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1 Introduction

1.1 Hybrid perovskites for third generation solar cells and light-emitting

devices

Energy drives modern societies and is the backbone of future generation’s
development. Energy has become a substantial resource for any human
activity, spanning from feeding, health systems, to every part of our
economy. As the world’s population is constantly growing, energy security
and sustainability has become one of our mayor challenges. Up to now, the
world’s population sill depends strongly on fossil energy sources, which
results in greenhouse gas emission contributing to the climate change or
other environmental concerns, as well as geopolitical and military conflicts.
In the historical unique United Nations Climate Change conference (COP 21)
196 nations agreed to limit the global warming to 2 degrees compared to pre-
industrial times, while targeting 1.5. This target requires an ambitious
development of renewable energies. There is a multitude of technologies to
collect energy from renewable sources such as sunlight wind, rain, tide,
waves and geothermal heat. Photovoltaics (PV) is becoming more and more
cost competitive, with very little impact on the environment. This is just one
of the reasons why the market of solar energy is constantly growing and the
235 GW that were installed worldwide in 2015 are estimated to be doubled
by the end of 2018.* The PV market is dominated by the established silicon
technology, as the first silicon solar cell with power conversion efficiency
(PCE) of 6% was already introduced by Bell labs in 1954.2 Over the last
decades the prices of silicon photovoltaic modules dropped significantly and

intensive investigation lead to a remarkable improvements in terms of power
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conversion efficiency. Howver, while the overall efficiencies have improved
over the years, the underlying photophysical principles remained the same
and so did the fundamental limitations of this technology. Solar grade silicon
is obtained from silicon oxide through a process which requires substantial
amount of energy and in particular heat, as the material needs to be melted
at over 1400 °C in order to be shaped into high purity single-crystal silicon.
The high temperature that is required to process the materials increases the
so called energy payback time of a solar cell. The energy payback time is the
time an energy sources needs to be running in order to generate the amount
of energy that was used for its production. For silicon solar-cells the energy
payback time is estimated to be approximately 8 years.> The energy-
consumption and complexity of the process is not the only drawback. Non—
optimal photophysical properties complicate the further expansion of silicon
PV technology. Silicon is an indirect bandgap material with a low optical
absorption coefficient and a long absorption tail at low photon energy. As a
consequence, more material is needed to increase the amount of absorbed
photons leading to thick and heavy end products. Heavy silicon solar cells
have high transportation and installation costs, contributing to up to 50% of
the final costs. The drawbacks of silicon solar cells motivated the
development of second generation Photovoltaics. These use of direct
bandgap semiconductors that are orders of magnitude more efficient in
terms of photon absorption lead to the development of thin film devices.
Thin film technologies promised less materials consumption in the
production process and easier and inexpensive transportation and
installation. The most important technologies are based on cadmium

telluride, copper indium gallium selenide (CIGS) and hydrogenated

10



amorphous silicon (a-Si:H).* While these technologies showed to be feasible
for commercial application their market share remain below 10%. The third
generation of solar cells uses thin film semiconductors that can be processed
by simple solution or vacuum methods at mild temperatures and thus
promises to overcome the limitations of silicon based solar cells. A promising
candidate have been dye-sensitized solar cells (DSSCs) that were originally
co-invented in 1988 by Brian O'Regan and Michael Gratzel at UC Berkeley
and further developed by Gritzel at Ecole polytechnique fédérale de
Lausanne (EPFL), with the first efficient DSSC reported in 1991.> DSSCs
showed already some of the interesting features of third generation solar
cells, such as the processability through simple coating techniques, semi-
flexibility and transparency. The latter allows for their integration in glass
structures such as windows. Unfortunately it was shown to be unpractical to
produce DSSCs without expensive elements such as platinum or ruthenium
and avoiding the use of liquid electrolyte. For these reasons, DSSCs are now
investigated only for niche applications. A new generation of devices
stemming from DSSCs research is the perovskite solar cell, which employs a
hybrid organic-inorganic tin or lead-halide film as the light absorber. Using
perovskite materials as an active layer promises for simple manufacturing
with low overall production cost and a low energy payback time. Perovskite
based photovoltaics is nowadays by far the fastest advancing solar
technology,® with efficiency exceeding 20% and startup companies already
promising a quick commercialization.” One of the big advantages of
perovskites are their versatile and tunable optoelectronic properties which
allow application as absorber in a solar cells but also as the active layer in a

light emitting diode (LED). Addressing the world energy demand and
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reducing the emission of greenhouse gases requires not only the
development of renewable energy sources but also a more efficient energy
consumption. Worldwide electric lighting consumes 19% of the total global
electricity production, which is more than the 36 OECD (Organization for
Economic Co-operation and Development) countries consume for all
purposes.® Further improvement of new lighting technologies such as LEDs
would be an indispensable step towards a greener and more sustainable
energy policy. In this sense, perovskite have the potential to deliver both a
source of renewable energy and of efficient lighting, contributing to decrease

the overall energy consumption.
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1.2 The structure property relationship of thin film perovskite devices

Three dimensional perovskites are defined by a general ABX3 structure with
X as an anion and A and B being cations of different size and charge. The
crystallographic stability of a perovskite structure can be estimated from the
tolerance factor (t) and the octahedral factor (u) ° where t is defined as the
ratio between the distances A-X to the distance B-X which themselves
depend on the ionic radii. Assuming a perfect solid-sphere model t and u are

defined as:

Ra, Rs and Rx are the ionic radii of the cations and anions. For a halide
perovskite with X = F, Cl, Br, | a stable structures results when 0.81 <t>1.11
and 0.44 < u > 0.90. For the most frequently used organic-inorganic
perovskite, the organic cation A is large with methylammonium (CH3NHs*)
having an ionic radius of Ra= 0.18 nm*° and ethylammonium (CH3CH2NH3s"),
formamidinium (NH,CH=NH,*) having ionic radii of Ra=0.23 nm?!, Ra=0.19-

0.22 nm.1z714
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Figure 1. a) Crystal structure of a cubic perovskite. B) Calculated tolerance
factor (t) and octahedral factor (1) for commonly used halide perovskite
structures, adapted from reference®.

I, Br and Cl are most commonly used as the anion X and have ionic radii of
0.220 nm, 0.196 nm, and 0.181 nm, respectively.’ The cation B is usually a
divalent metal such as Pb?* or Sn?*. If t lies in an even narrower range of 0.89
- 1.0, a cubic structure is expected (Figure 1), while less symmetric tetragonal
and orthorhombic structures are predicted for lower t values. Nevertheless,
the structure of a perovskite does not solely depend on the size of its ions
but also on the temperature. The methylammonium lead iodide perovskite
(MAPI) for instance undergoes a phase transition from tetragonal (B) to cubic
(a) phase at 56 °C'¢, while an orthorhombic (y) phase is stabilized at low
temperatures, around 160 K. The temperatures of the phase transitions has
important implications for the thermal stability of the perovskite structure.
The higher temperature for the tetragonal to cubic phase transition of
Formamidinium lead iodide (FAPbIl3) together with the higher evaporation
temperature of the material itself can partially explain its higher thermal

stability.'*
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Hybrid lead halide perovskites show interesting features for applications in
thin film light-emitting diodes and solar cells. LEDs based on perovskite
emitting layers exhibit a narrow emission bandwidth which is tunable over
the entire visible spectrum, leading to high color purity. The bandgap can be
tuned by exchanging the halides and the MAPbX; perovskites with X = CI7, X
= Br7, or X = I” have bandgaps of approximately 3.1 eV, 2.3 eV and 1.6 eV,
respectively.l’” A further fine-tuning of the bandgap is obtained mixing the
halides in different ratios'® (see Figure 2a). The wide bandgap perovskites
containing Br- and Cl- have been predominantly used for LEDs as they emit in
the visible range and show higher exciton binding energies compared to
perovskites containing other halides.'® In contrast, the iodine containing

MAPI has excellent properties for PV applications.

