication and photodynamic therapies.' The most
studied NIR-dyes in these contexts comprise semiconductor
quantum dots,” lanthanoid complexes,* organic small-molecule
dyes' and transition metal complexes.”*** With rich photo-
physical behaviour, the NIR-emitting transition metal
complexes are attractive candidates for solid-state lighting
(SSL), as, with access to the triplet state, 100% of the electrically
generated excitons can be harvested. Iridium complexes are well
known phosphors for SSL due to their relatively short excited-
state lifetimes, high photoluminescence quantum yields (@)
and remarkable colour tunability, particularly across the visible
spectrum.® While stable green and yellow emissive iridium
complexes are relatively well documented and have been
successfully incorporated into electroluminescent (EL) devices,
there is a dearth of examples of red-to-NIR emissive iri-
dium complexes.’®” Cationic Ir complexes of the form
[Ir(C*N),(N~N)]* (where C*N = cyclometalating ligand and
N*N = ancillary ligand) are the most widely studied class of
emitters for LEECs." In these charged complexes, the highest
occupied molecular orbital (HOMO) typically resides on both
the C*N ligand and metal, while the lowest unoccupied
molecular orbital (LUMO) resides on the N*N ligand.” The

“Organic Semiconductor Centre, EaStCHEM School of Ckmrsrry, University af St
Andrews, St Andrews, Fife KY16 95T, UK. E-mail: eli.
uk; Web: http://wwnw.zysman-colman.com
*EaStCHEM School of Chemistry, University of St Andrews, St Andrews, Fife KY16 98T,
UK
“Instituto de Ciencia Molecular, Universidad de Valencia, C\Catedratico José Beltrdn 2,
46980 Paterna, Spain
t Electronic  supplementary  information  (ESI)  available:  Synthetic,
crystallographie, optoelectronic and DFT studies. CCDC 1538393 and 1538394,
For ESI and crystallographic data in CIF or other electronic format see DOI:
10.1039/c7ra06347d

-andrews. ac.

This joumal is © The Royal Society of Chemistry 2017

unusually deep red-to-near-infrared emission at room temperature, thereby rendering them as attractive
emitters in solution-processed light emitting electrochemical cell (LEEC) electroluminescent devices.

common strategies of achieving red-to-NIR emission (g, > 620
nm) include: (a) destabilisation of the HOMO through intro-
duction of electron-donating substituents™® onto the C"N
ligands and/or stabilisation of the N*N ligand-based LUMO by
incorporation of electron-withdrawing substituents,” and (b)
introduction of w-conjugated systems either on one or both of
the C*N or N*N ligands"* thereby decreasing the HOMO-LUMO
gap. Based on these principles, several charged red-to-NIR
emitting Ir(m) complexes have been reported, a representative
selection of which are shown in Chart 1 (sections a and b).™*

”m . _'F'U/O i &m;
mq; <{;.f I\..

Ao = T200M, Dp =02 %, G = 646 IM, Dy = 1.0 %, A = TEG M, By = 0.2 %,
©= 1,66 (0.91), 23.3 (0.08) ns =18 ns =380 s

, “g@
B

PFy

Tuning of HOMO

(B}

Tuning of LUMO

o = 687 AT, iy = 2%, S = 710 1, g, = 0.9 %,
el ns o= 40 ne
“ @(ﬂ s 7 I
| N N
Eg 'lr NS l __.\%s
i3 |“"""|| 8 |"“~u4“~a
P - =
N N,
|
Hm = 658 M, iy = 1.7 %, g = T4 N, Dpy = 0.4 %,
=Bl ns =44 ns

Chart 1 Strategies of achieving red-to-NIR emissive cationic Ir(i)
complexes by (a) destabilisation of HOMO (top row), (b) stabilisation of
LUMO (middle row). Complexes in current study are shown in (c)
bottom row.
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Of the strategies outlined above, that involving LUMO stabili-
zation is the most underexplored, despite its potential to produce
red-to-NIR emissive cationic Ir(m) complexes.'® In this context,
herein, we report the syntheses of two red-to-NIR cationic Ir(m)
complexes, [If(ppy)2(L1)][PFq], 1, and [If(ppy)x(L2)][PFe], 2, pos-
sessing remarkably simple ligand architectures. These complexes
bear 2-phenylpyridinato-C*,N' as the C*N ligand and strongly
m-accepting ligands 2,2-bithiazole (L1) and 2,2"-bibenzo[d]thiazole
(L2) as the N*N ligands (Chart 1c). Coincident with the present
study, complex 2 was recently reported by Ertl et al,* though no
Light Emitting Electrochemical Cell (LEEC) device data was re-
ported. Herein, the optoelectronic properties of complexes 1 and 2
are reported along with the LEEC device performance.

Ligands L1 and L2 were synthesized by Pd-catalysed homo-
coupling of 2-bromothiazole or 2-bromobenzothiazole, respec-
tively, in moderate yields (41% for L1 and 51% for L2, ESI})."
Complexes 1 and 2 were obtained by cleavage of the [Ir(ppy),Cl],
dimer in the presence of 2.3 equiv. of the corresponding
ancillary ligands followed by an anion metathesis with aqueous
NH,4PF¢ in 91% and 95%, respectively (ESI{). Ligands L1 and L2
and complexes 1 and 2 were characterised by "H and *C NMR
spectroscopy, HRMS, melting point
elemental analyses. The 'H and *C NMR spectra confirmed the
inherent C, symmetry present in both 1 and 2 (Fig. $1-54, ESIT).
Single crystal XRD studies of 1 and 2 corroborated the micro-
analysis and the geometry of the complexes (Fig. S5, Tables S1
and S2, ESIT).

In both crystal structures, the coordinatively saturated Ir(u)
ions occupy a distorted octahedral geometry. The C*N carbon
atoms are mutually cis disposed, similar to the solid-state
structure of [Ir(ppy)s(bpy)]’, R1 (where bpy = 2,2"-bipyr-
idine)." The ancillary ligands coordinate in a bidentate N',N'-
mode through the hard N-donors instead of the soft S-donors.
The Ir-C-y bond distances [ranging from 2.003(7) to 2.007(6)
A in 1 and 2.009(4) to 2.009(5) A in 2] are similar to those
observed in R1 [ranging from 2.004(4) to 2.025(4) A]. The Ir-
Ne-n bond distances are likewise similar across the three
complexes [ranging from 2.046(5) to 2.048(5) A in 1, 2.049(4) to
2.058(4) A in 2 and 2.042(3) to 2.048(3) A in R1]. The Ir-Ny~y
length [2.148(6) to 2.149(6) A in 1 and 2.180(4) to 2.195(4) A in 2]
resemble closely those in R1 [2.129(3) to 2.137(3) Ain 2].

The electrochemical properties of 1 and 2 were monitored by
cyclic- (CV) and differential pulse- (DPV) voltammetry and the
CV and DPV traces in MeCN are shown in Fig. S6 (ESIf). The
detailed CV data vs. SCE (F¢/F¢™ = 0.38 V in MeCN)* are

determination and

Table 1 Optoelectronic properties of 1, 2 and R1 in degassed MeCN?

View Article Online
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summarized in Table S3 (ESIT) while only first redox potentials
are listed in Table 1. In the anodic scan, complexes 1 and 2
exhibit quasi-reversible monoelectronic oxidation processes at
1.24 V and 1.37 V, respectively. These oxidation processes are
assigned to the Ir()/(1v) redox couple with contributions from
the C~N ligands, assignments supported by DFT
calculations (Fig. S71). While the oxidation potential of complex
1 (EY) = 1.24 V) is similar to that of R1 (E0; = 1.27 V), that of
complex 2 (EJjs = 1.37 V) is anodically shifted by 100 mV
compared to R1, which aligns with the stabilized nature of the
calculated HOMO of 2 (Eyomo = —5.80 eV) compared to that
found in 1 (Eyomo = —5.58 eV) and R1 (Eyome = —5.56 eV). The
more positive oxidation potential accounted for complex 2 is
probably due to the modulation of the electron density of the
Ir(m) ion by L2 as the latter is a better m-acceptor than L1 or 2,2'-
bpy and thereby rendering the Ir(m) centre more electron defi-
cient compared to that in complex 1.

Upon scanning to negative potential, complex 1 exhibits two
quasi-reversible one-electron reduction processes up to —2 V,
while three other irreversible and quasi-reversible reduction
waves could also be observed at higher negative potentials.
Complex 2, on the other hand, displayed four mono-electronic
quasi-reversible waves up to —3 V (Table S3 and Fig. S5, ESIT).
DFT calculations show that the calculated LUMOs of 1 and 2 are
localized on the N*N ligand and therefore the first reduction
processes are ascribed to radical anion formation on the
ancillary ligand. The first reduction potentials for 1 and 2 (B3¢
» = —1.15V for 1 and —0.82 V for 2) are anodically shifted by
230 mV and 560 mV, respectively, compared to that for R1,
demonstrating the significantly stronger m-accepting nature of
ligands L1 and L2 compared to bpy. The CV data mirrors the
DFT results, which show significant LUMO stabilization from
Rl (Eroymo = —2.31 eV) to 1 (ELumo = —2.76 €V) to 2 (Eromo =
—3.07 eV). The trend in the calculated decreasing HOMO-
LUMO gap from R1 (3.25 eV) to 1 (2.82 eV) to 2 (2.73 eV) is in
good agreement to the decreasing redox gap observed for R1
(2.65 V) to 1 (2.38 V) to 2 (2.19 V). The second quasi-reversible
and third irreversible reductions (Table $3, ESIT) of complex 1
could be ascribed to the reductions of the pyridine moiety of the
C”N ligand based on the coarse approximation that both the
LUMO+1 and LUMO+2 reside on the C*N ligand as predicted by
DFT calculations (Fig. S7, ESIt) and similar assignments are
also valid for the second and third quasi-reversible reductions
of complex 2 (Table S3, ESIT).

Aem/nm Dy /% Tolpis k/10° s71 Jene/10° 571 E} "IV (AE,, mV) E} 59V (AE,, mV)
1 658 1.72 0.081 0.21 123.2 1.24 (110) —1.15 [74]
2 744 0.35 0.044 0.08 227.2 1.37 [169) —0.82 [BB]
R1? 602 9.29 0.275 3.4 33 1.27 —1.38

@ ¢p;, measured at 298 K using [Ru(bpy);]Cl, (@1, = 4% in H,O, aerated) as the reference.” k; = ®pr/7e and kn, = (1 — Ppr)/7e. CV values are vs. SCE.*

AE, = |Ep, —

pcl, where E,, = anodic peak potential and E,. = cathodic peak potential; Ey;; = (Epa + Epc)/2. A silver wire was used as the

seudoreference electrode; a glassy-carbon electrode was used for the working electrode and a Pt electrode was used as the counter electrode.
&p; measured at 298 K using [Ru(bpy);](PFy), (Ppr. = 9.5% in MeCN) as the reference.>
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The UV-vis absorption spectra of complexes 1 and 2 were
obtained in dry MeCN and the values are tabulated in Table S4.7
Overlays of experimentally observed and theoretically predicted
absorption data by TD-DFT are shown in Fig. S8 (ESIT). The UV
region is dominated by spin allowed ' — m* transitions in
both ligand moieties centered around 240-280 nm (Tables S4
and S5, ESIt). For complex 2, singlet ligand-centered ™ — m*
transitions (*LC) extend up to 407 nm, as predicted by TD-DFT,
due to increased conjugation in L2 (Table S5f). The set of
absorption bands clustered around 315 nm in 1 are significantly
red-shifted in 2 at ca. 363 nm. The character of these band in 1 is
an admixture of singlet metal-to-ligand charge transfer (*MLCT)
from Ir(dm) — ppy(m*) and ppy-based 'LC transitions while in 2
the nature of these transitions is more CT in character and
comprises "MLCT from Ir(dw) — L2(m*) and singlet ligand-to-
ligand charge transfer (*LLCT) from ppy(w) — L2(c*), as sug-
gested by TD-DFT. The greater CT character coupled with the
lower lying LUMO is responsible for this large bathochromic
shift. The lowest energy absorption maxima for 1 and 2 appear
at 500 nm and 599 nm, respectively. These bands are assigned
as a mixture of spin-allowed and spin-forbidden "MLCT/*MLCT
and ligand-to-ligand charge transfer ('LLCT/’LLCT) transitions.
These hypochromic bands at lower energy are the result of poor
spatial overlap between the HOMO and LUMO and are typical
for cationic Ir complexes.*"” Concomitant to the larger calcu-
lated HOMO-LUMO gap for 1 (AE = 2.82 eV) than 2 (AE = 2.73
eV) (Fig. S77), the absorption onset of 2 is also red-shifted by
99 nm (3.31 x 10° em™") compared to that of 1. The UV-vis
absorption spectrum of complex 2 in CH,CI, solution exhibits
intense absorption bands extending into the visible region
(around 450 nm), as observed by Ertl ef al.”* The observed red-
shift of 149 nm of the lowest energy transition of complex 2
in comparison to the study of Ertl et al. is presumably because of
the solvent polarity where the MeCN used in this study stabil-
ises both Frontier MOs, perhaps more pronounced for the
LUMO. In comparison to R1 (lowest-energy A%os, = 420 nm),™
both complexes show significantly red-shifted absorption
spectra.

The steady-state emission spectra of 1 and 2 were recorded in
degassed MeCN at 298 K and are shown in Fig. S9 (ESI{). The
photophysical data are summarised in Table 1. The emission
profiles are broad and featureless, indicative of mixed *CT
emission, as also observed by Ertl et al.'® The spin density
distribution of the excited-state corroborates this assignment
(Fig. S9 and $107). The emission maximum (A5, = 744 nm) of
complex 2 is red-shifted by 86 nm (1.76 x 10° em™*) compared
to that of complex 1 (A, = 658 nm). The DFT predicted
emission maxima for 1 (AHFr = 712 nm) and 2 (Appr = 761 nm)
also follow the observed trend
complexes 1 and 2, with relative errors of 7.6% and 2.2%,
respectively. The emission maxima of 1 and 2 are significantly
red-shifted compared to that of R1 (ija, = 602 nm).** In
comparison to the observed emission maximum at 686 nm in
CH,Cl, solution of complex 2 by Ertl et al,”” the same for
complex 2 is red-shifted by 58 nm in our study, which is because
of the effect of solvent polarity in emission.*® With the exception
of the cationic Ir(u1) complex bearing 3-methyl-2-phenylbenzo|g]

in emission maxima of

This journal is © The Royal Society of Chemistry 2017
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quinolinato C*N ligands reported by Tao et al’ (Chart 1a),
complex 2 is, to the best of our knowledge, the most red-shifted
emitting cationic Ir(m) complex.”*'" The @ in degassed
MeCN of 1 and 2 are 1.7% and 0.4%, respectively (Table 1). The
corresponding excited-state lifetimes, 7., are very short at 81
and 44 ns, for 1 and 2, respectively. The lower ¢ and shorter 1,
values compared to R1 are a stark consequence of energy-gap
law as evidence by the associated ~4-fold (for 1) and 7-fold
(for 2) increase in the non-radiative decay rate constant, k.,
compared to that in R1. The observed ®p;, and 7. values of
complex 2 in CH,Cl, solution, reported by Ertl et al., are 3.6%
and 126 ns, respectively.” The lower @5, and 7. values in our
study compared to the study of Ertl et al. is again due to
a consequence of energy-gap law for a NIR emitter like 2.