The absorption coefficient o > 10° cm™ (Figure 2a) is extremely high allowing
for high photocurrent output using submicron thick films. One of the reasons
for the high absorption coefficient is the direct bandgap nature of the
material. Upon absorption of a photon, an electron hole pair is generated.
The attraction between the electron and the hole needs to be overcome in
order to generate free carriers. For the MAPI perovskite the exciton binding
energy was estimated to be <5 meV at room temperature, which is lower
than the thermal energy (26 meV) thus allowing for the direct generation of
free carriers.?%?! Balanced electron/hole mobility and long diffusion length
have been proven to be another advantage of MAPI, facilitating the
extraction of carriers. The charge carrier transport is directly related to the
band structure of the semiconductor via the carrier effective mass. The
electron and hole effective masses (m*. ) depend directly on the curvature

of the conduction and valence bands. Low values for MAPI with m*., (0.1-
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0.15) mo, mo being the free electron mass, have been reporter.2%?? The low
carrier effective masses are a result of high spin-orbit coupling due to the

heavy Pb atom.?
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Figure 2. a)Absorption of (MA)Pbls with increasing Br content, adapted from
reference.?* b) absorption coefficient of MAPBBrsxcx thin films with
increasing Cl content, adapted from reference.®

The aforementioned photo physical properties make perovskite good
candidates for optoelectronic devices. Nevertheless, not all of the perovskite
properties are necessarily beneficial. Already decades ago scientist found
that electronic charge carriers are not the only mobile species in
perovskites.? It was suggested that iodide vacancies and interstitials are
mobile as well which leads to a mismatch of JV curves that were taken with
different voltage speeds or different scanning directions (forward or reverse
bias), a phenomena called Hysteresis.?® But Hysteresis is not the only
phenomena that complicates data interpretation. The structure and
morphology of perovskite thin films have an enormous effect on the overall
device performance. The very same perovskite compound can have different
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properties depending on the deposition techniques and conditions. In
particular, the perovskite deposition is a very delicate process influencing the
crystallinity, grain size, and grain boundaries (GB) of the material. The
importance of grain boundaries can be understood by photoluminescence
microscopy, where the grain itself appears bright and the grain boundaries
appear dark.?’” The dark areas indicate an increased trapping, thus it is not
surprising that perovskites with large grains show generally improved devices
efficiencies. Nevertheless, co-evaporated perovskite films seem to be an
exception as, besides being composed by small grains, high device

efficiencies have been reported.?®
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1.3 Device architecture

Perovskite solar cells can be divided in two mayor groups, mesoporous
(Figure 3a) and planar structures (Figure 3b, c). The first perovskite solar cell
ever reporter was a modification of a dye sensitized cell with the dye being
replaced by perovskite as the absorber material.?° The mesoporous material
is usually metal-oxide with TiO2 or Al,0s. In DSSC the mesoporous structure
has an important function, namely the infiltration of the dye and
electronically the dissociation of excitons in free carriers but it was later
proven that perovskite can also work in a planar configurations where the
active layer is sandwiched between two selective transport layers that allow
either the transport of electrons (hole blocking) or holes (electron blocking).
Depending on the side through which the light enters, the devices are either
denoted as n-i-p or p-i-n. In an n-i-p configuration the light enters through
the electron transport layer, whereas in a p-i-n configurations it enters
through the hole transporter. It is worth nothing that the terms solely refers
to the order of layers at which the light passes and not to the potential profile
across the devices. It is still under debate if the electric potential in
perovskite devices follow a p-n junction or a p-i-n characteristics and both

have been reported.3%31
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Figure 3. Device architectures of perovskite solar cells. a) mesoporous n-i-p
structure , b) planar n-i-p structure, c) planar p-i-n structure. Adapted from
reference.3?

In this thesis, both p-i-n and n-i-p configurations are used. In most of the
cases the perovskite active layer was sandwiched between two thin
transporting layers, namely Ceo as electron transport materials and a
derivative of arylamine N4,N4,N4”,N4”- tetra([1,1 -biphenyl]-4-yl)-
[1,1":4°,1”-terphenyl]-4,4”-diamine (TaTm) as hole transport material. The
thin layers are followed by a thicker layer of the same material but doped in
order to enhance the conductivity and hence the carrier extraction. The
entire stacks were always fully evaporated on pre-patterned ITO and capped

with thin metal layers as top reflective contacts.
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1.4 Basic processes of operating perovskite solar cells and light emitting

devices

When the perovskite layer absorbs a photon, free carriers are generated
even at room temperature. The photogenerated carriers need to reach the
selective contacts and extracted before they recombine. To which extend
carrier can be extracted depends on the carrier mobility. The carrier mobility
can be expressed as:

eTnp
HUnp = anp
With e being the electron charge, m;, ,, the carrier effective mass and 7,, ,, the
carrier lifetime. Perovskite show very low carrier effective masses and carrier
lifetimes of several hundred ns have been reported.3® Nevertheless, the
actual carrier mobility is lower what would be expected from the low
recombination and low trapping probabilities.>*3> The reasons for the

moderate carrier motilities are still under debate but scattering phenomena

due to lattice vibrations or defects have been suggested as limiting factors.3®

Another limiting process is the non radiative charge recombination as it
competes with charge extraction. There are three different types of
recombination in perovskite devices (Figure 4) and carriers can either
recombine radiatively or non-radiatively. A direct radiative recombination is
the recombination of an electron from the conduction band with a hole in
the valence band, releasing a photon with the energy of the bandgap. This

bimolecular recombination rate is given by:

R =y(np —n})
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With n and p being the electron and hole densities, n; being the intrinsic
carrier concentration and y being the bimolecular recombination rate.
Bimolecular recombination is low under normal solar cell operation.3’
Nevertheless, non-radiative trap assisted recombination can have a
significant impact on the device performance even at 1 sun illumination.
Defect assisted recombination occurs at defects in the lattice structure such
as grain boundaries and can be expressed by Shockley-Read-Hall (SRH)
statistics:

CaCpZy
Ca(n+ny) +C(p +p4

RRSH = )(np—nlz)

a) b) c)

/

Figure 4. Different types of recombination in perovskite solar cells. a)
radiative biomolecular recombination, b) non-radiative trap assisted
recombination, c) non-radiative auger recombination. Adapted from
reference.3®

Where X is the trap density and n; and n; being constant that depend on
the energy levels of the traps. Cn and Cp are the capture coefficients for
electrons and holes and reflect the probability per unit time that an electron

will be captured from the CB when the trap is filled with a hole (C,) or the
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probability that a hole is captured from the VB if the trap is filled with an
electron (Cp). Surface recombination is a special case of defect assisted
recombination and is thus often referred to as interfacial SRH recombination.
At the perovskite surface the lattice structure is disrupted leading to a high
defect densities.?® The particularly high recombination in this area leads to
depletion of the minority carriers. Minority carriers need to diffuse to the
surface area and therefore the surface recombination is limited by the rate
at which minority carrier move towards the surface, the so called surface

recombination velocity.

The third type of recombination is Auger- or phonon assisted recombination.
An electron and a hole recombine and transfer their energy and momentum
to another electron. As this type of recombination only occurs well above the

intensity of 1 sun in the perovskite it will not be further discussed.

The performance of a solar cell is analyzed by means of current density vs.
voltage (JV) characteristics. In a calibrated solar simulator a solar cell is
illuminated and the current is measured as a function of an applied voltage.
The current of a solar cells is described by the classic Shockley diode

equation:
qVv
J=Jon—Jo {emKT - 1}

Where Jph is the photocurrent, V is the applied voltage, Jo is the reverse
saturation current density, q is the elementary charge and nyp is the ideal
factor, K the Boltzmann constant and T the absolute temperature. From the

JV characteristics several parameters can be extracted.

e Short circuit current density (Jsc, mA cm™)
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The short circuit is the current that is measured when no voltage is

applied and can be described by the following equation:

o)

Js¢c = qf EQEpy(E)Dapm15(E)dE
0

EQEpy is the external quantum efficiency which is the number of
extracted charges divided by the number of photons received by the

surface of the cell. ¢4p1 5 is the solar photon flux.

Open-circuit voltage (Voc,V)

The Vo is the difference in electrical potential at open circuit, and is
the maximum achievable voltage of a solar cell. The Vo can be
expressed as presented below:

Vo = %m (];—OC)

Low non-radiative recombination rates as well as higher photon
fluxes (which increase the photocurrent) lead to higher Voc . The
ideality factor of a diode can be calculated measuring the Vo as a
function of photon flux. The ideality factor reflects the dominating
type of recombination. A more comprehensive discussion on ideality
factors can be found in the chapter “Influence of hole transport

material ionization energy on performance of perovskite solar cells”.

Maximum power point (MPP)

The pointin a JV-curve corresponding to the maximum power output.
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Fill factor (FF, %)
The FF is the ratio between the theoretical maximum power point of
a solar cell and the measured maximum power point:

V. *
FF = P ]mp
Voc *Jsc

As depicted in Figure 5, the FF is a measure of the “squareness” of
the JV-curve. The FF is predominantly influenced by the series and
shunt resistances of a solar cell. A high series resistance and low shunt
resistance lower the FF. Thus the FF does not only depend on the

active absorbing layer but on the entire device architecture.

Power conversion efficiency (PCE, %)
The overall performance of a solar cell is indicated by the power
conversion efficiency and depends on the fraction of incident power

(Pin) that is converted into a current:



MPP

Current

Voltage mpp oc

Figure 5. JV-Curve of a perovskite solar cell. The Fill Factor is defined as FF =
Vmp*Jmp __ Area A

Voc*Jsc Area B’

A further and deeper analysis of a diode can be achieved measuring the JV-
curve in the dark. Dark JV-curves are usually plotted in a logarithmic scale in
order to be able to identify the different regimes of the curve. As shown in
Figure 6, there are three different regimes in a perovskite diode dark JV-
curve. At low voltage, the resulting current is dominated by the shunt
resistance (A). At voltages higher than the built in voltage carriers start to get

injected and the resulting current is controlled by diffusion (B). The current

25



at section C is caused by the drift of carriers and relates with the series

resistance.

Light emitting devices work very similar to solar cells. In fact, when a voltage
is applied to a solar cells, some of the injected carriers recombine and emit a
photon. Thus every solar cell could be used as an LED. Nevertheless, active
layers in solar cells differ from those that are used in LEDs. The bandgap of
the active emitting material is tuned to get a narrow emission bandwidth
within the visible spectrum, with the aim to reach high color purity and the
structure of the light emitting layer is adapted to increase the exciton binding

energy.

100

Current density (mA cm™)

: , :
0.0 0.5 1.0
Voltage (V)

Figure 6. Representative JV-curve of perovskite solar cells under darkness.
The different regions A, B, C are dominated by shunt current (A), diffusion
current (B), drift current that is limited by the series resistance (C).
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The most common parameters to analyze LEDs are:

e Luminance (cd/m?)
Luminance is measured in the S| unit candela per square meter
(cd/m?) and is a photometric measure of the luminous intensity. It
describes the amount of light being emitted or reflected from a
known area. Luminance is corrected for the sensitivity of the human

eye and will thus indicate how bright a surface will appear.

e Current density (A/m?)
Current density responds to a current that is passing through a unit of

area in a device

e Current efficiency (cd/A)
The current efficiency gives the ratios between the luminance per
current density. It is thus a measure of the efficiency of a LED.

e Power efficiency (Im/W)

The power efficiency or luminous efficacy is the ratio of luminous flux to
power and a measure of the efficiency of a light source to produce visible
light. It takes not only the current density into account but also the

applied voltage.
e External quantum efficiency (EQEg, %)

The external quantum efficiency gives the ratio between the injected

electrons over the photons emitted from the device surface

27



1.5 State-of-the-art

It is only a few years ago that perovskite solar cells were introduced, yet they
are competing with photovoltaic technologies that were developed for
decades. Nowadays crystalline silicon solar cells is still the most mature
photovoltaic technology with efficiencies reaching 26%*°, however the
highest reported efficiency for perovskite solar cells has already exceeded
23%.% It is noteworthy that this record was fabricated with an area as small
as 0.09 cm?, while larger devices reach efficiencies of 19.7%%? on a 1 cm? cell
and 12.1%* on a 36.1 cm?. One of the big advantages of perovskites over
crystalline silicon is the compatibility with several substrates, even flexible,
with reported efficiencies exceeding 18% for an area of 0.1 cm2.** However
while the development of perovskite solar cells seems promising, they are
still far away from a considerable market share. The replacement of lead with
non-toxic materials remains challenging and a long term-stable perovskite
solar cell produced on a large area with reasonable efficiency needs still to

be demonstrated.

The toxicity and pure stability, together with low efficiencies are also the
main reasons why perovskite based LEDs are still not applied in consumer
electronics such as flat-panel displays. After decades of research the modern
consumer market for displays could be soon dominated by organic light
emitting diodes (OLEDs) and semiconductor quantum dots. EQEs of more
than 20% without enhanced optical out coupling are frequently reported for
OLEDs. “7*7 Nevertheless it took only 4 years to increase the EQE of
perovskite LEDs from 1% #8 in 2014 to around 14% *° in 2018. With quasi-two-

dimensional structures the efficiency of perovskites based LEDs can be
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further enhanced and an efficiency of more than 20% at current density
between 0.1-1 mA cm™ has been reported recently when a quasi-two
dimensional perovskite structure was used in a polymer bulk

heterojunction.*>>°
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2 Aim of the thesis

Photovoltaic and light emitting devices based on perovskites have shown an

impressive development in the last years. Despite the fast progress, many

studies relied still on a trial and error approach in order to further boost

device efficiencies. The aim of the thesis is therefore to get further inside into

phenomena related to the fundamental photophysics on both perovskite

solar cells and LEDs. The work has been structured in three parts:

30

Perovskite-Perovskite Homojunctions via Compositional Doping

One of the most important properties of semiconductors is the
possibility to control their electronic properties via intentional
doping. Nevertheless doping in perovskite remains nearly unexplored
and perovskite pn-junctions have never been reporter. In this work
we aim to intentionally dope the material to build a perovskite

homojunction.

Efficient photo- and electroluminescence by trap states passivation in
vacuum-deposited hybrid perovskite thin films

Trap states account for most of the efficiency losses in perovskite
LEDs. The goal is therefore to passivate Trap states in MAPI perovskite
LEDs using high excess of MAI. The so produced films should increase

the overall efficiency.

Influence of hole transport material ionization energy on

performance of perovskite solar cells



The Voc is among the most important parameters controlling the
power conversion efficiencies in solar cells. We thus investigate if the
Voc is either influenced solely by the nature of recombination or
additionally by the ionization potential of the organic transport

materials.