The emission maxima of the thin films of 1 and 2 mixed with
1-butyl-3-methylimidazolium hexafluorophosphate, [Bmim]
[PF¢] are 658 and 707 nm, respectively (Aex. = 320 nm). The thin
film @p; values of 14% and 5% for 1 and 2, respectively, are
enhanced compared to solution values. The PL spectra and
photophysical data of the films are displayed in Fig. S11 and
Table S9 (ESIY).

Light emitting electrochemical cells (LEECs) were prepared
and the electroluminescence properties of the complexes were
evaluated. The preparation of LEECs were done by spin-coating
on pre-cleaned ITO substrates, which were first coated with
a 80 nm thick film of PEDOT:PSS. The active layer was then
deposited from dichloromethane solution. Recently, a first
attempt was done for the LEEC fabrication with complex 2.'* At
that time, the bad film morphology led to poor LEEC perfor-
mance. In this work, a different solvent was used to improve the
film morphology of the emissive layer. Here, the complex was
dissolved in dichloromethane, which led to good films
completely covering the substrates after spin-coating. After the
active layer deposition, the top electrode (70 nm thick film of
aluminium) was thermally evaporated. The fabricated LEECs
were measured using a pulsed current driving (1 kHz, 50% duty
cycle and block wave). The current densities applied to the
LEECs were 800 and 1600 A m™ 2, which corresponds to an
average current density of 400 and 800 A m ™2, respectively, as
a function of the duty cycle. For simplicity, the LEECs fabricated
with 1 and 2 are called LEEC-1 and LEEC-2.

The luminance for LEEC-1 or light output for LEEC-2 and
average voltage versus time measured under average current
density of 400 A m™? is depicted in Fig. 1 while the measure-
ments at 800 A m~? are shown in Fig. $12 (ESI¥). In the inset of
Fig. 1, the electroluminescence (EL) spectrum of each LEEC is
shown and all the device data are summarized in Table S11 for
LEEC-1 and Table S12 for LEEC-2, respectively (ESI). LEEC-1
exhibits a red electroluminescence centred at 661 nm while
LEEC-2 shows a near-infrared emission at 705 nm, in both
cases, in good agreement with the PL spectra registered in thin
film (658 nm for 1 and 707 nm for 2). The applied voltage rapidly
diminishes due to the ionic motion over operation, which
decreases the electrical resistance. As this characteristic is
directly related with the ionic mobility, generally, the time to
reach the maximum light emission (t,,,,) in LEECs varies from
seconds to hours. Despite the similarity structure of complexes
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Fig. 1 Device performance versus time and electroluminescence
(inset) for (a) LEEC-1 and (b) LEEC-2 under a pulsed current of 400 A
m~? (average current density), 1 kHz and 50% of duty cycle.

1 and 2 as well as the presence of the same counter-anion (PFs),
tmax is significantly shorter for LEEC-1 (<5 seconds) than LEEC-2
(0.8 and 4.3 hours for 400 and 800 A m~2, respectively). More-
over, differences are observed between LEEC-1 and LEEC-2
when comparing the device lifetime, usually defined as the time
to reach one-half of the maximum light emission (t;,,). While
LEEC-1 shows a £y, of 0.3 hours, LEEC-2 was significantly more
stable at above 80 hours. The differences observed seem to be
related to the presence of the annulated benzenes in the
ancillary ligand. A possible explanation is related to the larger
cation in complex 2, which reduces the ionic movement in the
active layer during operation. LEEC-2 exhibits an improved
efficiency compared to that based on 1. While LEEC-1 achieved
an external quantum efficiency (EQE) of 0.23% and 0.13%,
LEEC-2 reached 0.37% and 0.30% at 400 and 800 A m™ 2,
respectively. Hence, the efficiency of LEEC-1 is more strongly
affected by increasing the current density than LEEC-2. Thus,
the slower ionic movement in LEEC-2 leads to more balanced
carrier. To the best of our knowledge, only a few examples of
near-infrared emitting LEECs have been reported, generally
with low EQE (EQE < 0.1%)" due to the energy gap law. Recently,
new examples have overcome the EQE of 1%,**' but none of
these is based on a cationic iridium complex as the emitter.
Considering the low emission quantum yield of complex 2
(0.4%) and the high current density applied (up to 800 A m™?)
the achieved efficiencies for LEEC-2 are very impressive and
close to the theoretical achievable one assuming a typical light
outcoupling of 20%.

In summary, we demonstrate dramatic red-shifted emission
for both 1 and 2 as a function of the use of strongly m-accepting
bithiazole-type ancillary ligands compared to the archetype
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complex R1. Notably, to the best of our knowledge, complex 2
displays the most red-shifted emission maximum for a cationic
iridium complex, especially considering the simplicity of the
ligand structure and synthesis. LEEC devices show deep red and
NIR emission using 1 and 2, respectively. LEEC-2 shows
improved efficiency compared to LEEC-1 and represents the
first example of a NIR LEEC employing a cationic iridium
complex emitter. Current efforts are focussed on pushing the
emission even further into the near-IR through addition of
strongly conjugated C*N ligands.
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Experimental Section

General Synthetic Procedures. Commercial chemicals were used as supplied. All reactions were
performed using standard Schlenk techniques under an inert (N,) atmosphere. Purification and
handling of all compounds were carried out under air. All products were stored in the dark. Freshly

distilled anhydrous toluene was obtained from a Pure Solv™

solvent purification system (Innovative
Technologies). Chromatography was performed on columns with an i.d. of 25-30 mm on silica gel
(Geduran” Silicagel 60, 40-63 um; Merck). The progress of reactions and the elution of products
were followed by TLC (silica gel on aluminum sheets, SiliaPlate™ TLC Plates, Silicycle, 250 ym
with indicator F-254). Compounds were visualised under UV light. 'H and “C NMR spectra were
recorded with Bruker AVANCE II spectrometer (500 MHz for 'H; 125 MHz for C). The following

L]
S

abbreviations have been used for multiplicity assignments: for singlet, “d” for doublet, “t” for

triplet, “p” for pentet, “m” for multiplet, and “br” for broad. 'H NMR spectra were referenced to the
solvent peak. Melting points (Mp) were recorded using open-end capillaries on an Electrothermal
melting point apparatus IA9200 and are uncorrected. The heating rate was 0.5 or 1.0 °C/min. High-
resolution mass spectra were recorded by EPSRC National Mass Spectrometry Service Centre,
Swansea University. Elemental analyses were performed by Mr. Stephen Boyer, London
Metropolitan University.

Photophysical measurements. All samples were prepared in HPLC grade acetonitrile (MeCN) with
varying concentrations on the order of «M. Absorption spectra were recorded at RT using a Shimadzu
UV-1800 double beam spectrophotometer. Molar absorptivity determination was verified by linear

least-squares fit of values obtained from at least five independent solutions at varying concentrations

with absorbance ranging from 6.88 10" t0 3.19 x 10° uM.
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The sample solutions for the emission spectra were prepared in Nz-degassed (20 minutes) HPLC
grade MeCN using an in-house designed quartz cuvette. Steady-state and time-resolved emission
spectra were recorded at room temperature using a Gilden fluoroSENS fluorimeter. The samples were
excited at the absorption maxima of the dominant low-energy '"MLCT/*MLCT band as indicated in
Table S4. Excited state lifetimes were measured by time correlated single photon counting (TCSPC)
with an Edinburgh Instruments FLS980 fluorimeter using a pulsed diode laser (exciting at 378 nm)
and PL emission was detected at the corresponding steady-state emission maximum for each
complex. The PL decays were fitted to a single exponential decay function. Emission quantum yields
were determined using the optically dilute method.' A stock solution with absorbance of ca. 1.1 was
prepared and then four dilutions were prepared with dilution factors of 43.2, 21, 13.7 and 10 to obtain
solutions with absorbances of ca. 0.025 0.050, 0.075 and 0.1, respectively. The Beer-Lambert law
was found to be linear at the concentrations of the solutions. The emission spectra were then
measured after the solutions were rigorously degassed with solvent-saturated N, gas for 20 minutes
prior to spectrum acquisition. For each sample, linearity between absorption and emission intensity
was verified through linear regression analysis and additional measurements were acquired until the
Pearson regression factor (R?) for the linear fit of the data set surpassed 0.9. Individual relative
quantum yield values were calculated for each solution and the values reported represent the slope
value. The equation ®, = ®.(4,/4,)(I/I,)(nJn;)’ was used to calculate the relative quantum yield of
each of the sample, where @ is the absolute quantum yield of the reference, n is the refractive index
of the solvent, A4 is the absorbance at the excitation wavelength, and 7 is the integrated area under the
corrected emission curve. The subscripts s and r refer to the sample and reference, respectively. An

aerated solution of [Ru(bpy):]Cl, in water (®, = 0.04) was used as the external reference.’
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The samples for thin-film photoluminescence (PL) measurements were done with the same
composition and thickness than the emissive layer of LEECs. Each complex was mixed with the ionic
liquid (IL) 1-butyl-3-methylimidazolium hexafluorophosphate [Bmim][PFs] in a 4-to-1 molar ratio
(iTMC:IL) and deposited onto a quartz plate. A Hamamatsu absolute quantum yield C9920
instrument was used for the steady-state emission spectra and determination of photoluminescence
quantum yields of the doped thin-films. A Hamamatsu Compact fluorescence lifetime spectrometer
C11367 instrument was used to determine the excited state lifetimes of the doped thin-films.

Electrochemistry measurements. Cyclic voltammetry (CV) measurements were performed in N,-
purged HPLC grade acetonitrile at room temperature with an electrochemical analyzer potentiostat
model 620E from CH Instruments interfaced to a PC at a sweep rate of 100 mV/s. Differential pulse
voltammetry (DPV) was conducted with an increment potential of 0.004 V and a pulse amplitude,
width, and period of 50 mV, 0.05, and 0.5 s, respectively. Solutions for CV and DPV were prepared
in MeCN and degassed with MeCN-saturated N> bubbling for about 10 min prior to scanning.
Tetra(n-butyl)ammonium hexafluorophosphate (TBAPFg; ca. 0.1 M in MeCN) was used as the
supporting electrolyte. A silver wire was used as the pseudoreference electrode; a glassy-carbon
electrode was used for the working electrode and a Pt wire was used as the counter electrode. The
redox potentials are reported relative to a standard calomel electrode (SCE) electrode with a
ferrocenium/ferrocene (Fc'/Fc) redox couple as an internal reference (0.38 V vs SCE)‘3

Experimental uncertainties are as follows: absorption maxima, +2 nm; molar absorption
coefficient, 10%; redox potentials, £10 mV; emission maxima, £3 nm; emission lifetimes, £10%;

luminescence quantum yields, £10%.

Device preparation. LEECs were prepared on top of a patterned indium tin oxide (ITO, 15 Q
square™’) coated glass substrate (www.naranjosubstrates.com) previously cleaned as follows: a)
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sonication with soap, b) deionized water, c) isopropanol, and d) UV—0; lamp for 20 min. The
thickness of the films was determined with an Ambios XP-1 profilometer. Prior to the deposition of
the emitting layer, a 80 nm thick film of poly(3,4-ethylenedioxythiophene):poly-(styrenesulfonate)
(PEDOT:PSS) (CLEVIOS™ P VP Al 4083, aqueous dispersion, 1.3—1.7% solid content, Heraeus)
was coated in order to avoid the formation of pinholes and to increase the reproducibility of the cells.
The emitting layer (100 nm) was prepared by spin-coating of a dichloromethane solution consisting
of the iTMC with the addition of the ionic liquid (IL) 1-butyl-3-methylimidazolium
hexafluorophosphate [Bmim][PF¢] (> 98.5%, Sigma-Aldrich) in a 4:1 molar ratio (iTMC:IL). For
obtaining a good layer morphology, after adding the dichloromethane solution the substrate was
covered during spinning. This fact slowed down the evaporation of the solvent and lead to more
homogeneous and better-quality film. The devices were then transferred to an inert atmosphere
glovebox (< 0.1 ppm O, and H,O, MBraun). Finally, a layer (70 nm) of aluminium (the top electrode)
was thermally evaporated onto the devices using an Edwards Auto500 evaporator integrated in the
inert atmosphere glovebox. The area of the device was 6.5 mm”. The devices were not encapsulated
and were characterized inside the glovebox at room temperature.

Device characterization. The device lifetime was measured by applying a pulsed current and
monitoring the voltage versus time with a Botest OLT OLED Lifetime-Test System. The radiance
was monitored using an integrating sphere (UDT Instruments, model 2525LE) coupled to a
Radiometric Sensor (UDT Instruments, model 247) and an optometer (UDT Instruments, model
S370). The electroluminescent (EL) spectra were measured using an Avantes AvaSpec-2048 Fiber
Optic Spectrometer during device lifetime measurement. The peak current density of the pulse was
800 and 1600 A m™ and the average current density is determined by multiplying the peak current

density by the time-on time and dividing by the total cycle time 50%.
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2,2'-Bithiazole, L1.
S N
Wl
N S

2-Bromothiazole (2.00 g, 12.20 mmol, 1 equiv.), N,N'-diisopropylethylamine (DIPEA) (2.13 mL,
12.20 mmol, 1 equiv.), n-BusNBr (1.97 g, 6.10 mmol, 0.50 equiv.) and Pd(OAc); (0.14 g, 0.61 mmol,
0.05 equiv., 0.06 mol%) were dissolved in nitrogen-degassed toluene (35 mL). The mixture was
heated to reflux for 20 h, after which time distilled water (50 mL) was added to the dark-brown
solution before cooling down the solution to room temperature. The mixture was stirred at room
temperature and dichloromethane (100 mL) was added. The organic layer was carefully separated and
this procedure was repeated one more time with additional dichloromethane (50 mL). The organic
layers were combined and evaporated to dryness to give dark brown oil. To this oil was added
diethylether (200 mL) and the mixture was sonicated for 30 min. The ether solution was carefully
decanted out and evaporated to dryness to afford the product as dark-orange microcrystalline solid.
Yield: 0.85 g, 41%. Mp: 96-99 °C. 'H NMR (500 MHz, CDCls) & (ppm): 7.45 (d, J = 3.21 Hz, 1
H), 7.90 (d, J = 3.21 Hz, 1 H). ”C NMR (126 MHz, CD;CN) & (ppm): 161.79, 144.05, 121.12.
Characterisation data match that reported in literature.”

2,2'-bibenzo[d]thiazole, L2.

sellee

2-Bromobenzthiazole (2.00 g, 9.34 mmol, 1 equiv.), N,N'-diisopropylethylamine (DIPEA) (1.63 mL,
9.34 mmol, 1 equiv.), n-BuyNI (1.73 g, 4.67 mmol, 0.50 equiv.) and Pd(OAc): (0.21 g, 0.93 mmol,
0.1 equiv., 0.09 mol%) were dissolved in nitrogen-degassed toluene (35 mL). The mixture was heated
to reflux for 20 h, after which time distilled water (50 mL) was added to the dark-brown solution
before cooling down the solution to room temperature. The mixture was stirred at room temperature
and dichloromethane (100 mL) was added. The organic layer was carefully separated and this
procedure was repeated one more time with additional dichloromethane (50 mL). The organic layers
were combined and evaporated to dryness to give dark brown oil. To this oil was added diethylether
(200 mL) and the mixture was sonicated for 30 min. The ether solution was carefully decanted out
and evaporated to dryness to afford the product as dark-orange microcrystalline solid. Yield: 1.27 g,

51%. Mp: 238-241 °C (dec.). "H NMR (500 MHz, CDCl;) 8 (ppm): 8.17 (d, /= 8.27 Hz, 1H), 7.99
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(d, J = 8.05 Hz, 1H), 7.57 (1, J = 7.72 Hz, 1H), 7.50 (1, J = 7.67 Hz, 1H). *C NMR (126 MHz,
CD;CN) & (ppm): 161.68, 153.69, 135.94, 127.00, 126.79, 124.23, 122.20. Characterisation data
match that reported in literature.’

Bis(z-phenylpyridinato-Cz,N (2,2'-bithiazole-N',N")iridium(IIT) hexafluorophosphate, 1.

A 100 mL round-bottomed flask was charged with tetrakis[2-phenylpyridinato-N,C” ]-bis(p-
chloro)diiridium(II1) (0.100 g, 0.092 mmol, 1 equiv.) and 2,2'-bithiazole (0.033 g, 0.193 mmol, 2.1
equiv.). An aliquot of a mixture of dichloromethane and methanol (40 mL, 1:1, v/v) was added to the
flask and the solution was degassed with nitrogen. The solution was heated to reflux under a nitrogen
atmosphere for 20 h. The solution was cooled down to room temperature and the solvent was
evaporated to dryness under reduced pressure to afford a red solid. Purification by flash column
chromatography (silica, dichloromethane/methanol, 95:5, v/v) and subsequent anion metathesis by
addition of an aliquot of saturated aqueous solution of KPF¢ afforded the product as an orange-yellow
solid. The Crystals of suitable X-ray quality were grown by slow diffusion of diethylether into a
concentrated solution of the title compound in dichloromethane. Yield: 0.138 g, 91%. Mp: 345-348
°C (dec.) Rg: 0.48 (dichloromethane/methanol, 95:5, v/v on silica). '"H NMR (500 MHz, CD;CN) 6
(ppm): 6.26 - 6.32 (m, 1 H), 6.90 (td. J = 7.48, 1.28 Hz, 1 H), 7.03 (ddd, J=7.85, 7.21, 1.18 Hz, 1
H), 7.08 (ddd, /=7.37, 5.88, 1.28 Hz, 1 H), 7.23 (d, /= 3.42 Hz, 1 H), 7.60 (dd, /= 5.77, 0.64 Hz, |
H), 7.78 (dd, J = 7.80, 1.18 Hz, 1 H), 7.84 - 7.89 (m, 1 H) 7.92 (d, /= 3.21 Hz, 1 H), 8.04 (dd, J =
8.12, 0.85 Hz, 1 H). C NMR (126 MHz, CD;CN) & (ppm): 168.27, 162.71, 150.91, 147.63,
145.24, 142.75, 139.54, 132.53, 130.98, 128.60, 125.61, 124.56, 123.56, 120.56. HR NSI" MS: [M-
PF¢]" Calculated: (CasHooN4S5Ir) 669.0758; Found: 669.0744. Anal. Caled. for CagHagN4F¢PS,Ir:
C,41.33; H, 2.48; N, 6.88; Found: C, 41.95; H, 2.72; N, 6.82.
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Bis(Z-phenylpyridinato-(‘?,N')(Z,Z‘-bibenzold}thiazole-N',N')iridium(III) hexafluorophosphate,

| PR

15

s,
N

N” ™S
v <2
|‘-\

A 100 mL round-bottomed flask was charged with lctrakis[2-phcnylpyridinat0-N,C2 1-bis(p-
chloro)diiridium(III) (0.100 g, 0.092 mmol, 1 equiv.) and 2,2'-bibenzo[d]thiazole (0.057 g, 0.211
mmol, 2.3 equiv.). An aliquot of a mixture of dichloromethane and methanol (40 mL, 1:1, v/v) was
added to the flask and the solution was degassed with nitrogen. The solution was heated to reflux
under a nitrogen atmosphere for 20 h. The solution was cooled down to room temperature and the
solvent was evaporated to dryness under reduced pressure to afford a brownish-red solid. Purification
by flash column chromatography (silica, dichloromethane/methanol, 95:5, v/v) and subsequent anion
metathesis by addition of an aliquot of aqueous saturated solution of KPF; afforded the product as a
red solid. The Crystals of suitable X-ray quality were grown by slow diffusion of diethylether into a
concentrated solution of the title compound in dichloromethane. Yield: 0.160 g, 95%. Mp: 388-390
°C (dec.) Ry 0.45 (dichloromethane/methanol, 95:5, v/v on silica). '"H NMR (500 MHz, CD;CN) &
(ppm): 8.20 (dt, /= 8.3, 1.0 Hz, 1H), 8.03 (dt, /= 8.2, 1.1 Hz, 1H), 7.86 — 7.78 (m, 2H), 7.72 (ddd, J
=5.8, 1.5, 0.8 Hz, 1H), 7.57 (ddd, /= 8.3, 7.2, 1.1 Hz, 1H), 7.24 (ddd, J=8.5, 7.2, 1.2 Hz, 1H), 7.15
(td, /=7.6,1.2 Hz, 1H), 6.98 (dtd, /= 7.4, 5.5, 1.4 Hz, 2H), 6.83 (dt, /= 8.6, 0.9 Hz, 1H), 6.32 (dd, J
=7.7, 1.2 Hz, 1H). *C NMR (126 MHz, CD;CN) & (ppm): 167.90, 164.67, 151.64, 151.38, 145.94,
145.63, 139.71, 136.86, 132.67, 131.17, 129.80, 129.72, 125.88, 124.83, 124.79, 124.14, 123.27,
120.70. HR NSI" MS: [M-PF4]” Calculated: (C3sH24N4SoIr) 769.1065; Found: 769.1061. Anal.
Caled. for C3gHauNyFPSolr: C, 47.31; H, 2.65: N, 6.13; Found: C, 47.17; H, 2.84; N, 6.17.
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Fig. S1: '"H NMR spectrum of complex 1 in CD;CN at 500 MHz at rt. (peak at ~ 5.3 ppm
corresponds to residual DCM in CD;CN).
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Fig. S2: °C NMR spectrum of complex 1 in CD;CN at 500 MHz at r.t. (peak at ~ 30 ppm
corresponds to residual DCM in CD3;CN).
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Fig. $3: "H NMR spectrum of complex 2 in CD;CN at 500 MHz at r.t.
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Fig. $4: *C NMR spectrum of complex 2 in CD:CN at 500 MHz at r .
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X-Ray Crystallography

Single crystals were grown by vapour diffusion of diethyl ether into either concentrated CH,Cl,
solution (1) or concentrated MeCN solution (2). Data were collected at 173 K (1) or 93 K (2) on a
Rigaku FR-X Ultrahigh brilliance Microfocus RA generator/confocal optics with Rigaku XtaLAB
P200 system, using Mo Ka radiation (A = 0.71075 A). Intensity data were collected using ® steps
accumulating area detector images spanning at least a hemisphere of reciprocal space. All data were
corrected for Lorentz polarization effects, and a multiscan absorption correction was applied by using
CrystalClear.” Structures were solved by Patterson methods (PATTY)' and refined by full-matrix
least-squares against F> (SHELXL-2013).® Non-hydrogen atoms were refined anisotropically, and

hydrogen atoms were refined using a riding model. All calculations were performed using the

CrystalStructure interface.”

Table S1. Crystal Data and Structure Refinement

compound 1 2

empirical formula CogHoFgItN4PS, C3gHy7FgIN5PS,
fw 813.80 954.97

cryst syst orthorhombic orthorhombic
lattice Primitive Primitive

space group Pbca (#61) Peall (#29)

a[A] 10.8949(11) 24.377(3)

b [A] 15.8728(15) 9.1545(10)

c [A] 33.006(4) 15.859(2)

a ] 90 90

B[] 90 90

Y[°] 90 90

vol [A] 5707.8(10) 3539.1(7)

Z 8 4

p (calc) [Mg/m’] 1.894 1.792

o [em™] 49,599 40.154

F(000) 3152.00 1872.00

cryst orange, chip red, prism

cryst size [mmj] 0.06 x 0.03 > 0.01 0.20 = 0.10 x 0.10
! range 2.240-25.371° 2.377=25315°

reflns collected

64336

17647

indep reflns (Rin) 5220 (0.0622) 6135 (0.0256)
max/min transm 0.952/0.875 0.669 /0.517
data/restraints/params  5220/0/379 6135/1/479
GOF on F~ 1.097 0.841

final R indices R1=10.0336, R1=0.0185,
[ = 26(0)) wR2=10.0571 wR2 =0.0360
R indices R1=0.0743, R1=10.0200,
(all data) wR2=0.0725 wR2 =0.0362
largest diff. peak/hole 0.85/-0.70 0.57/-0.34

[e/A%]
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Table S2. Comparison of observed bond distances and angles in complexes 1 and 2 with values
calculated for these complexes.”

Compound Bond Length (A) Angle (-)
1 Obs. Calc. Obs. Calc.
(X-ray) (DFT) (X-ray) (DFT)
Tr1-N25y 2.148(6) 2245 Nlcny -Ir1-C8cny 80.6(2) 79.99
Ir1-N3 1y 2.149(6) 2.245 N13cay -Ir1-C20¢ay 80.7(2) 80.00
Irl-Nlcan 2.048(5) 2.090 N25xan -Ir1-N3 1yax 75.3(2) 74.19
Ir1-N13cay 2.046(5) 2.090
Ir1-C8¢ay 2.007(6) 2.025
Ir1-C20c~y 2.003(7) 2.025
2 Irl-Nlcan 2.058(4) 2.089 Nlcay -Ir1-C8¢an 80.62(17) 80.01
Ir1-N13¢cay 2.049(4) 2.089 N13cay -Ir1-C20¢0y 80.45(17) 80.01
Ir1-N25yxw 2.180(4) 2.285 N25yan -Ir1-N35yan 76.00(14) 74.09
Ir1-N35y~ 2.195(4) 2.285
Ir1-C8¢ay 2.009(4) 2.025
Ir1-C20cny 2.009(5) 2.025

“Restricted DFT geometry optimizations of [1]" and [2]" (B3LYP/SBKJC-VDZ[Ir]6-31G**[C,H,N,S]).

Fig. S5: Perspective views of complexes (a) 1 and (b) 2. Ellipsoids correspond to a 50%
probability level. Anions, co-crystallised solvent molecule (in 2) and H-atoms have been
omitted for clarity.
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Electrochemistry

Table S3. Redox potentials of complexes 1 and 2 and the benchmark complex [Ir(ppy)2(bpy)]”, R1
(where bpy = 2,2"-bipyridine) in degassed MeCN at 298 K.*

Cmpd | Ein™ (V) [Ei2"0(V) [AEreor’ | Enomo (eV)" | Erumo (€V)" | AEiLumo-nomol
) (eV)*
1| 1.24(110) | -1.15(74).- | 238 5.58 2.76 2.82
1.73(293),
-2.13(im), -
2.29(213),
-2 83(irr)
2 1.37(169) | -0.82(88), - 2.19 -5.80 -3.07 2.73
1.46(89), -
2.37(103),
-2.66(171)
R1/ 1.27 -1.38 2.65 -5.56 -2.31 3.25

“Potentials are in volts (V) vs. SCE for acetonitrile solutions, 0.1 M in [n-Bu,N]|PF, recorded at room temperature at a
sweep rate of 100 mV/s using a glassy carbon electrode as a working electrode, a platinum wire as a counter electrode and
a silver wire as a reference electrode. The difference between cathodic, E,, and anodic, E,,. peak potentials. AE,,
(millivolts) is given in parentheses. "AE,., is the difference (V) between first oxidation and first reduction potentials.
‘DFT calculated energy in eV. “Redox potentials are from ref 10.
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Fig. 86: Cyclic voltammogram (bold lines) and differential pulse voltammogram (dotted lines) of
complexes 1 and 2 in degassed MeCN at r.t at a scan rate of 100 mV/s. Wave denoted with an asterix
at 0.38 V corresponds to Fc/Fe™ couple.

DFT Calculations:

All calculations were performed with the Gaussian09, revision D.01"' suite of programs employing
the DFT method, the Becke three-parameter hybrid functional,” and Lee-Yang-Parr’s gradient-
corrected correlation functional (B3LYP)." Singlet and triplet ground state geometry optimizations
and single point energy calculations for [1]%, [2]" and [R1]" were carried out at the (R)B3LYP and
(U)B3LYP levels, using their respective crystallographic structures as starting points. All elements
except Iridium were assigned the 6-31G(d.p) basis set.' The double-C quality SBKIC VDZ ECP
basis set” with an effective core potential was employed for the Ir(IIl)-ion. Vertical electronic
excitations based on (R)B3LYP-optimized geometries were computed for [1]*, [2]" and [R1]™ using
the TD-DFT formalism'®® in acetonitrile using conductor-like polarizable continuum model
(CPCM)."™ Vibrational frequency calculations were performed to ensure that the optimized
geometries represent the local minima and there are only positive eigenvalues. The electronic
distribution and localization of the singlet excited states were visualized using the electron density
difference maps (ED-DMs)."® Gausssum 2.2 and Chemissian v3.8" were employed to visualize the
absorption spectra (simulated with Gaussian distribution with a full-width at half maximum (fwhm)
set to 3000 cm™) and to calculate the fractional contributions of various groups to each molecular

orbital. All calculated structures and Kohn-Sham orbitals were visualized with ChemCraft.™

1
1.5
8
-2 E
2.5 o O ] é
PR Tl w @
> s Ny 9@ @
L s e #& “ay ‘,J.
> @ 9.
II=.I . f,'lue“ ‘e b‘u:\
L eglr gl
s & G- :
SR b g
5.5 : il 3
-6 4 g

A (Rl BE r

Color codes in bars: Ir, ppy, bpy, L1, 1.2

S15

229



Fig. S7: Calculated frontier MO energies of [R1]", [1]" and [2]", obtained from DFT
[(rb31yp/SBKIC-VDZ for Ir(IIT)) and (6-31g** for C,H,N,S)] with CPCM(MeCN) and 0.05
eV threshold of degeneracy. Kohn-Sham MOs of [R1]", [1]” and [2]" arc also shown
(contours are isovalued at 0.03).