Each chapter will consist of an introduction and a detailed description of the
methodology and experimental setups and completed with a discussion of

the experimental data.
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3 Experimental methods

3.1 Vacuum deposition of optoelectronic devices

There are a multitude of technologies to deposit the different layers in
perovskite solar cells and light emitting diodes, ranging from solution based
techniques such as spin coating and doctor blading to vacuum based
techniques. The choice of the deposition technique is important as it strongly
influences the morphology of the perovskite film and thus their
optoelectronic properties. The challenge is to produce highly uniform films
with high crystallinity that are pinhole-free, to guarantee efficient charge
transport. A precise control over the layer thickness is another parameter
that needs to be considered before a deposition technique is chosen. Devices
in this thesis were exclusively produced by vacuum deposition as this
deposition method comes with a variety of advantages in comparison to

solution based technics.

e Substrates independent processability

The formation of a film in solution processed techniques depends
highly on the substrate the film is spun on. The morphology and
roughness of the underlying layer will highly effect the following
layer. The vacuum deposition of perovskite thin films is virtually
independent of the substrates and can be carried out at room
temperature. This allows for deposition on substrates such as plastics,
textiles or even on structured silicon for a tandem applications.

e Possibility of upscaling

32



Vacuum deposition techniques are widely used in semiconductor
industry which facilitates to transfer the knowledge from academia to
an industrial environment.

High purity of precursors

The fine temperature control of the precursors during the
evaporation process allows to eliminate the impurities with different
sublimation temperatures.

Fine control of layer thickness

The layer thickness is usually monitored during the evaporation
process using sensitive quartz crystal microbalances (QCMs), which
function by means of variation of their acoustic impedance. In a well
calibrated system, sub-nanometer precision can be reached which
allows for production of devices where the exact thickness is crucial
such as optical cavities.

Intrinsically additive

The drawback of solution processed methods is that the solvent of
each layer can possibly dissolve the underlying layer. Hence, materials
and solvents must be chosen accordingly. As evaporated layers don’t

require any solvents, they are intrinsically additive.

For the aforementioned reasons, dual-source vapor deposition is the method

that was used for this thesis. In a dual source evaporation process, the two

perovskite precursors Pbl, and MAI are heated simultaneously in a high

vacuum chamber (Figure 7). A rotating sample holder is mounted above the

source allowing the precursors to deposit on the substrate and react directly

to form the perovskite, without any additional annealing steps. The
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stoichiometry of the perovskite can be tuned changing the relative
deposition rates, which are controlled in real time using QCMs. The first
perovskite dual source evaporation was used to produce Pbl-based layered
Perovskite Quantum Wells.”! This method was later adapted by our group to

produce different and more efficient perovskite solar cells.>>>3
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—

Figure 7. lllustration of a perovskite co-evaporation process. The precursors
Pbl, and MAI are thermally evaporated in a vacuum chamber. Their rate is
monitored using quartz microbalances.
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3.2 Characterization technics

A multitude of characterization techniques was used in this thesis. Common
analytic techniques such as JV-measurements, UV-VIS spectrometry,
photoluminescence (PL) measurements, scanning electron microscopy
(SEM), and X-ray scattering techniques will not to be discussed. This chapter
will focus on characterization techniques that are less frequently used in
device production such as Scanning Kelvin probe microscopy, Photoemission

spectroscopy and photoluminescence decay dynamics.

Scanning Kelvin Probe Microscopy (KPFM)

A Scanning Kelvin Probe Microscopy setup is an extension of an Atomic force
microscope (AFM) with a Kelvin probe tip (Figure 8). The mechanics of the
AFM is used to scan a surface with a certain depth profile in the nanometer
range. The AFM tip is modified in a way that the cantilever serves as
reference electrode and thus forms a capacitor with the sample surface
which causes a long-range electrostatic force between the tip and the
surface. The electrostatic force is determined by the contact potential
difference (CPD) and leads to an additional vibration of the cantilever. A dc
voltage is applied to the tip in order to compensate the electrostatic force.
The applied dc voltage is thus equal to the CPD. The measure of the CPD
allows one to deduce the energetics in conductors or semiconductors such
as the Fermi-level which was used in this thesis to identify the type of doping

(n- or p-type) in perovskite structures.
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Figure 8. Illustration of a Scanning Kelvin Probe Microscopy (SKPM) setup.

Air Photoemission measurement system (APS)

Air photoemission systems are capable of measuring the ionization energy
(IE) of a material. When light with photon energy > IE interacts with the
material it liberates electrons at the surface, a phenomena that is known as
the photoelectric effect. The electrons are detected using a modified Kelvin
probe setup capable of measuring potential difference. The amount of
detected electrons depends on the energy or wavelength of the incident
light. Following Fowler's analysis of photoemission, the cube root of the
photoelectron yield can be plotted as a function of incident light intensity and

thus give insight to the density of states near the Fermi Level.
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Time-Resolved Photoluminescence (TRPL)

Time resolved photoluminescence studies the charge carrier dynamics in
semiconductors and thus investigates directly the quality of the layers. The
measurements are sensitive to essential parameters of the semiconductors
such as surface effects, presence of dopants, energy transfer processes,
defects and their passivation. There is a multitude of setups for time resolved
photoluminescence measurements but common components are: pulsed
laser sources (diode laser, LED or multi-photon excitation), single photon
sensitive detector, means of separating the emission signal from the
excitation light (monochromator or optical filters) and a unit to measure the
time delay between excitation and fluorescence emission. The measurement
of the time delay is repeated in a series of experiments to account for the
statistical nature of the radiative emission in semiconductors. The final
results are plotted into a histogram where the emission events are

represented as a function of time after the excitation pulse.
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4 Perovskite-Perovskite Homojunctions via Compositional Doping

Introduction

The p-n junction is a fundamental structure of semiconductor devices, crucial
for transistors, diodes and thus all kinds of modern electronic systems. Light
striking such a junction creates a voltage and electric current which is known
as the photovoltaic effect. The underlying physical principles have been
studied for decades leading to highly efficient conventional inorganic
photovoltaics (PV). Since 2009 a new class of semiconductors, organic-
inorganic lead halide perovskites, attracted much attention as solar cells
based on this material have rapidly reached efficiencies exceeding 23%.%
While perovskite photovoltaics can already compete with conventional
photovoltaic absorbers such as silicon in terms of efficiency, some of their
basic working principles are still not understood.3%3754°6 Among others, the
distribution of the internal potential is still under debate, leaving the
guestion unanswered weather perovskite PVs behave like p-n or p-i-n type
structures.3%>° In both cases the diode behavior of perovskite devices is likely
dominated by band bending effects at the interface of the perovskite with
either hole or electron transporting materials.>” The resulting electric field
causes a drift of carriers close to the interface. We assume that the field-
assisted carrier transport diminishes with increasing distance from the
interfaces leading to rather diffusion dominated transport mechanisms in the
bulk. Electron and hole diffusion length of over 175 um have been reported
for perovskite single crystals but the diffusion length in polycrystalline films
is often limited to 100 nm.>® Improving transport is thus essential for the