Table S4. UV-vis absorption data of complexes 1 and 2 (in degassed MeCN at room temperature) and

benchmark complex R1.

Compound  A/nm (e x10° M'em™)

1 252 (4.14), 265 (3.76), 303 (2.34), 318 (2.41), 333 (2.25), 377 (1.01), 466 (0.09), 500
(0.07)

2 251 (3.92), 343 (1.98), 363 (2.64), 379 (2.82), 407 (1.03), 433 (0.50), 549 (0.06), 599
(0.03)

R1° 265 (4.17), 310 (1.29), 375 (0.60), 420 (0.26)

“From ref. 10 in MeCN.
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Fig. S8: Overlay of experimental UV-vis absorption spectra (curved lines) of complexes 1 and 2 with
their predicted transitions (vertical bars) calculated by singlet TD-DFT at room temperature in
MeCN.

Table S5. Selected transitions from TD-DFT calculations of [1]" in the singlet ground state
(B3LYP/SBKIC-VDZ[Ir]6-31G**[C,H,N,S], CPCM (MeCN)).

state D/ NM Awe/nm (e x10* M'em™) | f(TD-DFT) Major transition(s) character
(TD-DFT) [expt.]
44 245 252 (4.14) 0.0707 H-12->L (72%) L1(70) to L1(7*)
33 262 265 (3.76) 0.4271 H-6->L+1 (32%), L1(x) to ppy(*)
H-1->L+4 (34%) (minor) + ppy(r) to
ppy(m*) (major)
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18 291 303 (2.34) 0.1506 H-4->L+1 (67%) ppy(m) to ppy(m*)
(major) + Ir(dm) to
ppy(m*) (minor)

14 312 318 (2.41) 0.0762 H-1->L+2 (71%) ppy () 1o ppy(*)
9 327 333 (2.25) 0.3175 H-6->L (76%) L1(x) to L1(c*)
4 396 377 (1.01) 0.0801 H-3->L (82%) ppy(T) to L1(*)

(major) + Ir(dm) to
L1{x*) (minor)

2 434 466 (0.09) 0.0047 H-4->L (15%), ppy() to L1(7%)
H-2->L (81%) (major) + Ir(dm) to

L1(z*) (minor)

1 578 500 (0.07) 0.0001 H->L (99%) ppy(m) to L1(x*)

(major) + Ir(dn) to
L1{x*) (minor)

Table S6. Selected transitions from TD-DFT calculations of [2]” in the singlet ground state
(B3LYP/SBKIJC-VDZ[Ir]6-31G**[C,H,N,S], CPCM (MeCN)).

state Pogp/nM han/nm (& x10° M'em™) | f(TD-DFT) Major transition(s) character
(TD-DFT) [expt.]
43 261 251 (3.92) 0.2385 H-7->L+1 (46%), L2(n) to ppy(m*)
H-1->L+4 (36%) (major) + ppy() to
ppv(*) (minor)
10 359 343 (1.98) 0.1065 H-7->L (92%) ppY(m) to ppy(ar*)
8 372 363 (2.64) 0.5763 H-6-=L (91%) L2(m) to L2(x*)
6 388 379 (2.82) 0.0191 H-5->L (97%) ppv(t) to L2(x*)
5 408 407 (1.03) 0.0201 H-4->L (96%) ppy(m) to L2(r*)
4 426 433 (0.50) 0.0965 H-3->L (93%) Ir(dm) to L2(m*) (major)
+ ppy(m) to L2(z*)
(minor)
2 466 549 (0.06) 0.0194 H-2->L (92%) Ir(dm) to L2(m*) (major)
+ ppy(m) to L2(x*)
(minor)
1 608 599 (0.03) 0.0001 H->L (99%) Ir(dm) to L2(mt*)
(minor) + ppy(m) to
L2(xt*) (major)
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Fig. S9: Emission profiles of complexes 1 and 2 at r.t. in degassed MeCN (e = 360 nm).
The shoulder at ~ 700 nm of complex 1 is due to instrumental artefact.

ar (2]*

Fig. S10: Triplet spin density distributions of complexes 1 and 2, obtained from DFT
[(UB3LYP/SBKIC-VDZ for Ir(Ill)) and (6-31g** for C,H,N,S] with CPCM(MeCN). Contours are
isovalued at 0.004.

Table S7. Optimized Atomic coordinates obtained from DFT calculations of [1]".

Center Atomic  Atomic Coordinates (Angstroms)
Number Number Type X Y Z

1 77 0 0.163546 0.000108 0.000315
2 16 0 -4.162633 -1.069762 1.440592
3 16 0  -4.165051 1.055742 -1.443292
4 7 0 -1.626674 -0.770934 1.115220
5 7 0 -1.628373 0.765264 -1.115997
6 7 0 0.297520 -1.845705 -0.971581
7 7 0 0.289706 1.847220 0.971093
8 6 0 -2.796112 -0.424437 0.588496
9 6 0 1.587459 0.894539 -1.128493
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10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

= A= = R = AT = = = R = R R e i =A== N = N = R = R = A e = AT = A B = A L = R B =

1.899298
-1.784511
-0.905302
-2.797057
-0.275042
-0.861378

0.628688

0.763297
-0.291525
-0.880109
-3.082797
-3.461813

2.825245

3.051807

1.189076

2.833943

3.064605

1.357781

2.066894

3.471299

4.193595

1.892335

1.178682
-0.408113
-1.086056
-1.781014
-0.901031

1.589155

2.258629

2.068091

1.341732

2.048860

3.476436

4.200075

2.256705

2.061903
-3.078680
-3.456340

3.186174

3.694308

0.609588

0.739814
-0.418911
-1.094522

3.185986

3.691290

-2.223467
1.565552
1.923656
0.414968

-3.431375

-3.664224

-4.348185

-5.325927
3.432305
3.663716
1.829765
2.425962
2.992939
4.013881

-2.727209

-2.983848

-4.003792

-3.992621

-4.688005
2.444476
3.032842
2.229642
2.731624

-2.194748

-1.443654

-1.571794

-1.927059

-0.889706
0.366132

-0.654297
3.998183
4.695862

-2.433737

-3.019838

-0.359579
0.659952

-1.840296

-2.437803
1.129259
0.693504
4.352024
5.330677
2.194621
1.441284

-1.119823

-0.682844

0.750219
-2.220300
-2.739621
-0.590117
-2.677996
-3.559309
-2.132226
-2.583904

2.675176

3.555368
-2.552554
-3.370346
-1.471498
-1.178522
-0.423416

1.473758

1.180495
-1.006700
-0.574525
-2.573209
-3.129785
-0.748793
0.423475
-2.066512
-2.453473

2.219364

2.739327

1.130373
-2.240169
-2.556810

1.005893
0.574167

2.576742

3.133964

2.243391
2.560388

2.550611

3.368074
-2.953799
-3.809761
2.129973
2.580962

2.064631

2451284

2.957841

3.814854
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Table S8. Optimized Atomic coordinates obtained from DFT calculations of [2]".

Center Atomic  Atomic Coordinates (Angstroms)
Number Number  Type X Y z
1 77 0  -0.000039 -0.443672 0.000012
2 16 0 -1.690076 3.966726 0.278033
3 16 0 1.690509 3.966470 -0.278860
4 7 0  -1.347756 1.380480 0.281447
5 7 0 1.347790 1.380264 -0.282068
6 7 0  -0.640471 -0.566355 -1.984569
7 7 0 0.640423 -0.565548 1.984605
8 6 0 -0.710388 2.526461 0.132681
9 6 0 1.377681 -1.918760 -0.165387
10 6 0  -2.042766 -2.246307 -1.046019
11 6 0 2.700498 1.580623 -0.534644
12 6 0 0.710599 2.526356 -0.133436
13 6 0  -0.614337 0.057848 -4.299824
14 1 0 -0.192106 0.678899 -5.081302
15 6 0 -1.616101 -0.879927 -4.566129
16 1 0  -1.999551 -1.006930 -5.573577
17 6 0 0.614570 0.059820 4.299556
18 1 0 0.192407 0.681255 5.080768
19 6 0 3.083519 2.944895 -0.568442
20 6 0 3.044128 -3.231233 1.078549
21 1 0 3.553478 -3.473577 2.006617
22 6 0 -1.618013 -1.492761 -2.224492
23 6 0  -3.044489 -3.231373 -1.077380
24 1 0  -3.553889 -3.474029 -2.005341
25 6 0  -2.114475 -1.652944 -3.526816
26 1 0  -2.887199 -2.387824 -3.716441
27 6 0 3.392823 -3.910524 -0.083363
28 1 0 4.164634 -4.672996 -0.057908
29 6 0 2.042538 -2.246048 1.046763
30 6 0 1.617937 -1.491891 2.224901
31 6 0  -0.157061 0.181194 -2.997003
32 | 0 0.623627 0.884444 -2.734768
33 6 0  -2.700413 1.581080 0.534049
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34
35
36
37
38
39
40
41
42
43

45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63

65
66
67

e N DN e = O Y N D e = N ON = ON e N = O e N e O e O = O = NN

-1.377918
1.740361
1.247629
2.114574
2.887333

-3.393312

-4.165230

-1.740745

-1.248032

-3.083209
2.735944
2.998194
1.616355
1.999955
0.157147

-0.623571

-2.736445

-2.998809
3.665281
4.974820
5.730825
4.685648
4.402669
5.342839

-3.665363

-4.974826

-5.730967

-4.685112

-4.402307

-5.342631
3.378370
6.376002

-3.378623

-6.375749

OO0 OO0 00000000 000000000000 000000000

-1.918547
-2.628209
-2.420875
-1.651393
-2.386160
-3.910078
-4.672453
-2.627394
-2.419653
2.945427
-3.608067
-4.142208
-0.877824
-1.004302
0.182519
0.885645
-3.607148
-4.140826
0.583200
0.973162
0.214745
4.380889
3.334070
2.331653
0.583827
0.974019
0.215752
4.381694
3.334823
2.332580
-0.460322
2.604212
-0.459738
2.605301

0.166008
-1.318928
-2.263389

3.527239

3.717143

0.084837

0.059704

1.319872

2.264253

0.567742
-1.280578
-2.189807

4.566218

5.573674
2.996725

2.734244

1.281940

2.191407
-0.759065
-0.999575
-1.174517
-0.831629
-0.809608
-1.022514

0.758535

0.999056

1.174061

0.830820

0.808893

1.021890
-0.746447
-1.212268

0.745984

1.211645

Table S9. Optimized Atomic coordinates obtained from DFT calculations of [R1]".

Center

Atomic

Atomic

Coordinates (Angstroms)
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Number Number Type X Y Z

1.645524 -0.688774 1.057703
1.320067 1.218175 -1.032447
2222796 -0.137520 2.211030
1.846155 0.797719 2.613898
3.291034 -0.764800 2.857217
3.720901 -0.312640 3.747010
3.816617 -1.964200 2.365846
4.647486 -2.447030 2.870206
3.268253 -2.533329 1.222396

oo =1 O Lh B W —
o= N = N = N DN

10 3.680281 -3.464416 0.844339
11 2.193928 -1.905623 0.568290
12 1.565831 -2.440136 -0.638807
13 1.955433 -3.602778 -1.321922
14 2.790331 -4.184159 -0.950100
15 1.282716 -4.001547 -2.467842
16 1.588189 -4.899063 -2.996419
17 0.212332 -3.231855 -2.933308
18 -0.339289 -3.502846 -3.826171
19 -0.136796 -2.093040 -2.224658
20

21 2.080424 0.902389 -2.168379
22 2.068618 -0.107292 -2.567060
23 2.870601 1.864109 -2.802624

3.450060 1.589489 -3.679985
2.927532 3.174083 -2.315621
3.543765 3.917749 -2.810645
2.190680 3.516310 -1.188065
2.240613 4.533969 -0.811902
1.393959 2.551805 -0.546563
0.593260 2.834717 0.643099
0.535887 4.062341 1.321455
1.123101 4.897798 0.960164
-0.258653 4.203842 2.449746
-0.297848 5.152955 2.974968
-1.002092  3.109305 2.901832
-1.633226 3.172453 3.780784
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Photoluminescence in thin film:

Table S10. Photophysical properties of complex 1 and 2 in doped thin film.”

Thin film heeen / I Dp [ %" ©/ns’
1:[Bmim][PFy) 658 14 257
2:[Bmim][PF] 707 5 117

“Photophysical properties measured on a quartz/thin film. Phexc = 320 nm. “@py measured using an

integrating sphere. Dexe = 340 nm.

Normalized PL intensity (a.u.)

0

500
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700

Wavelength (nm)

800

900

Fig. S11: Photoluminescence spectrum for 1 and 2 in thin film: Quartz / 1 or 2:[Bmim][PFs] upon
excitation at 320 nm. [Bmim][PF¢] is 1-butyl-3-methylimidazolium hexafluorophosphate.
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Device characteristics:
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Fig. S12: Device performance versus time (a) LEEC-1 and (b) LEEC-2 under a pulsed current of 800
A m™ (average current density), 1KHz and 50% of duty cycle.

Table S11: Device performance for LEEC-1 under pulsed current of 400 and 800 A m” (average

current density).

- Luminance,,;” i’ EQE;a° Aem™™ EL a
Devi PC/Am? ma CIE
evice m Jed m /h 1% ' om
400 59 0.24 023
LEEC-1 661 0.65,0.34
800 72 0.15 0.13

“Maximum luminance. “Time to reach one-half of the maximum luminance. “‘Maximum external

. d, . . . . .
quantum efficiency. “Commission internationale de I’Eclairage.
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Table S12: Device performance for LEEC-2 under pulsed current of 400 and 800 A m™.

Light output,,,,” b ¢ ; max
Device PC/Am? | &7 OWPY fin EQE,., Ao EL
/WW em /h /% / mm
400 262 80 0.37
LEEC-2 705
800 471 >80 0.33

“Maximum light output. "Time to reach one-half of the maximum light output. “Maximum external
quantum efficiency.
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Efficient methylammonium lead iodide perovskite-based solar cells have been pre-
pared in which the perovskite layer is sandwiched in between two organic charge
transporting layers that block holes and electrons, respectively. This configuration
leads to stable and reproducible devices that do not suffer from strong hysteresis
effects and when optimized lead to efficiencies close to 15%. The perovskite layer
is formed by using a dual-source thermal evaporation method, whereas the organic
layers are processed from solution. The dual-source thermal evaporation method
leads to smooth films and allows for high precision thickness variations. Devices
were prepared with perovskite layer thicknesses ranging from 160 to 900 nm. The
short-circuit current observed for these devices increased with increasing perovskite
layer thickness. The main parameter that decreases with increasing perovskite layer
thickness is the fill factor and as a result optimum device performance is obtained for
perovskite layer thickness around 300 nm. However, here we demonstrate that with
a slightly oxidized electron blocking layer the fill factor for the solar cells with a per-
ovskite layer thickness of 900 nm increases to the same values as for the devices with
thin perovskite layers. As aresult the power conversion efficiencies for the cells with
300 and 900 nm are very similar, 12.7% and 12%, respectively. © 2014 Author(s). All
article content, except where otherwise noted, is licensed under a Creative Commons
Attribution 3.0 Unported License. [hup://dx.doi.org/10.1063/1.4890056]

Thin film photovoltaic devices hold great promise to reduce the dependencies on fossil energy.
Solid state methylammonium lead halide perovskites solar cells are attracting much attention due
to their ease of preparation, low cost, and high efficiencies.'*> The hybrid organic-inorganic methy-
lammonium lead iodide perovskites have been studied extensively since many years and have been
recognized for their excellent semiconducting properties.™* After the seminal work of Miyasaka
et al.” tremendous progress in the performance of methylammonium lead iodide perovskite based
solar cells has been obtained.>"" Most high efficiency perovskite solar cells reported until now
use a (mesoscopic) metal oxide such as Al,Osz, TiO3, or ZrO; requiring a high temperature sin-
tering process. However, an increasing number of works in which the inverted approach is used
are appearing. In these devices, the holes are extracted via the transparent conductor poly(3.4-
cthylenedioxythiophene):poly(styrenesulfonic acid) (PEDOT:PSS) situated on top of the transpar-
ent bottom electrode.'*'* Recently, we have improved the performance of such inverted devices by
sandwiching an evaporated CH;NH:Pbls perovskite in between organic electron and hole blocking

# Author to whom correspondence should be addressed. Electronic mail; henk.bolink @uv.es.
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Bl AT 2 S S

PEDOT:PSS

Glass

FIG. 1. (a) Schematic presentation of the device layout and (b) SEM cross section image of a device with a perovskite layer
thickness of 900 nm. The poly TPD and PCBMg; cannot be discemed due to their low thickness.

layers. This configuration leads to stable and reproducible devices that do not suffer from strong
hysteresis effects and when optimized lead to efficiencies close to 15%."

Recently, reports have appeared that mention a long charge carrier diffusion length in methylam-
monium lead iodide perovskite.'®'® Probably related 1o that is the observation of a low recombination
efficiency of electrons and holes in this material."” However, depending on the type of perovskite
and its preparation method, very dilferent diffusion lengths, ranging from 100 to 1000 nm, have
been reported.

If the longer diffusion lengths hold in real devices one would expect an almost thickness inde-
pendent performance up to thicknesses equal to the diffusion lengths. To date, most of the perovskite
solar cells reported in literature use perovskite layers with thicknesses in the range of 200-400 nm,
well below 1 zm. We are aware ol only one reference where a thickness dependence study was
performed to determine the optimal perovskite layer thickness on PEDOT:PSS on fluorine doped
tin oxide (FTO) based glass substrates. From that study, an optimum short-circuit current density
(Jsc) was found for a perovskite layer thickness of around 450 nm.”° Additionally. Kelly presented a
study on the effect of perovskite thicknesses in a ZnO/CH3NH3Pbl;/OMTAD device configuration
at the HOPV 14 conference in Lausanne, he found an optimum J,. for devices having a perovskite
thicknesses in the range of 300-400 nm.”" Both studies used solution processed perovskites layers
which are reported to have slightly different propertics than vacuum deposited ones. Using our
smooth evaporated perovskite films we have prepared perovskite solar cells sandwiched in between
organic hole- and clectron-blocking layers with perovskite layer thicknesses ranging from 160 to
900 nm. The dual-source thermal evaporation method used to prepare the perovskite layers allows for
high precision thickness variations. We show that the J.. of the solar cells increases with increasing
perovskite layer thickness, fast up to 300 nm and more slowly for devices with layers going from
300 to 900 nm. However, due to a decreasing fill factor (FF) for cells with perovskite layers in excess
of 300 nm the power conversion efficiency (PCE) is reduced for the thicker devices. However, par-
tially oxidation of the poly[N,N'-bis(4-butylphenyl)-N,N’-bis(phenyl)benzidine (poly TPD) electron
blocking/hole transporting layer in cells with a 900 nm perovskite layer leads to a recovery of the fill
factor and efficiency, reaching similar values as those obtained for the thin perovskite layer based
solar cells. This demonstrates that with non-limiting organic layers, the cell performance is rather
independent on perovskite layer thickness in between 300 and 900 nm.

The device layout used in this study is shown in Figure | and consists of two selective layers
situated on both sides of the perovskite layer. To block the electrons and allow holes to reach
the anode a thin layer of polyTPD or doped-polyTPD was used. To block holes and allow the
electrons to reach the cathode (Au) [6.6]-phenyl C61-butyric acid methylester (PCBMgg), was used.
The indium-tin oxide (ITO) (anode) acts as the hole-collecting contact and the Au (cathode) as
the top electron-collecting electrode. Au was selected as it resulted in better performing and more
stable devices compared to devices employing other top contact electrodes. A layer of 80 nm of
PEDOT:PSS was spin-coated (1200 rpm, 30 s) onto a pre-patterned-ITO containing glass substrate
and thermally annealed at 150°C during 15 min. This layer smoothens the substrate and acts as a
hole transporter. Next the polyTPD or doped-polyTPD solution was spin-coated (3000 rpm, 30 s)
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FIG. 2. Absorption spectrum for perovskite thicknesses from 160 to 900 nm,

10 obtain a 20 nm thin film. The perovskite was deposited by co-evaporating the two starting
materials Pbl, and CH3;NH;l in a high vacuum chamber. The thickness of the layers was verified
using absorbance and by a stylus profilometer (Ambios X1). Then, a thin layer of 20 nm of PCBMg,
was deposited using a meniscus coater and a coating speed of 2.5 mm/s.”” The final stack was
covered by 60 nm of Au as the top electrode layer using a vacuum evaporation process. A cross
section scanning electron microscopy (SEM) image of a cell with a perovskite layer thickness of
900 nm is shown in Figure 1, where all the layers, except the thin blocking layers, are visible.

The percentage ol absorption of the different perovskite layer thicknesses is shown in Figure 2.
All films showed an onset of the photocurrent generation at 790 nm, in good agreement with the band
gap value (1.55 eV) of the CH3NH; Pbl;, similar to those reported previously for this material.™ This
broad absorption extends from the visible to the near-IR region. Moreover, the absorption increases
almost linearly with the perovskite layer thickness. These spectra were taken on glass substrates,
which were also used as the blank. When incorporated into a solar cell, the transmission of the front
electrode (ITO) should be taken into account as well as the reflectance at the top Au mirror electrode,
which leads to a second pass of the light through the perovskite layer. However, from this figure it
is clear that just a single pass of the light through a film with a thickness of 210 nm, leads to more
than 50% absorption.

X-ray diffraction analysis of the different thickness perovskite layers is depicted in Fig. S1 of
the supplementary material.”* Slight variations in the diffraction patterns of the different perovskite
films are observed. These slight changes are also observed within a series of perovskite layers with
a single thickness. Such changes, however, do not lead to large variations of performance as it is
cvidenced by the narrow statistics that arc presented also in Fig. S2 of the supplementary matcerial
where an average of 5 to 10 cells are displayed.”

As the numbers of photo-gencrated carriers is related to the number of absorbed photons
one expects that Jo. increases with increasing layer thickness until all the light is absorbed. With
no losses, the remaining parameters, open circuit voltage (V) and FF are expected to remain
unchanged. Figure 3 summarizes graphically the solar cell performance as a function of perovskite
layer thickness. The key performance parameters of the solar cells obtained from the current-density
(J) voltage (V) sweeps under | sun illumination are plotted versus perovskite layer thickness.

As expected the J increases with increasing perovskite layer thickness. It increases rapidly
with the perovskite layer thickness from 200 to 300 nm and it continues to increase slowly with
further incrementing perovskite layers thickness. Hence, there is still a significant gain in absorption
ol the sunlight when going from perovskite layers of 200400 nm. This implies that one cannot
simply double the absorption data obtained for a thin film to a device with a mirror top electrode
(Fig. 2). but has to take into account the total stack reflectance and absorbance. The increase in Ji
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FIG. 3. J.. Voc. FF, and PCE values as a function of perovskite thickness. For clarity the statistics are not shown in this
plot, but are present in the version of this plot in Figure S2 of the supplementary material.**

TABLE 1. FF values of thick devices at different % of light intensity irradiation.

1 sun intensity [5] FF
100 487
30 526
20 559
10 58.6
1 634

for a device with a perovskite layer of 400 nm to that with a perovskite layer thickness of 900 nm
is only around 5%. At the same time, 20% more light is absorbed, and while more free carriers are
generated due to increase in light absorbance, the collection efficiency is lower in the thicker device.
The V. is constant for devices with a perovskite layer thickness from 200 to 400 nm. It decreases
by ncarly 10% for devices with a thicker perovskite layer. The main parameter that is negatively
affected by the increase of the perovskite layer thickness is the FF, which drops strongly for devices
with a perovskite layer thickness in excess of 300 nm. As a result of the decreasing FF the PCE also
decreases with increasing perovskite layer thicknesses. Statistical data is presented in Fig. S2 of the
supplementary material. >

The decrease in FF is only observed at high light intensity, when this is reduced the FF improves
and reaches values similar to the best (thin perovskite layer) devices at 1% of 1 sun (Table I) and
Fig S3 of the supplementary material.” Hence, with lower charge carrier densities. due to the lower
illumination intensity, the FF increases and reaches values similar to what is observed for devices
with perovskite layer thickness lower than 300 nm. This implies that the reduction of the fill factor
is not primarily related to the increased path length for the charge carriers, i.c., series resistance in
the absorber layer. Yet it appears to be related to the efliciency of charge extraction. This can be due
10, ¢.g., the lower hole mobilites in the polyTPD compared to that of holes in the perovskite layers,
and can also be related to smaller built in voltage in the thicker devices. From previous work on
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FIG. 4. (a) IPCE curves and (b) photocurrent density versus voltage under | sun illumination, for a thin, a thick, and a thick
device with doped hole transporting layer.

organic light-emitting diodes (OLEDs) it is known that the conductivity of the polyTPD increases
superlinearly when it is partially oxidized (doped).” Yet, high doping levels may hamper the layer’s
ability to block electrons, therefore, for this study we replaced the pristine polyTPD with a slightly
oxidized version polyTPD (0.05% oxidized). Using this doped electron blocking/hole transporting
layer solar cells were prepared with perovskite layer thickness of 900 nm (Fig. 4).

With this partially oxidized polyTPD layer the FF of the solar cells at 1 sun light intensity is
recovered and reaches values similar of the devices with perovskite layers up to 400 nm (Table 11).
The Ve seems not to be alfected by the doping of the polyTPD and remains almost the same as
with the undoped thick cell (slightly below 1 V). Due to the slightly higher I, the slightly lower
Ve and similar FF, the PCE of the solar cells with perovskite layer thicknesses of 285 and 900 nm
reaches 12.7% and 12.0%. respectively. This is yet another example of the high electronic quality
ol organic-inorganic lead halide perovskite materials. It can be attributed to the large charge carrier
diffusion lengths observed in solution processed CH:NH;3Pblz perovskite. As mentioned in these
studies the observed diffusion lengths depend on the preparation method, therefore, it is possible
that in evaporated CH3NH1Pbls perovskite layer even larger diffusion length of charge carriers are
present. The effect of the doped polyTPD layer on cells employing a thinner perovskite layer was
negligible (Fig. $4 of the supplementary material). ™

Our device architecture employing PEDOT:PSS and ITO as the anode and Au as the cathode,
the built-in potential is expected to be small in view of the small off set in work functions of these
two electrodes (5.0 and 5.1 eV, respectively). However, it is known that the interactions of metals
and organics can change the effective work functions. This built-in potential assists in the separation
of electrons to one direction and holes to the opposite one. Using capacitance voltage scans an
estimate of the flat band potential around 1 V was obtained, confirming the presence of a built-in
potential (Fig. S5 of the supplementary material).”* Following the p-i-n model suggested to describe
how these devices work, increasing the doping in the selective contacts leads to an increase in the
built-in potential in the absorber. This can explain the large difference in FF between low and high
light intensities for the thick devices: at low light intensity, most of the built in potential is still
present leading to high FF: at high light intensities the bands are flatter and hence the lower FE
This will not be so in thin devices as the electric field is larger (the potential difference being the
same, yet the layer being thinner). Another support for this hypothesis we find in the dark J-V of
the various devices (Fig. S6 of the supplementary material), where the diode onset is shifted to
higher voltages when the polyTPD in the thick device is doped.** Our results demonstrate that the
solar cell performance is high over a wide range of thicknesses (300-900 nm) simplifying large area
processing requirements, hence facilitating industrial production scales.

To conclude, methylammonium lead iodide perovskite solar cells have been prepared with a
wide range of active layer thicknesses. With undoped hole transport layers the best performances are
obtained for solar cells with a perovskite layer thickness around 300 nm, reaching a PCE of 12.7%
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TABLE II. Current density-voltage data of ITO/PEDOT:PSS/poly TPD/CH3NH:Pbly/PCBMg/Au at different perovskite
thicknesses.

CH:NH;Pbl; [nm] Is¢ [mA/em?] Voc [V] FF [%] PCE %]
210 147 104 0.56 8.6
250 16.7 1.04 0.61 10.6
285 188 1.07 0.63 12.7
370 18.5 0.97 0.52 9.3
390 182 1.03 046 8.6
6380 19.5 094 044 8.1
900 198 092 04 72
900" 195 094 0.65 120

“This device corresponds to ITO/ PEDOT:PSS/doped-polyTPD (0.05% AgSbFsVCH3NH;PbI:/PCBMgy/Au configuration,

in this series. However, if the hole transport materials is slightly doped by adding a small amount
of an oxidant to it, the solar cell performance is almost independent on perovskite layer thickness.
For a device with a perovskite layer thickness of 900 nm, a PCE of 12% was obtained only slightly
below that of the best device with a perovskite layer thickness of 300 nm. These results demonstrate
that the carriers generated in this layer do not suffer from recombination losses even in such very
thick layers, corroborating earlier reports of long carrier diffusion lengths.