further development of perovskite solar cells as the transport properties limit
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the maximum thickness of the absorber materials and hence the current that
can be extracted. Improving the carrier diffusion length is difficult as it
depends strongly on the morphology and thus on the deposition method of
the perovskite. The charge drift can be increases by creating an additional
interface within the perovskite absorber such as in a p-n junction of
differently doped perovskite layers. The p-n junction promotes the
separation of carriers and their extraction leading to reduced recombination
Nevertheless, doping of perovskites is still very challenging. There has been
a multitude of attempts to modify the perovskite electronic structure
introducing heterovalent dopants.>® Abdelhady et al. found strong electronic
effects in a MAPI perovskite when adding small amounts of bismuth in the
precursor solution.®® In fact when Bi3* was incorporated into the perovskite
lattice structure it lead to a bandgap tuning of (~300 meV) and a remarkable
10* fold enhancement in electrical conductivity (Figure 9). The sign of
majority charges was thereby changed from positive to negative. Inspired by
this work, researchers further explored the use of trivalent metal ions in the
perovskite structure. Snaith et al. added a small amount of Al** in the
precursor solution and found a reduced microstrain in the MAPI structure
which resulted in a reduction of density of crystal defects but with negligible
electronic effects.?! In contrast Zhang et al. used Sb3*and successfully doped
a MAPI perovskite, increasing the electron density and elevating the quasi-
Fermi energy level.®? Nevertheless most of the fundamental scientific issues
of heterovalent doping in perovskite remain unresolved. For instance, it is
mostly unclear if the heterovalent dopants are periodically introduced in the
lattice structure or if they segregate to the surface or how metal ions regulate

the perovskites properties.>® Furthermore, when heterovalent dopants are
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incorporate into the perovskite structure they are likely to introduce lattice
imperfections. How local morphology affects the optoelectronic properties

of the perovskite is difficult to predict.®364

Considering the difficulties of heterovalent doping, the previously reported
defect assisted self-doping is an interesting alternative. Perovskites were
observed to be self-doped by changing the ratio of the MAI and Pbl,
precursors.®> MAIl-rich (Pbl,-deficient) perovskites are p-type semiconductors
while Pbl,-rich (MAIl-deficient) materials are n-type. The unbalanced
precursor ratios cause element defects (Pb, |, MA) that introduce electronic
states close to the band edges. Surprisingly no deep trap states are created
within the band gap as it would be expected for classic semiconductors.®®
Defect states are especially shallow due to the small effective masses of

electrons and holes and the high dielectric constant of the perovskite.%°
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Figure 9. Conductivity and majority concentration of different crystals as a
function of Bi/Pb atomic ratio % in the crystal.®’

Here we present a perovskite p-n junction obtained by vacuum deposition of
stoichiometrically-tuned methylammonium lead iodide films. We show the
internal potential distribution of the p-n junction as measured by cross-
sectional scanning Kelvin probe microscopy with a contact potential
difference (CPD) of 250 mV between the doped perovskite layers. The p-n
junction was sandwiched between organic charge selective layers. Devices
built with the perovskite p-n junction showed photovoltage of 1095 mV and
fill factor of 80%, which is large compared to cells built either with intrinsic
film or single n- or p-type doped perovskite layers. The enhanced
photovoltaic performance could be explained by the additional drift of

carriers in a perovskite p-n junction
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Experimental Section

Perovskite films deposition and diodes fabrication. 1TO-coated glass
substrates were subsequently cleaned with soap, water and isopropanol in
an ultrasonic bath, followed by UV-ozone treatment. Substrate were
transferred to a vacuum chamber integrated into a nitrogen-filled glovebox
(H,0 and 0> < 0.1 ppm) and evacuated to a pressure of 10°® mbar. The
vacuum chamber is equipped with six temperature controlled evaporation
sources (Creaphys) fitted with ceramic crucibles. Three QCM sensors are
used, two monitoring the deposition rates of each evaporation source and a
third one close to the substrate holder monitoring the total deposition rate.
For the TaTm HTL we used 2,20-(perfluoronaphthalene-2,6-diylidene)
dimalononitrile (Fe-TCNNQ) as the organic dopant whereas for the Ceo ETL,
N1,N4-bis(tri-p-tolylphosphoranylidene)- benzene-1,4-diamine (Phim). For
thickness calibration, we first individually sublimed the charge transport
materials and their dopants. A calibration factor was obtained by comparing
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 and 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 Cso was
kept constant at 0.8 A/s while varying the deposition rate of the dopants to
0.06 A/s for Fs-TCNNQ and 0.2 A/s for Phim during co-deposition. Pure TaTm
and Ceo layers were deposited at a rate of 0.5 A/s. 40 nm thick doped layers
(TaTm:Fe-TCNNQ and Cgo:Phim) and 10 nm thick intrinsic layers (TaTm and

Ceo) were used for the solar cell fabrication. After HTL deposition, the
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chamber was vented with dry N, to replace the crucibles with those
containing the starting materials for the perovskite deposition, Pbl, and MAI.
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. For production of the different perovskite layers the MAI
deposition rate was kept constant at 0.8 A/s while varying the deposition rate
of Pbl, between 0.4 A/s (p-type), 0.5 A/s (intrinsic) and 1.2 A/s (n-type). The
source temperature of the MAI was kept constant at 70 °C and that of the
Pbl, varied accordingly between 255 °C and 300 °C. The doped and intrinsic
perovskite were deposited to a final thickness of 600 nm. The perovskite p-n
junction was built by depositing a 300 nm thick n-MAPI layer onto a 300 nm
thick p-MAPI film. After deposition of the perovskite films, the chamber was
vented and the crucibles replaced with those containing Ceo and Phim, and
evacuated again to a pressure of 10® mbar. The devices were completed
depositing a film of pure Cso and one of the doped ETL (Ceo:Phim), with 10
and 40 nm thicknesses, respectively. Finally the substrates were transferred
to a second vacuum chamber where the silver top contact (100 nm thick) was

deposited.

Infrared (IR) spectroscopy characterization. For the IR measurements, MAPI
films were deposited on both side polished, low doped Si wafers. A thin layer
of Ceo was evaporated on the Si substrate before MAPI deposition, to ensure
the same growth conditions as for the solar cells. IR measurements were
performed with a Bruker Vertex 80v spectrometer. Spectra were measured
with the samples in vacuum (~2 mbar) using a DLaTGS detector and non-
polarized light at normal incidence. Spectral resolution was set to 4 cm™ and

all spectra are referenced to the spectrum of the bare Ceo/Si substrate.
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Surface and cross-sectional KP measurements. The surface Kelvin probe
measurements were performed with a macroscopic Kelvin probe from KP
Technology in air. The work function of the gold probe was determined with
a freshly cleaved HOPG reference directly before the measurement. For the
cross section SKPM measurement, we used a Zeiss/DME integrated
AFM/SEM system. To reveal the cross section a hole was milled into the
device by a Gallium Focused-lon-Beam (Ga-FIB). In a first step a rough hole
was milled at 2 nA for 180 s. Due to the setup of the FIB the cross section has
an angle of 54° towards the surface normal. The cross section was then
polished with a beam current of 100 pA for 600 s, achieving a smooth surface.
While scanning the cross section with the cantilever, the topography, contact
potential and the phase are measured simultaneously. We used the one pass
amplitude modulated technique for the Kelvin probe data. We used
conductive Pt/Ir coated ATEC-NCPt-50 cantilevers. They have a length of 160
um, a width of 45 um and a thickness of 4.6 um. Their force constant is 45 N
/ m, the resonance is at about 335 kHz and they have a tip radius of curvature

of <20 nm.

Device characterization. The 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. The current density-
voltage (JV) characteristics were obtained using a Keithley 2612A source
measure unit under white light illumination using a solar simulator by Abet
Technologies (model 10500 with an AM1.5G xenon lamp as the light source).