All chemicals and solvents used were obtained from Sigma-Aldrich and used as received
unless stated otherwise. ITO covered glass substrates were purchased from NaranjoSubstrates.
PEDOT:PSS CLEVIOS P VP Al 4083 was purchased from Hereaus Holding and used as received.
Poly[N,N'-bis(4-butylphenyl)-N.N'"-bis(phenyl)benzidine (poly TPD) was purchased [rom American
Dye Source and [6,6]-phenyl C61-butyric acid methylester (PCBMgg) from Solenne B.V. Both of
them were used as received. For their application they were dissolved in chlorobenzene solutions
(7mg mi~!" and 10 mg ml~', respectively). Doped-poly(TPD) corresponds to 7 mg ml~! of polyTPD
with a 0.05 molar% in AgSbFg purchased from Sigma-Aldrich. Solutions were [reshly prepared
before using. Pbl, was purchased from Sigma-Aldrich and CH3NHzl was synthesized following
the procedure previously reported.”® In short, CH3NH;I was synthesized by reacting 26 ml of
methylamine (40 wt.% in water) and 10 ml of hydroiodic acid (57 wt.% in water) in a 250 ml
round-bottomed flask at 0°C for 2 h under magnetic stirring. The white precipitate was recovered
by evaporation at S0°C for 1 h. The product was dissolved in ethanol, filtered and recrystallized
from diethyl ether and dried at 70°C in an oven for 24 h. Fresh CH3;NH;:I was synthesized before
cach sct of experiments. Perovskite was synthetized using a vacuum chamber of MBraun integrated
in an inert glovebox (MBraun). The starting materials were placed in ceramic crucibles which were
heated up from two evaporation sources [rom Creaphys. The substrates were placed at 20 cm from
the top of the ceramic crucibles. A shutter was present below the substrate holder, being closed until
the adequate PbI,/CH3NH;l ratio was achieved. At a pressure of | x 107 mbar, CH3;NH:I was
heated to 70°C. Once the sensor reading was stable, Pbl; was heated until 250°C to obtain dark
brown perovskite layers. The process was followed by three quartz microbalance sensors placed in
the chamber. Typically 4 cells of 0.06 cm? are present on cach substrate. Up to S substrates can be
coated with the perovskite in one single co-evaporation step.

All the characterizations, except the UV-Vis absorption spectra and profilometer measurements,
were done in a nitrogen filled glove box (<0.01 ppm O, and <0.1 ppm H,0) without exposure
to ambient. Absorption measurements were done using a fibre-optics based Aventes Avaspec 2048
spectrometer. J-V curves were recorded in a MiniSun simulator by ECN the Netherlands. During the
measurements, the devices were illuminated by a white light halogen lamp and using a mask over-
laying the sample which only illuminated the active area of the cells. Before each measurement, the
exact light intensity was determined using a calibrated Si reference diode equipped with an infrared
cut-ofT filter (KG-3. Schott). An estimation of the short-circuit current density (Ji.) under standard
test conditions was calculated by convolving the external quantum efficiency (EQE) spectrum with
the AM1.5G reference spectrum, using the premise of a linear dependence of Jg. on light intensity.
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Current-voltage (J-V) curves were measured using a Keithley 2400 source measure unit. The scan
was performed with steps of 0.01 V starting from —0.2 V 1o 1.1 V with a time delay between each
pointsetto 0.01 s. The perovskite films were characterized by using grazing incidence X-ray diffrac-
tion (GIXRD) after its evaporation. The measurements were done at room temperature in the 26
range 5°-50° on an Empyrean PAN analytical powder diflractometer., using Cu Kel radiation. The
capacitance-voltage measurements were performed using a Keithley 4200-SCS parameter analyzer.
Voltage sweeps were performed with astep of 0.05 V in the range from —0.8 to +0.8 V (33 points for
cach sweep). The capacitance values were obtained by measuring the impedance of the samples at
1 KHz frequency and with an applied ac voltage of 10 mV rms. During the measurements, the samples
were kept inside a Faraday cage. to screen them from external electromagnetic interferences.

This work was supported by the Spanish Ministry of Economy and Competitiveness (MINECO)
{MAT2011-24594), the Generalitat Valenciana (Prometeo/2012/053). E.B. acknowledges MINECO
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Efficient methylammonium lead iodide perovskite solar cells with active
layers from 300 to 900 nm.
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Gil-Escrig, E. Bandiello, M. Scheepers, E. Edri, and H. J. Bolink*
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1. X-ray diffraction spectrum of different perovskite thicknesses.
2. Isc, Voc, FF and PCE values as a function of perovskite thickness.
3. Dependence of Jsc, FF and Voc on percentage of incident light intensity.

4. J—V curve of a 300 nm perovskite thickness device with doped and undoped

polyTPD layer.
5. Capacitance voltage curve for a device with a 300 nm perovskite thickness.

6. Dark J — V curves for 300 and 900 nm perovskite thickness devices with doped

and undoped polyTPD layer.
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FIG S1. X-ray diffraction spectrum of different perovskite thicknesses. Typically four
repeated measurements were collected and merged into a single diffractogram. Pawley
refinements, were performed using the TOPAS computer program and revealed an
excellent fit to a one-phase model with a tetragonal cell (@ = 8.80(2). ¢ = 12.57(2) A)
and space group /4/ cm.

REFERENCIAS: ( G. S. Pawley, . Appl. Cryst., 1981, 14, 357-361.
4. Coelho, A. A. TOPAS-Academic, Version 4.1, 2007, see: hup:/f WWW topas-academic.net)
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FIG S2. Jsc, Voc, FF and PCE values as a function of perovskite thickness with

statistical data taken from 5 to 10 cells.
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FIG 53. Jsc, Voc, FF and PCE values as a function of sun intensity percentage.

254



—polyTPD
e doped-poly TPD
570
<
f’ -10 -
.5
’-‘
ao L 1 ' 1 1
0.2 00 02 04 06 08 1.0 12

Voitage [V]

FIG S4. J - V curves for 300 nm perovskite thickness devices with the configuration: a)
ITO/PEDOT:PSS/polyTPD/CH3;NH;Pbly/PCBM /Au and b) ITO/PEDOT:PSS/doped-

poly TPD (0.05% AgSbFs)/CHsNH3Pbly/PCBM /Au.

TABLE SI. J -V characteristics data of different perovskite thickness devices.

CH3NH;Pbl;  Jge Voc FF PCE
[nm] [mA/em’] [V] [%] [%]
210 14.7 1.04 0.56 8.6
250 16.7 1.04 0.61 10.6
285 18.8 1.07 0.63 12.7
300 18.1 1.10 0.56 112
300* 18.0 1.03 0.51 9.6
370 18.5 0.97 0.52 9.3
390 18.2 1.03 0.46 8.6
680 19.5 0.94 0.44 8.1
900 19.8 0.92 0.4 7.2
900* 19.5 0.94 0.65 12.0

These devices correspond to ITO/ PEDOT:PSS/doped-polyTPD
AgSbF)/CH;NH;PbI;/PCBM/Au configuration

(0.05%
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FIG. 55. Capacitance versus voltage for a device with a 300 nm perovskite layer and an

undoped polyTPD layer.

The capacitance-voltage measurements were performed using a Keithley 4200-SCS
parameter analyzer. Voltage sweeps were performed with a step of 0.05 V in the range
from -0.8 to +0.8 V (33 points for each sweep). The capacitance values were obtained
by measuring the impedance of the samples at 10 KHz frequency and with an applied ac
voltage of 10 mV rms. During the measurements, the samples were kept inside a

Faraday cage, to screen them from external electromagnetic interferences.

256



100

10

o1
om

1E3

J [mavem®]

1E-4

1E-5

1E-6

—— Undoped S00nm

= Undoped 300nm

—a— Dopad S00nm
Doped 300nm

1E-7

FIG. S6. Current density versus voltage in the dark for thick and thin cells using either

doped or an undoped polyTPD layer.

04 02 00 02 04 06 0B 10 12 14 16 1B

v

20

257



258



Energy &
Environmental
Science

ROYAL SOCETY
OF CHEMISTRY

View Article Online

View Journal | View lssue

CrossMark

4 cick for updaiey

Efficient vacuum deposited p-i-n and n-i-p
perovskite solar cells employing doped charge
transport layersy
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Michele Sessolo,” Kay Lederer,” Jan Blochwitz-Nimoth*® and Henk J. Bolink*®

Methylammonium lead halide perowvskites have emerged as high performance photovoltaic materials.
Maost of these solar cells are prepared via solution-processing and record efficiencies (> 20%) have been
obtained employing perovskites with mixed halides and organic cations on (mesoscopic) metal
oxides. Here, we demonstrate fully vacuum deposited planar perovskite solar cells by depositing
methylammeonium lead iodide in between intrinsic and doped organic charge transport molecules. Two
configurations, one inverted with respect to the other, p-i-n and n-i-p, are prepared and optimized
leading to planar solar cells without hysteresis and very high efficiencies, 16.5% and 20%, respectively.
It is the first time that a direct comparison between these two opposite device configurations has been
reported. These fully vacuum deposited solar cells, employing doped organic charge transport layers,
validate for the first time vacuum based processing as a real alternative for perovskite solar cell preparation.
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Broader context

High efficiency perovskite solar cells are miostly prepared using solution based processes. Solution based processing, if carried out in air on a large area and using benign
solvents, can be a very cost-efficient production method. On the other hand, vacuum based coating technigues have a higher initial cost, yet at high production volumes
the depreciation of the equipment becomes a small fraction of the total photovoltaic module cost. In fact, vacuum deposition is a widely used technique in the electronic
and photovoltaic industry. Additionally, it allows for conformal and additive coatings, which is beneficial for flexble or tandem device structures. As no (bodc) solvents
are employed in I ultra-dry films are obtained. In this study, we have prepared planar solar eells employing a 500 nm layer of the CH;NH,Phl,
perovskite absorber, sandwiched in between small molecular weight organic charge transport molecules, using only vacuum based processes. Both of the commonly
used perovskite device architectures, pri-n and nei-p, in which the polarity of the front contact is inverted with respect to each other have been prepared. By rational
0.1 cm® and 15% for cell areas close to 1 em?. These results validate vacoum technigques as a production method for high efficiency perovskite solar cells.

Thin-film photovoltaics is a promising technology for low-cost
and sustainable renewable energy sources. Organic-inorganic
(hybrid) lead halide perovskite solar cells have recently aroused
wide interest in photovoltaic applications because of their
impressive power conversion efficiencies (PCEs), now exceeding
21%." Importantly, the perovskite thin-film absorber can be
deposited using low-cost and abundant starting materials,
hence with a large potential for the preparation of inexpensive

* Instituto de Ciencia Molecular, Universidad de Valencia, CfCatedrdtico J. Beltrdmn 2,
46980 Paterna, Valencia, Spain. E-mail: henk bolfnk@uv.es
® Department of Chemical Engineering, Delft University of Technology,
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photovoltaic devices.* High PCEs are the result of a very high
absorption coefficient and mobilities of the photogenerated
electrons and holes of the hybrid perovskites.>® While the use
of the archetype perovskite, methylammonium lead iodide
(MAPbL;), can lead to high efficiency devices,™® a further
decrease of the bandgap by incorporation of formamidinium
(FA), allows for the harvesting of additional near-infrared
photons.® When such a mixed organic cation perovskite is
further stabilized by replacing part of the iodide with bromide,
andfor by partial cesium incorporation, the champion materials
for perovskite cells are obtained.®'*'* Two main solar cell
architectures have been used so far. One of them is derived
from dye-sensitized solar cells, and consists of a transparent
conductive substrate coated with a mesoporous/planar TiO,
layer (n-type, hence acting as the electron transport layer, ETL)
intofonto which the perovskite absorber is applied.”*™* A hole

This journal is @ The Royal Society of Chemisiry 2016
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transport layer (HTL, p-type), usually consisting of organic
semiconductors, is then deposited on top of the perovskite
and the device is completed with an evaporated top electrode.
The second common configuration is inverted compared to the
one mentioned above, and the conductive substrate is coated
with a HTL, followed by the perovskite absorber and an ETL,
coated with a suitable evaporated top electrode.'®'” While in the
perovskite solar cell literature these two device configurations
have been referred to as “conventional” and “inverted”, a less
confusing nomenclature, n-i-p and p-i-n, will be used through-
out this manuseript. Recently, Chen ef al. demonstrated that the
PCE in planar devices can be improved by increasing the
conductivity of the metal oxide layers by incorporating hetero-
atoms with different valences.'® The increase in the conduetivity
was limited, however (approximately one order of magnitude),
limiting the thickness of the metal oxide layers to 20 nm.
An alternative strategy to improve the conductivity of charge
transport layers is the use of doped organic semiconductors.
These materials have been widely studied for organie light-
emitting diodes (OLEDs) and small molecular weight organic
solar cells (OPVs). In these applications they have proven to
enhance charge carrier injection as well as transport, and more
manufacturing oriented properties such as large area uniformity
and yield.**! In doped organic semiconductors the conductivity
can be varied over several orders of magnitude by varying the
doping concentration, yet without an associated strong increase
in the optical absorption of the layer. This is advantageous because
it allows the use of rather thick (100 nm) doped layers generating
additional freedom to design/fine-tune the device architecture.
Most reported solar cells using a vacuum deposited perovskite
layer still employ charge transport layers processed from
solution.*** Fully vacuum deposited perovskite devices
would offer the additional advantage of being compatible with
temperature-sensitive substrates, allowing for conformal coatings on
non-planar substrates and for the straightforward implementation
into tandem solar cells.” Additionally, vacuum processing is an
established technique in the electronic industry demonstrating
high throughput and reliability.*® In principle, solution processing
of the semiconductor can be an inexpensive alternative to vacuum
deposition, however, the impact of processing costs is very
limited on the overall module price, which is dominated by
the material cost. Polander et al. were the first to demonstrate
fully vacuum deposited cells where open circuit voltages (V,.) as
high as 1.1 V were obtained.™ The highest efficiency (15.4%)
reported for fully vacuum deposited perovskite solar cells was
produced from a device with rather high hysteresis, which used
undoped organic molecules as the charge extraction materials.***
Here, we present fully vacuum deposited planar perovskite
solar cells in which the perovskite layer is sandwiched in between
two charge extraction double-layers. The latter consist of a thin
layer of pristine organic charge transport molecules and a thicker
layer of the same molecules that are partially oxidized (in the case
of the hole transporter) or reduced (in the case of the electron
transport layer). The partial oxidation or reduction of the charge
transport molecules leads to p- and n-type doped layers, respectively,
with a significantly enhanced conduetivity. These multi-layer solar

This joumal is © The Royal Sodety of Cherristry 2016
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cells have been prepared in both the pi-n and ni-p architectures,
allowing for a direct comparison between these two designs. We
demonstrate that the presence of thin undoped layers is beneficial
for device performance. Average power conversion efficiencies of
13% and 18% are obtained for the p-i-n and n-i-p architectures,
respectively, bringing vacuum deposited perovskite solar cells
closer to their solution-processed equivalents.