The scan rate was 0.1 V/s. Before each measurement, the exact light intensity
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was determined using a calibrated Si reference diode equipped with an

infrared cut-off filter (KG-3, Schott).
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Results and discussion

In the co-evaporation process the precursor ratios were changed by
increasing the evaporation rate of Pbl, while maintaining the evaporation
speed of MAI constant. These ratios were determined from the calibrated
quartz crystal sensor reading during the evaporation process. The grazing
incidence X-ray diffraction (GIXRD) pattern confirms the formation of a
perovskite thin film with high crystallinity for the p-type perovskite and lower

crystallinity for the n-type perovskite film (Figure 10).>?
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Figure 10. XRD patterns of MAPI thin films with different MAI/Pbl; ratios. The
stars indicate diffractions corresponding to Pbl,.

The diffraction pattern of the n-MAPI sample shows the formation of the
perovskite phase with lower degree of crystallinity and smaller crystals
(wider diffraction peaks), as well as additional weak diffractions indicating

the presence of a residual Pbl, phase. Both the n- and the p-type perovskite
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show the characteristic features of a MAPI absorption spectra with an onset

at 780 nm indicating that the band gap remains unchanged (Figure 11a)

Mid-IR spectroscopy was performed to confirm the Pbl, to MAI ratios in the
perovskite films. While far-IR couples to lead halide phonons®, mid-IR is
sensitive to internal vibrations of the MA-cation.®® Thus it is possible to use
the mid-IR spectra as a measurement of the MAI content. Figure 11b shows
the region with the most pronounced vibrational peak, the N-H symmetric
and asymmetric stretch vibration. The absolute position of the peaks does
not change showing that all MA cations experience the same environment.
Nevertheless the absolute peak strength is different and analysis of the peak
area revealed that the MAI-rich film (p-type) contains approximately 50%
more MA compared to the MAI-poor film (n-type). The standard film lies in
the middle as expected. While the IR-measurements give no direct
information about the halide content it is likely that the higher MA-cation

content is accompanied with a higher content of iodine.
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Figure 11. Characterization of the p- and n-type films. (a) Optical absorption
spectra of 300 nm thick p-, and n-MAPI layers. (b) IR relative transmittance
spectra of the N-H stretching vibration for reference, n-, and p-type MAPI
films. All films have a thickness of around 300 nm and were deposited on Si
wafers. The change of the N-H stretching vibration peak strength is clear
proof for different MA concentrations. (c) SEM images of pn-junction cross
section.

To investigate the electronic impact of the different precursor ratios we
performed macroscopic Kelvin probe measurements on the perovskites films
in ambient conditions. The measured work functions are 4.6 eV for p-MAPI,
4.3 eV for n-MAPI, and 4.45 eV for our reference intrinsic (i-MAPI) film. These
values show indeed the expected trend from the stoichiometry change,

assuming that the mid-gap is approximately at 4.4 eV.”°
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Figure 12. CPD profile of a p-n junction solar cell under illumination and with
increasing applied bias. The bias was increased from 0 V (black), to 0.5 V (red),
to 1V (green) and then back again to 0 V (blue). Bias was applied for ~1 hour.
The sample was illuminated with an LED attached to the sample holder.

From these measurements it appears that the layers are only slightly doped.
We note however that the work function of a material is highly influenced by
the substrates, surface defects or adsorbates. Clearly, an in situ study of an
n—-p MAPI interface during growth via photoemission spectroscopy would be
highly desirable. However, this is extremely challenging as our growth
conditions for vacuum-deposited MAPI do not meet the requirements for
photoelectron spectroscopy’. To get further inside into the electronic
behavior of the doped perovskite layers we performed SKPM measurements
on the cross section of full diodes. We compared an intrinsic perovskite layer
with a double p-MAPI/n-MAPI layer which were sandwiched between
organic semiconductors used as charge transport layers. The selective

contact layers consisted of thick doped layers (40nm) and a thinner intrinsic
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film (10nm) in contact with the perovskite. SKPM on solar cell cross sections

has been previously reported for organic and perovskite solar cells.>>7273
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Figure 13. SKPM characterization of planar solar cells with either an intrinsic
MAPI (500 nm) or a p-MAPI/n-MAPI bilayer (600 nm) as the absorber. (a) SEM
image of the AFM cantilever approaching the FIB-exposed solar cell cross
section. (b) CPD profile of a reference vacuum- deposited solar cell. We find
an almost constant potential drop over the absorber layer. (c) SKPM image
of the cross section for a homojunction solar cell. Already in this
representation, a contrast change in the middle of the absorber cell is visible.
(d) CPD profile of a p—n junction solar cell. We find a clear potential change
at the MAPI p-n junction. The distance is larger than the real layer thickness
as the FIB was performed at 54° with respect to the surface normal.
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We used an integrated SEM-AFM system in a SKPM mode. The cross section
was prepared using a FIB leading to a very smooth surface (topology) and
thus avoiding crosstalk between the surface topology and the SKPM signal.
Figure 13a shows and SEM image of the cantilever approaching the solar cell
cross section. As a reference we first measured the CPD profile of a reference
solar cell Figure 13b. Here we find a rather constant drop in the potential as
it would be expected for a p-i-n solar cell. In contrast we observed a step like
behavior for the solar cell stack containing the p- and n-MAPI Figure 13d. The
voltage difference of around 250 mV was stable over the scanning time of 2
hours. It is noteworthy that the potential difference is probably
underestimated due to the amplitude modulated scanning mode’*. We also
performed stability measurements under light and applied bias, as shown in
Figure 12. If a bias is applied the step-like profile of the potential increases
and stays stable over the time of the measurement. Most importantly, the
effect of an applied bias is reversible and when the sample is brought back to
0 V, the potential step is still present, indicating that the homojunction is
fairly stable under illumination and with an external bias. These experiments
are a direct proof of a stable perovskite-perovskite homojunction and show
that we are able to fine-tune its electronic behavior. The very same devices

that were measured in the SKPM setup were characterized as solar cells.
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Figure 14. Optoelectronic characterization of solar cells with 600 nm thick
MAPI absorbing layers. The MAPI films are either p-type, n-type, or intrinsic
(i-MAPI). The perovskite homojunction was built by depositing a 300 nm thick
n-MAPI onto a 300 nm p-MAPI. (a) EQE spectra. JV curves (b) under
illumination and (c) in the dark for a series of devices varying the MAPI
absorber.

Figure 14 shows the JV characteristics of solar cells containing differently
doped perovskite absorbing layers under illumination. Solar cells with p-type
doped or intrinsic perovskite absorbers show very comparable performance
with PCEs of 13.53 %, 15.1 % and FF of 72 % and 71 %, respectively. We
observed only a lower Vo for the p-type (1027 mV) perovskite with respect

to the intrinsic one (1059 mV), which might be due to the Fermi level
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difference observed by Kelvin probe. In contrast the n-type doped perovskite
diode is poorly performing with a PCE of 7.84 %. The diode shows a very low
Jsc of 6.44 mA cm2 which is most likely due to the lower absorption coefficient
of the n-perovskite (Figure 11a). The lower MAI content results in an excess
of Pbl; in the film, which hinders both the photocarrier generation and
separation/transport. The hindered charge injection and transport within the
diode is evident from the JV characteristic measured in the dark and under
illumination, where the FF is as low as 54.4 %. The high V.cindicates that non-
radiative charge recombination is not the main process limiting the charge
collection. The diode containing the perovskite p-n junction is surprisingly
well performing considering the presence of a 300 nm thick poorly absorbing
n-perovskite. Especially the Voc (1094 mV) and FF (80) improve compared to
all the other devices. Considering the difference in work function observed
for the p- and n-MAPI (-4.6 and -4.3 eV), one could expect a difference in the
majority carrier concentrations in the two materials, i.e., a larger hole
(electron) concentration in the p-MAPI (n-MAPI). If we assume the intrinsic
material to behave as ambipolar (as often reported in the literature),’® then
the separation and selective transport of photogenerated electrons and
holes in p- and n- MAPI would be influenced by the respective carrier
conductivities in the two regions of the active layer’>. The EQE of the diode
containing the p-n junction follows in shape and height the one of the n-
perovskite up to a wavelength of 570nm. The reason for the lower spectra
response in the blue is not yet fully understood. The front perovskite film (p-
MAPI) is strongly absorbing in this portion of the spectrum; hence, red
photons will be absorbed more homogeneously along the whole film

thickness. As the EQE is higher for low-energy photons, it implies that only
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electron- hole pairs generated toward the homojunction can reach the
selective contacts, most likely due to the favorable gradient of the quasi-

Fermi energies.

In summary, we show the fabrication of a vertical perovskite-perovskite
homojunction and measured the CPD at the device cross section. The
potential difference between the p-type doped and the n-type doped
perovskite was as high as 250 mV. The homojunction was stable over time
even under illumination or when a bias was applied. When incorporated into
a planar device the non-radiative recombination was reduced as indicated by
a high Voc (1.1 V) and the carrier extraction was improved, as testified by the
high fill factor of 80%. This work is an important step towards a novel design
of perovskite solar cells using homo- or heterojunctions to further improve

the charge separation or recombination.
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ABSTRACT: One of the most important properties of semiconductors is the possibility of
controlling their electronic behavior via intentional doping, Despite the unprecedented progress in
the understandi.ng of hybrid metal halide perovskites, extrinsic doping of perovskite remains nearly
unexplored and perovskite—perovskite homojunctions have not been reported. Here we present a
perovskite—perovskite homojunction obtained by vacuum deposition of stoichiometrically tuned
methylammonium lead iodide (MAPI) films. Doping is realized by adjusting the relative deposition
rates of MAI and Pbl,, obtaining p-type (MAI excess) and n-type (MAI defect) MAPIL The
successful stoichiometry change in the thin films is confirmed by infrared spectroscopy, which allows
us to determine the MA content in the films. We analyzed the resulting thin-film junction by cross-
sectional scanning Kelvin probe microscopy (SKPM) and found a contact potential difference
(CPD) of 250 mV between the two differently doped perovskite layers. Planar diodes built with the
perovskite—perovskite homojunction show the feasibility of our approach for implementation in
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devices.

Mndern electronics comprises a wide spectrum of

components and devices, most of which rely on
semiconducting materials. One of the most relevant aspects
of semiconductors is the possibility of modulating their
electronic properties through doping. The quantitative
introduction of selected impurities altering the material
stoichiometry allows control of the type (electron, hole) and
concentration of charge carriers, leading to n- or p-type
semiconductors, Of particular importance for several applica-
tions is the interface between semiconductors of opposite
doping type, the p—n junction. The underlying physical
principles of p—n junctions have been studied for decades,
leading to the first efficient photovoltaics (PVs) based on
conventional inorganic semiconductors. Hybrid organic—
inorganic metal halide perovskites, such as methylammonium
lead iodide (CH;NH;Pbl;, MAPI) have the potential to
radically transform the way optoelectronics is conceived,
combining the favorable properties of both organic and
inorganic compounds within a single material. Hybrid perov-
skites are now at the forefront of emerging PV materials, thanks
to their constantly improving power conversion efficiencies
(PCEs), which are now exceeding 229%.'"" Besides such fast
progress, up to now, extrinsic doping of perovskite remains
nearly unexplored,” and perovskite—perovskite homojunctions
have only be obtained in lateral structures,” In fact, when
heterovalent metals are incorporated into the perovskite lattice,
they are likely to introduce lattice distortions, with strong effect
on the electronic properties of the perovskite.” This strong
structure—property relationship usually masks the actual effect
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of the dopants, making perovskites rather insensitive to the
insertion of other metal species.””'” Additionally, the type of
substrate used for the thin-film growth has a direct effect on the
energy bands and Fermi level pt:isiliorls,I U2 further complicat-
ing the design of doped compounds. Considering these
difficulties, other strategies have been explored in order to
obtain doped perovskite films. For example, p-doping of
MAPbI; via exposure to I, gas was recently presented.”
Alternatively, the defect-assisted self-doping could provide a
path for the deposition of p- or n-type compounds as it has
been reported that MAl-rich MAPI films are p-type while MAI-
deficient compounds are n-type.'* The unbalanced precursor
ratios cause element defects (Pb, I, MA) that introduce
electronic states close to the band edges but not deep traps
within the band gap as would be expected for classic
semiconductors.'” Defect states are especially shallow due to
the small effective masses of electrons and holes and the high
dielectric constant of the perovskite.'” On the basis of this
principle, devices with vertical and lateral cell configurations
can be switched upon application of a weak electric field due to
ion drift, which leads to the formation of reversible p—i—n
structures.' Most studies on perovskite electronic and optical
properties are carried out on materials deposited by solution
processes. Despite the high level of control on the perovskite
morphology through engineering of the deposition conditions,
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Figure 1. Characterization of the p- and n-type films. (a) Optical absorption measurements of 300 nm thick reference, p-, and n-MAPI layers, (b) IR
relative transmittance spectra of the N—H stretching vibration for reference, n-, and p-type MAPI films. All films have a thickness of around 300 nm
and were deposited on Si wafers. The change of the N—H stretching vibration peak strength is clear proof for different MA concentrations. (¢) SEM
images of the surface of the n- and p-MAPI films. The scale bar corresponds to 200 nm.

it is not feasible (if not impossible) to prepare a perovskite
double layer entirely from solution due to the unavoidable
redissolution of the underlying film. For this purpose, vacuum
deposition is a more suited technique and, when applied to
perovskites, can lead to high-performing materials of
comparable quality."™'" Importantly, vacuum deposition
methods are intrinsically additive, such that multilayer
structures can be readily prepared without the need for
orthogonal solvents.”

Here we present a perovskite—perovskite homojunction
obtained by vacuum co-deposition of stoichiometrically tuned
MAPbBI; films. Doping is realized by adjusting the relative
deposition rates of MAI and Pbl, in MAlL-rich (herein referred
to as p-MAPI) or MAI-deficient (n-MAPI) perovskite films.
The successful stoichiometry change in the thin Alms is
confirmed by infrared spectroscopy, which allows us to
determine the MA content. We analyzed the resulting thin-
film junction by cross-sectional scanning Kelvin probe
microscopy (SKPM) and found a contact potential difference
(CPD) of 250 mV between the two differently doped
perovskite layers. This homojunction structure was sandwiched
between organic charge-selective layers in order to evaluate its
diode and PV characteristics. Devices built with the perovskite
junction showed a promising photovoltage and fill factor,
comparable to cells built with intrinsic perovskite films. These
proof-of-concept results are encouraging as abrupt homo-
junctions have been scarcely investigated in the perovskite field
and could be of interest for applications in PVs and other
optoelectronic devices.