The MAPbI; perovskite thin films were prepared by
co-evaporation of the two starting compounds, CH3NH,I and
Pbl;. Details of the experimental conditions for the perovskite
layer have been deseribed previously and are presented in the
ESL+** Out of the two perovskite precursors, CH,NH,I and Pbl,,
the first is somewhat complicated to sublime. However, once
propertly outgassed (using the high vacuum of the evaporation
chamber) the material is sublimed similarly to small molecular
weight organic molecules, that is, the rate of evaporation is
stable as monitored by the microbalance crystal sensors that are
positioned in the chamber. These films were characterized using
grazing incidence X-ray diffraction (GIXRD), showing the typical
diffraction pattern for this material which is independent of the
type of under-layer employed (Fig. S1a in the ESIf). Scanning
electron microscopy (SEM) images both of the perovskite surface
(Fig. $1b in the ESIY) and of the device cross-section (Fig. 1) show
a dense packing of erystals, virtually without any pinholes, that
have an average domain size of approximately 100 nm. The
surface is homogeneous and smooth with a roughness (root
mean square), estimated using atomic foree microscopy over an
area of 25 pm®, of only 10.1 nm (Fig. 2 in the ESIt). The optical
absorption spectra of these films show the expected MAPbI;
band-to-band transition at 780 nm and high absorbance over
the whole visible spectra (Fig. Sic in the ESI%). The perovskite
film formation is very reproducible and the layer properties did
not change over a period of 6 months during which the
experiments deseribed in this manuseript were performed.
Planar diodes were prepared by sandwiching a 500 nm thick
perovskite layer in between organic HTLs and ETLs, initially,
the former on top of a pre-patterned indium tin oxide (ITO)
coated glass substrate and by thermally evaporating a metal top
contact on the latter. A vacuum evaporated MAPbI; layer of
500 nm was selected as it was shown that almost all sub-bandgap
sunlight is absorbed and all the charge carriers can still reach the
respective interfaces.™ Both organie charge transport layers
were prepared by vacuum sublimation of the corresponding
organic molecules to a layer thickness of 10 nm. The hole
transport molecule we selected is a derivative of an arylamine,
N4,N4,N4" N4"-tetra([1,1"-biphenyl]-4-y[H1,1":4",1"-terphenyl]-4,4"-
diamine (TaTm) (Fig. 1) and was chosen due to its very stable
sublimation conditions and tendency to form completely
amorphous films. The fullerene Cgy was selected as the electron
transport molecule as it is also easy to sublime and has proven
to be an efficient electron acceptor in perovskite solar cells.**
To ensure sufficient statistics for each device configuration
mentioned in this report, at least 2 different devices each
containing 4 cells were evaluated, while for top performing
configurations at least 5 different devices with a total of 20 cells
were characterized. The device area used, defined as the

Energy Emviron. Sci, 2016, 9, 3456-3463% | 3457
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Fig. 1 (a) SEM cross-section and schematics of a completed p-i-n solar cell (scale bar 200 nm). [b) Flat band energy diagrams of the materials employed
[the electron affinity, EA, and ionization potential, IP, of the dopants are also reported). (c) Chemical structures of the organic molecules used to prepare

the charge transport layers.

aperture of the shadow mask, was 1 mm* and for top performing
devices, larger areas of 10, 27 and 85 mm® were also used.

Using the architecture described above, emploving single
layers of hole and electron extraction molecules (without any
electrical dopant), the photovoltaic performance of the diodes
under 1 Sun illumination was rather poor, due to a pronounced
s-shape of the current density () versus voltage (V] curve,
leading to poor fill factors (FF) and hence low PCE values
(Fig. 83 and Table §1, in the ESI%). This indicates that the
extraction of the charge carriers is severely hindered, either due
to the high resistance of the organic charge transport layers
or to the presence of an extraction barrier at the electrode
interfaces. To reduce the series resistance of the charge trans-
port layers and to ensure an ohmic contact between them and
the electrodes we prepared partially oxidized and reduced HTL
and ETL, respectively, by co-evaporation of the charge transport
molecules with a suitable reactant (see Fig. 1). This method
allows for precise control of the ratios of each molecule in the
sublimed film by carefully monitoring the evaporation rate
using micro-balance sensors during the evaporation process.
Here we selected molecular dopants due to their intrinsic
advantages over inorganic reactants** ie the molecular
dopants that typically evaporate in a suitable temperature range
between 100 °C and 400 °C are less prone to oxidation when
handling in air and are more diffusion stable inside the organic
layers. For the HTL we used 22'-(perfluoronaphthalene-2,6-
diylidene) dimalononitrile (Fe-TCNNQ) as the organie dopant
whereas for the Cg ETL, N1,N4-bis(tri-p-tolylphosphoranylidene}-
benzene-1,4-diamine (Phlm) (Fig. 1) was employed. In OPVs, the
presence of a thin layer of pure, undoped charge transport
molecules in between the doped layers and the light-absorber
is often found to be beneficial. Therefore, we used this device
architecture (Fig. 1) as the starting point to study the effect of
dopant concentration on device performance.

To verify the optimum dopant concentration in the p-HTL
we first kept the dopant coneentration in the n-ETL constant
at 30 wt%. The main effect of an increasing Fg-TCNNQ

3458 | Energy Environ. Sci, 2016, 9, 34563463

concentration is the increase in the FF from 55% for a
Fe-TCNNQ concentration of 3 wt% to a maximum of 74% at
an Fg-TCNNQ concentration of 11 wt%. This trend reflects the
increased conductivity of the p-HTL for increasing doping
levels, as measured by depositing co-evaporated films on inter-
digitated electrodes (Fig. 4 in the ESIf). Hence, charges are
extracted more efficiently as the p-HTL conductivity increases.
The open circuit voltage (V,,.) increases as well with increasing
F-TCNNQ concentration going from 1053 mV to 1082 mV. This
effect is likely to be a consequence of a reduction in the charge
recombination due to the more efficient charge carrier extraction
from the perovskite to the external contacts. The short-circuit
current density (J..), however, decreases when the FgiTCNNQ
concentration is increased. This is due to the higher absorbance
of the p-HTL (Fig. 55 in the ESI{), diminishing the light intensity
reaching the perovskite absorber and hence decreasing the device
EQE (Fig. 2a).

Due to this reduction in J.. we found an optimum in the
average PCE of 15.4% at a Fg-TCNNQ concentration of 11 wt%.
Once established, the optimum dopant concentration in the
p-HTL at 11 wt%, the amount of dopant in the n-ETL was
varied. The effect of the dopant concentration in the n-ETL on
the photovoltaic performance is not very pronounced (Fig. S6a
in the ESIT). This indicates that in the dopant range studied,
the conductivity of the n-ETL is sufficiently high to ensure an
efficient electron extraction to the electrodes. Indeed, even for
rather low Phlm concentrations, the conductivity of the n-ETL
is already higher than that of the p-HTL (Fig. 54 in the ESI})
which supports this assumption. Importantly, the efficiency of
the p-i-n devices is essentially unvaried (we observe only a small
reduction of the FF) when the thickness of the doped transport
layers is increased from 40 to 90 nm (Fig. S6b in the ESIf).

One of the benefits of vacuum deposition is the insensitivity
towards the substrate to be coated, which allows preparation of
inverted devices (n-i-p) using the same materials and layers as
described above, simply by evaporating them in the reverse
order. The only difference is the top metal electrode, Ag for the
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Fig. 2 (a)J-V curves under 100 mW em~2 illurination and [b) external guantum efficiency (EQE) as a function of Fg-TCNNG concentration for the p-i-n
solar cells (the integrated photocurrent with the AML5G solar spectrum is shown on the right axis). (c) Evolution of the key parameters deduced from the
J=V curves, Ve Joo, FF and PCE, as a function of Fg-TCNNQ concentration.

p-i-n cells and Au for the n-i-p cells (Au was used for its higher
work funetion). The n-i-p devices are particularly interesting as
to date most perovskite solar cells in this configuration employ
metal oxides as the ETL, and only very few reports used a purely
organic electron acceptor below the perovskite layer.*

In Fig. 3, a cross-sectional SEM image of a completed n-i-p
solar cell is depicted, showing a dense perovskite film with low
roughness and a conformal coating of the thin organic charge
transport layers. The J-V characteristics under 100 mW em™*
illumination employing a fixed Fg-TCNNQ concentration of
11 wt% in the p-HTL and with varying Phlm (n-dopant)

concentrations are shown in Fig. 3b. The J,. increases slightly
with increasing Phim content and reaches an average of 20 mA em ™
for the highest n-dopant concentration. This is a consequence
of the reduced Cg,, content and the subsequently reduced optical
absorbance of the n-ETL (Fig. §5b in the ESIT), here used as the
front contact. The higher transmittance is also the origin of the
observed increase in the EQE with increasing Phlm content
(Fig. 3c). The V. and FF do not change significantly in the
n-dopant range evaluated, maintaining values as high as 1.1 V
and 80%, respectively. These parameters lead to PCEs of 18% on
average (Fig. S7 in the ESIY) with one pixel exceeding 20% for
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Fig. 3 (a) Cross-sectional SEM image of a completed n-i-p solar cell {scale bar 200 nm). (b) J-V curves under 100 mW em~2 illumination and (c) EQE
spectra (the integrated photocurrent with the AML5G solar spectrum is shown on the right axis) as a function of Phim concentration.
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the record n-i-p cell (Fig. S8 in the ESIT) obtained with a Phim
concentration of 60 wi%. These efficiency values might be
surprising considering the rather small crystal size observed
in our MAPbL, thin films (50-200 nm), and somehow contradict
the accepted view for the need for large crystals in order to have
long charge diffusion length and efficient charge collection.®
Hence, we estimated the charge earrier diffusion length by means
of time resolved microwave conductivity (TRMC) measurements
on MAPDI; films deposited on quartz substrates (see ESIT for
details on the characterization). The samples were illuminated
with a 650 nm laser, and the excitation intensity was tuned in
order to obtain a charge concentration of approximately
10" em™?, which is comparable to excitation under standard
AM1.5 illumination.®® Under these conditions, the effective
mobility was determined to be 3.9 em® [V )™}, with a half
lifetime of 210 ns (Fig. 89 in the ESI%). Considering these
parameters, the charge earrier diffusion length is determined
to be ~1.5 pm, in agreement with previous estimations on
solution-processed MAPDI, films.**~® Besides the impact of the
zrain size on the carrier diffusion length, the nature of the grain
boundaries and defects in perovskite will have a substantial
influence as well. Many reports have highlighted that grain
boundaries in perovskites are substantially benign, since they
do not generate any states within the bandgap of MAPbL,.* Such
effects might be responsible for the high charge diffusion
length observed here, leading to efficient solar cells even with
perovskite films composed of relatively small crystals.
Motivated by the high PCE obtained for the n-i-p devices, a
series of cells with increasing area (for both the electrode
overlap and the shadow mask aperture, see the Experimental
part in the ESIT for details) were prepared. The FF decreases
with increasing area, causing the PCE to drop from 19.7% to
15.0% when going from 0.1 to 0.85 em® (Fig. §10 in the ESI{), in
agreement with similar larger cells.'® The performance of the
n-i-p solar cells is strongly improved compared to that of the
devices in the p-i-n configuration (Fig. 57 in the ESIT), primarily
due to an increase in the FF, which is above 80% regardless of
the Phlm concentration (Fig. $11b in the ESIT). The reason for
the enhanced FF, when going from the p-i-n to the n-i-p
configuration, is probably related to the difference in conductivity
of the doped charge transporting layers at the front contact. The
n-ETL conductivity is two orders of magnitude higher compared
to the p-HTL, for the different dopant concentrations evaluated
(Fig. 54 in the ESIT). The FF of the p-i-n cells increases at lower
light intensities, even for cells using the optimum 11 wit%
dopant concentration. Yet, in contrast, in n-i-p devices, the
effect of the Phlm dopant concentration on the FF is present
only at low illumination intensity, becoming virtually concentration
independent when the light intensity increases (Fig. $11a and b in
the ESIT). This, therefore, confirms that in the p-i-n configuration
a barrier for hole extraction exists, also in agreement with the
recent estimation of carrier collection efficiency on vacuum
deposited perovskite cells (using solution processed charge
transport layers).”® Those devices, besides showing PCEs of
approximately 15% (similar to the p-i-n cells presented here),
suffered from hindered and spatially inhomogeneous charge
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transport, which was suggested to be at the front contact, ie.
at the hole transport interface. Measurement of the electro-
luminescence of the p-i-n devices (Fig. 511c and d in the ESIY)
show that the radiant flux saturates at about 1.7 V and then
starts to decrease, whereas the n-i-p devices show enhanced
electroluminescence with no saturation. This confirms a more
efficient and balanced charge carrier injection which translates
in a higher FF for the n-i-p devices. The ability to efficiently
inject holes when the doped p-HTL is placed in between the
HTL and the metal electrode (as in n-i-p devices) can be
understood considering that the metal electrode is evaporated
on top of the p-HTL which leads to an improved contact (metal
atoms slightly penetrate the soft organic layer) and potentially
to an increased conductivity. It is worth mentioning that the
EQE for electroluminescence of the best performing n-i-p cell is
among the highest reported (EQE = 0.36, Fig. 512 in the ESIY)
for light-emitting diodes employing MAPbI; as the emitting
layer."*** Very small hysteresis between the forward [negative
to positive bias) and reverse J-V scans was observed only for the
p-i-n devices (Fig. $13a in the ESI?), where small fluetuations in
the V,. and FF were present due to the extraction issues at the
ITO/p-HTL contact (the overall variation of the PCE was limited
to 0.1%). On the other hand, the n-i-p devices were essentially
hysteresis-free, independently of the scan speed used (Fig. $13b
and Table §2 in the ESIT).

The initial device configuration with the undoped HTL and
ETL in between the perovskite and the doped charge transport
layers was chosen to prevent any negative interaction between
the radical cations and anions that are present in the doped
charge transport layers, and the photogenerated charge carriers
in the perovskite. However, it is not obvious whether such a
negative interaction in fact oceurs, since in perovskites the
electrons and holes are spontaneously formed after photon
absorption without long living intermediate excitonic states
and, additionally, the absorber layer is very thick compared
with the organic photovoltaic devices. Therefore, two series of
devices without undoped interlayers were prepared and evaluated;
the first, without the undoped HTL and the second without the
undoped ETL. We first examined the p-i-n configuration, where
the dopant concentrations were fixed at the optimum 11 and
30 wi% for the p-HTL and n-ETL, respectively. In Fig. 4b, the
J-V curves of these two series of devices are compared with the
reference cell in which both undoped layers are present.
The performance of the devices without the undoped ETL is
significantly worse than the reference cell, due to a lower f.., Ve
and, most pronouncedly, a lower FF. Without the Cgy ETL, the
perovskite film is in direct contact with the eonductive doped
n-ETL; therefore electron—hole recombination can occur at
this interface causing the simultaneous reduction of all the
performance indicators of the solar cells. In contrast, the cells
without the undoped TaTm HTL perform only slightly worse
compared to the reference cells, with a small reduction in the J.
and V,.. Most likely, due to the low dopant content and hence
low conductivity of the p-HTL (when compared to the n-ETL),
this layer can still efficiently confine the electrons in the
perovskite absorber and inhibit charge recombination at the
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devices without one of the undoped charge transport layers. (c] J-V curves under 100 mW em~? illumination for n-i-p devices without one of the
undoped charge transport layers. (d) Stability under approximated 100 mW erm™? illumination.

p-HTL/MAPbI; interface. The slight decrease in V,. observed
upon the removal of the non-doped TaTm layer can be attributed
to the lower Fermi level of the p-HTL compared to the highest
occupied molecular orbital (HOMO) of TaTm. Additionally, we
have studied the effect of the selective removal of one of the
doped organic layers on the device performances. As clearly
observed in Fig. §14 (ESLY), both the doped p-HTL and n-HTL
are required to avoid severe charge extraction issues. However, in
accordance with previous reports,®** devices with only a thin
layer of pure Cge and no doped layer between the fullerene and
the metal show lower (FF especially) but still appreciable photo-
voltaic behavior. This effect originates from the dipole which is
created at the interface between the noble metals (Au and, as in
our case, Ag) and Cgg, enhancing electron extraction.® Also, in
the n-i-p configuration the effect of the undoped charge transport
layers was evaluated. Fig. 4c shows the J-V characteristics of
the cells without one of the undoped charge transport layers and
the reference n-i-p cell. As observed in the p-i-n configuration, the
removal of the undoped layers leads to a decrease in device
performance. The effect of the removal of the Cgy in between the
n-ETL and the perovskite substantially reduces the V. and the
FF, while the removal of the undoped HTL has a limited effect on
the device performance, in agreement with what was observed for
p-i-n devices and with the conductivity trend among the p-HTL
and the n-ETL. Hence, independently of the device configurations,
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the presence of undoped layers in between the perovskite and the
doped charge transport layers is required for high efficiency cells.
To obtain an indication of the stabilities of different cell
configurations, they were analyzed during prolonged exposure
to white LED light (spectra in Fig. 8§15 in the ESI{). The light
intensity was adjusted by setting the /.. of the solar cells equal
to the value obtained under 1.5 AM illumination. The temperature
of the cells during this test reached approximately 40 °C in the first
10 minutes and remained constant afterwards in part due to the
LED lights used that radiate less heat than incandescent lamps.
The setup consisted of 8 test positions installed inside a nitrogen
filled glovebox (with oxygen and H,O levels below 1 ppm). All
cells were illuminated under short-circuit conditions without
encapsulation and positioned within a few days after preparation.
At fixed time intervals -V scans were taken to deduce the key
performance indicators of the cells (Fig. 16 in the ESIY) from
which the evolution of the PCE was derived (Fig. 4d). From our
first indicative analysis on the stability, it appears that no
substantial difference in the PCE lifetime exists among the
p-i-n and n-i-p configurations. However, the parameters causing
PCE decay in the p-i-n cells is the current density, which
monotonically diminishes during the measured time span,
while the performance degradation observed in the n-i-p devices
is caused mainly by the decrease of the FF. Interestingly, a lower
Phlm doping concentration in the n-ETL of the n-i-p cells was
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observed to partially stabilize the cell performance (Fig. 517 in
the ESIY). Further optimization of the dopant and charge
transport molecules and their ratios is expected to lead to
improved stabilities, in analogy to what is obtained in OLEDs and
organic small molecular weight PV modules. The implementation
of modified perovskite absorbers with a slightly lower bandgap
is expected to further enhance the device PCE.

Conclusions

We have demonstrated fully vacuum deposited perovskite solar
cells by depositing methylammonium lead iodide in between
intrinsic and doped organic charge transport molecules. Two
configurations, one inverted with respect to the other, p-i-n and
n-i-p, were prepared and optimized leading to planar solar cells
without hysteresis and with high efficiencies, 15% and 18%
on average, respectively. It is the first time that a direct
comparison between these two opposite device configurations
has been reported. These fully vacuum deposited solar cells
allow fine tuning of the device properties by controlling at will
the individual layer thicknesses and composition for specific
applications including tandem configurations.
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Materials and Methods

Materials

Photolithographically patterned ITO coated glass substrates were purchased from Naranjo

Substrates (www.naranjosubstrates.com). 2,2°~(Perfluoronaphthalene-2,6-diylidene)

dimalononitrile (F6-TCNNQ), N4 N4 N4” N4”-tetra([ 1,1’ -biphenyl]-4-v1)-[1,1":4°,1"-
terphenyl]-4,4"-diamine (TaTm) and N1 N4-bis(tri-p-tolylphosphoranylidene)benzene-1,4-
diamine (PhIm) were provided from Novaled GmbH. Fullerene (Cgp) was purchased from sigma
Aldrich. Pbl; was purchased from Tokyo Chemical Industry CO (TCI), and CH;NHsI (MAI)

from Lumtec.

Device preparation

ITO-coated glass substrates were subsequently cleaned with soap, water and isopropanol in an
ultrasonic bath, followed by UV-ozone treatment. They were transferred to a vacuum chamber
mtegrated into a nitrogen-filled glovebox (MBraun, H,O and O; < 0.1 ppm) and evacuated to a
pressure of 1-10° mbar. The vacuum chamber is equipped with six temperature controlled
evaporation sources (Creaphys) fitted with ceramic crucibles. The sources were directed upwards
with an angle of approximately 90° with respect to the bottom of the evaporator. The substrate
holder to evaporation sources distance is approximately 20 cm. Three quartz crystal
microbalance (QCM) sensors are used, two monitoring the deposition rate of each evaporation

source and a third one close to the substrate holder monitoring the total deposition rate.

For thickness calibration, we first individually sublimed the charge transport materials and their

dopants (TaTm and Fs-TCNNQ, Csp and Phlm). A calibration factor was obtained by comparing
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the thickness inferred from the QCM sensors with that measured with a mechanical profilometer
(Ambios XP1). Then these materials were co-sublimed at temperatures ranging from 135-160 °C
for the dopants to 250 °C for the pure charge transport molecules, and the evaporation rate was
controlled by separate QCM sensors and adjusted to obtain the desired doping concentration. In
general, the deposition rate for TaTm and Ceo was kept constant at 0.8 A s™ while varying the
deposition rate of the dopants during co-deposition. Pure TaTm and Cgq layers were deposited at

arate of 0.5 A s

For the p-i-n configuration, 40 nm of the p-doped hole-transport layer (p-HTL, TaTm:Fs-
TCNNQ) capped with 10 nm of the pure TaTm were deposited. Once completed this deposition,
the chamber was vented with dry N, to replace the p-HTL crucibles with those containing the
starting materials for the perovskite deposition, Pbl, and CH;NHsl. The vacuum chamber was
evacuated again to a pressure of 10 mbar, and the perovskite films were then obtained by co-
deposition of the two precursors. The calibration of the deposition rate for the CH;NH;I was
found to be difficult due to non-uniform layers and the soft nature of the material which impeded
accurate thickness measurements. Hence, the source temperature of the CH3;NHil was kept
constant at 70 °C and the CH3NH;I:Pbl; ratio was controlled off line using grazing incident x-
ray diffraction by adjusting the Pbly deposition temperature. The optimum deposition
temperatures were found to be 250 °C for the Pbl; and 70 °C for the CH;NH;l. After deposition
of a 500 nm thick perovskite film, the chamber was vented and the crucibles replaced with those
containing Cgo and PhIm, and evacuated again to a pressure of 10® mbar. The devices were
completed depositing a film of pure Cg and one of the n-ETL (Cgp:Phlm), with thicknesses of 10
and 40 nm, respectively. This process of exchanging crucibles was done to evaluate the effect of

changes in the organic layer composition for an identical perovskite layer. In one evaporation run
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we can prepare 5 substrates (3 by 3 cm) each containing 4 cells. Generally, one substrate was
reserved for a reference configuration allowing to evaluate 4 variations in the transport layers per
perovskite evaporation. It is also possible to prepare the complete stack without breaking vacuum
as we have 6 sources available. Finally the substrates were transferred to a second vacuum
chamber where the metal top contact (100 nm thick) was deposited. For n-i-p devices, the exact

same procedure as described before was used in the inverted order.

Characterization

Grazing incident X-ray diffraction (GIXRD) pattern were collected at room temperature on an
Empyrean PANanalytical powder diffractometer using the Cu Kal radiation. Typically, three

consecutive measurements were collected and averaged into single spectra.

The surface morphology of the thin films was analyzed using atomic force microscopy (AFM,
Multimode SPM, Veeco, USA). Scanning Electron Microscopy (SEM) images were performed
on a Hitachi S-4800 microscope operating at an accelerating voltage of 2 kV over Platinum -
metallized samples. Absorption spectra were collected using a fiber optics based Avantes

Avaspec2048 Spectrometer.

Characterization of the solar cells was performed as follows. The external quantum efficiency
(EQE) was estimated using the cell response at different wavelength (measured with a white
light halogen lamp in combination with band-pass filters), where the solar spectrum mismatch is
corrected using a calibrated Silicon reference cell (MiniSun simulator by ECN, the Netherlands).
The current density-voltage (J-V) characteristics were obtained using a Keithley 2400 source

measure unit and under white light illumination, and the short circuit current density was
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corrected taking into account the device EQE. The electrical characterization was validated using
a solar simulator by Abet Technologies (model 10500 with an AM1.5G xenon lamp as the light
source). Before each measurement, the exact light intensity was determined using a calibrated Si
reference diode equipped with an infrared cut-off filter (KG-3, Schott). Importantly, no
difference in the J-V characteristics was observed as a function of evaluation method. The J-V
curves were recorded between -0.2 and 1.2 V with 0.01V steps, integrating the signal for 20 ms
after a 10 ms delay. This corresponds to a speed of about 0.3 V s™'. Two different devices layout
has been used to test the solar cells configurations, one with four equal areas (0.0653 crnz,
defined as the overlap between the ITO and the top metal contact) and measured through a
shadow masks with 0.01 cm’ aperture, and a second with increasing areas (0.0897 cmi, 0.1522
cm’, 0.3541 cm’ and 0.9524 ¢cm’) which was characterized using a shadow mask with aperture
areas of 0.0484 cm”, 0.1024 cm?, 0.2704 cm” and 0.8464 cm’, respectively. For hysteresis study,
different scan rates (0.1, 0.5 and 1 Vs']} were used, biasing the device from -0.2 to 1.2 V with
0.01 V steps and vice versa. Light intensity dependence measurements were done by placing
0.1, 1, 10, 20, 50% neutral density filters (LOT-QuantumDesign GmbH) between the light

source and the device.
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Fig. S1 (A) GIXRD pattern, (B) surface SEM picture and (C) optical absorbance of the vacuum

deposited MAPbI; thin films used for p-i-n and n-i-p cells preparation.
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Fig. S2 Atomic force microscopy (AFM) characterization. (A) Surface profile, (B)
topography and (C) roughness analysis of the vacuum deposited MAPbI; thin films used for p-i-

n and n-i-p cells preparation.
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Fig. S3 Electrical characterization of a device without doped layers. J-V scan for a p-i-n

device with the structure ITO/TaTm (40 nm)/MAPbI; (500 nm)/ Cep (40 nm)/Ag.

Table 81 Photovoltaic parameters for the main solar cells architecture studied. The effect of the

selective removal of the intrinsic charge transport layers is highlighted.

Device structure V. (mV) ). (mA cm?) FF (%) PCE (%)
TaTm/MAPbI,/Cgy 1041 20.12 16.8 35
p-HTL/TaTm/MAPbI3/Csp/n-ETL 1082 20.02 - 73.1 - 15.8
p-i-n p-HTL/MAPbI3/Csn/n-ETL 1033 20.19 73.3 15.3
p-HTL/TaTm/MAPDIy/n-ETL 1032 17.82 45.0 83
n-ETL/Ceo/ MAPDI3/TaTm/p-HTL 1115 20.28 79.8 18.0
n-i-p n-ETL/MAPbIs/TaTm/p-HTL 1084 20.45 68.8 15.2
n-ETL/Ceo/MAPDI3/p-HTL 998 19.44 68.7 13.3
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Fig. S4 Conductivity as a function of the dopant concentration for 100 nm thick films of (A) p-

HTL (TaTm:Fs-TCNNQ) and (B) n-ETL (Cgo:PhIm)
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Fig. S5 Optical absorbance as a function of the dopant concentration for 40 nm thick films of (A)

p-HTL (TaTm:Fg-TCNNQ) and (B) n-ETL (Cg:PhIm).

274



14 +

PCE (%)

L " 1 1

10 20 30 40 50 60

Phim (wt%)
10 T T T T T
5F .
0
p-i-n  n-ETL thickness (nm)
L sk —— 4
R =
:é_ -10 + 2
-15 + 4
-20 4

02 00 02 04 06 08 10 12
Voltage (V)

Fig. S6 (A) Trend of the PCE for a series of p-i-n cells with increasing concentration of the Phlm

dopant in the n-ETL. (B) J-V scans for p-i-n devices with increasing thickness of the n-ETL

(Ceo:PhIm).
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Fig. 87 EQE for a series of n-i-p cells with increasing concentration of the Phlm dopant in the n-

ETL.
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Fig. S8 Statistics of the PCE measured for p-i-n (green) and n-i-p devices (32 cells for each

configuration). Green and red solid lines represent the Gaussian distribution fitting for the PCE.
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Fig. S10 Light intensity dependence of the measured FF for different doping concentration in the
charge transport layer at the front contact for (A) p-i-n and (B) n-i-p cells. J-V and

electroluminescence characteristics for the 2 reference (C) p-i-n and (D) n-i-p devices.
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Fig. S11 EQE of electroluminescence for p-i-n and n-i-p cells. The EQE characteristic for our

record PCE n-i-p device is shown for comparison.
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Fig. 812 Characterization of the J-V hysteresis of (A) p-i-n and (B) n-i-p perovskite solar cells,

performed by measuring the current as a function of the bias scan direction at different scan

speed.
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Table S2 Photovoltaic parameters extracted from the the J-V hysteresis (Fig. $12) for p-i-n and

n-i-p perovskite solar cells, under forward (FWD) and reverse (REV) bias at different scan

speed.
Speed 0.1Vs' 05Vs! 1.0Vs'
Direction FWD REV FWD REV | FWD REV
Ve (mV) 1073 1076 1061 1077 1056 1075
Jse (mA cm'z) 19.65 19.64 19.65 19.65 19.63 19.65
p-i-n
FF (%) 71.0 71.4 723 71.1 72.7 71.0
PCE (%) 15.0 15.1 15.1 15.0 15.1 15.0
Ve (mV) 1101 1100 1102 1101 1101 1102
J.(mAcm?) [ 2073 2073 | 2073 2073 | 2073 20.73
n-i-p
FF (%) 83.0 82.2 82.9 82.7 82.7 82.8
PCE (%) 19.0 18.7 18.9 18.9 18.9 18.9
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Fig. 813 J-V characteristics of p-i-n perovskite devices when the (A) p-HTL of the (B) n-ETL,

for different thicknesses of the intrinsic TaTm and Cgo transport layer, respectively.
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Fig. S14 Optical emission spectra of the white LED used to illuminate the solar cells during

lifetime measurements.
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Fig. 815 Comparison of the lifetime of (A) p-i-n and (B) n-i-p perovskite devices. The

photovoltaic parameters are extracted while the cells are kept under continuous illumination at

short circuit conditions and with no temperature control.
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Fig. S16 Evolution of the PCE (normalized here for comparison) for a series of n-i-p solar cells

with increasing concentration of the Phlm dopant in the n-ETL front contact.
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