Differently doped perovskite layers were obtained by vapor
phase co-deposition systematically changing the ratio of the
MAI and Pbl, deposition rates. The perovskite junction was
obtained by depositing n-MAPI on top of a p-MAPI film.
Detailed experimental conditions can be found in the
Supporting Information. In the co-evaporation process, the
precursor ratios were changed by increasing the evaporation
speed of Pbl, while maintaining the evaporation speed of MAI
constant. These ratios were determined from the calibrated
quartz crystal sensor reading during the evaporation process.
The different perovskite absorbing layers were deposited
varying the MAI/Pbl, ratios, as detailed in the Experimental
Section. The grazing incidence X-ray diffraction (GIXRD)
analysis confirms the formation of a perovskite thin film with
high crystallinity for the p-type perovskite, very similar to the
reference MAPI thin films (see Supporting Information Figure
$1a).”" On the other hand, the diffraction pattern of the n-

2in

MAPI sample shows the formation of the perovskite phase with
lower degree of crystallinity and smaller crystals (wider
diffraction peaks), as well as additional weak diffractions
indicating the presence of a residual Pbl, phase.

Figure | shows some basic characterizations of the reference,
n-, and p-MAPI films, All films show the characteristic features
of the MAPbI; absorption spectra with an onset at 780 nm
(Figure la), indicating that the band gap remains unchanged.
The n-MAPI shows, however, a less steep absorption onset and
lower absorbance, probably due to the presence of unreacted,
wider-band-gap Pbl,. To quantify the actual MAI/PbI; ratios
and hence correlate the deposition rates with the film
stoichiometry, we performed mid-IR measurements on MAPI
films on Si substrates. While the far-IR range is sensitive to the
lead halide phonons,™ all absorption peaks in the mid-IR can
be assigned to internal vibrations of the CH;NH," (MA)
cation,” It is therefore possible to use the IR spectrum as a
measure of the MA concentration in the film. Figure 1b shows
the region of the most pronounced MA vibrational peak, the
N—H symmetric and asymmetric stretch vibration, of n- and p-
type MAPI and, for comparison, of a standard (intrinsic) MAPI
film used in efficient solar cells.'” While the peak shape and
position for the N=H stretch vibration do not change between
samples, indicating that all MA cations experience the same
local environment, we see clear differences for the peak
strengths. This measurement proves that different MAI/Pbl,
deposition ratios lead to films with differing MA concen-
trations. An analysis of the peak areas reveals that the MAl-rich
film (p-type) contains approximately 50% more MA compared
to the MAl-poor film (n-type), with the standard film in the
middle. While our vibrational spectra contain no direct
information on the presence of halides, it seems likely that a
higher MA concentration is accnmpanied by an increase in
iodide content (albeit not necessarily to the same extent) as the
MA is incorporated via MAL To assess the impact of the MAI/
Pbl, ratios on the electronic properties of the material, we first
performed Kelvin probe measurement on the surfaces of the
perovskite layers (in ambient conditions). The measured work
functions are 4.6 eV for p-MAPI, 4.3 eV for n-MAPI, and 4.45
eV for our reference intrinsic (i-MAPI) film. These values show
indeed the expected trend from the stoichiometry change.
Assuming that the midgap is approximately at 4.4 eV,'” it
appears from this measurement that the reference film is
intrinsic while the p- and n-materials are only very lightly
doped. We note, however, that the work function measured by
Kelvin probe on the surface of MAPI films might be strongly
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influenced by the substrate, surface defects, or adsorbates.
Clearly, an in situ study of an n—p MAPI interface during
growth via photoemission spectroscopy would be highly
desirable. However, this is extremely challenging as our growth
conditions for vacuum-deposited MAPI do not meet the
requirements for photoelectron spectroscopy.'’

Therefore, to gain more direct insight about these stoichio-
metrically tuned materials and their effect on the working
principles of optoelectronic devices, we performed SKPM
measurements on the cross sections of full diodes. In particular,
we compared diodes employing a reference MAPI film with
one including a p-MAPI/n-MAPI double layer. In these
devices, the perovskite films were sandwiched between organic
semiconductors used as charge transport materials. The
selective contacts consisted of double layers, formed by a
thick doped layer (40 nm) and a thinner intrinsic film in
contact with the perovskite (10 nm). The electron and hole
transport layers (ETL, HTL) consisted of fullerene (Cg) and
N4,N4,N4",N4"-tetra([1,1"-biphenyl]-4-yl)-[1,1":4',1"-terphen-
yl]-4,4"-diamine (TaTm), while the dopants employed were
N1,N4-bis(trip-tolylphosphoranylidene)benzene-1,4-diamine
(Phlm) and 2,2'-(perfluoronaphthalene-2,6-diylidene)-
dimalononitrile (F,-TCNNQ), respectively. Thicknesses and
doping concentrations were previously optimized."” The stacks
were fully vacuum-deposited on prepatterned ITO using Ag as
the reflective top contact. SKPM on solar cell cross sections has
been previously reported for organic and perovskite solar
cells.” "™ We used an integrated SEM—AEM system to first
expose the cross section via focused ion beam (FIB) milling
and then scanned the cross section in the SKPM mode of the
AFM, as detailed in the Supporting Information, The resulting
cross sections were very smooth, and we therefore avoided
crosstalk between the surface topology and the SKPM signal.
Figure 2a shows an SEM image of the AFM tip as it scanned
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over the exposed solar cell cross section. For comparison, we
first measured the CPD profile of a reference MAPI solar cell
(Figure 2b). For such a device, we found a relatively constant
drop of the potential from the electron- to the hole-selective
contact across the perovskite absorber layer, as would be
expected for a p—i—n type cell. In contrast, for the
homojunction type cell, we observed a clear step in the
potential at the interface between the p-MAPI and n-MAPI
within the devices (Figure 2c). This step, of approximately 250
mV, was stable over the several hours that the measurement
took (Figure 2d). We note that, due to the amplitude
modulated scanning mode u«ed here, the potential difference
is probably underestimated.”” We also performed measure-
ments of the stability of the homojunction toward light and an
applied bias (see Supporting Information Figure S2). The
applied bias increases the potential step at the p—n interface.
Interestingly, when the sample is brought back to 0 V, the
potential step is still present, indicating that the homojunction
is fairly stable under illumination and with an external bias. This
measurement is direct proof for the formation of a perovskite—
perovskite vertical homojunction. Even though the potential
differences, and hence the doping levels, are only moderate, our
results represent an important step toward full control of
electronic properties in thin-film perovskite devices.

The same devices (with reference intrinsic i-MAPI and
homojunction absorber layers), as well as diodes based on
either a single layer of p- or n-MAPI films, were characterized as
solar cells. Figure 3a depicts the device layout. Figure 3b shows
the external quantum efficiency (EQE) spectra for the series of
devices with stoichiometrically tuned doped perovskites. The
spectral response of the cells with p-MAPI closely resembles
that of the intrinsic perovskites, in accordance with its
absorption spectrum (Figure la). The absolute EQE values
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Figure 3. Optoelectronic characterization of solar cells with 600 nm thick MAPI absorbing layers. The MAPI films are cither p-type, n-type, or
intrinsic (i-MAPL). The perovskite homojunction was built by depositing a 300 nm thick n-MAPI onto a 300 nm p-MAPL (a) Scheme of the solar
cell layout. (b) EQE spectra. J=V curves () under illumination and (d) in the dark for a series of devices varying the MAPI absorber.

are only 5—10% lower, resulting in a lower short-circuit current

density of 18.3 mA cm™ (J,,, Figure 3c and Table 1).

Table 1. PV Parameters for Solar Cells with Different MAPI-
Based Absorbers

thickness v, it FE  PCE

absorber [nm] [mV] [mAcm™] [9%] [9]
i-MAPI 600 1059 0.1 711 15.1

p-MAPI G600 1027 183 720 1353
n-MAPI H00 1072 6.4 544 38
homojunction 300/300 1095 16.8 797 147

The current density vs voltage (J=V) characteristics under
illumination and in the dark (Figure 3c,d) for the intrinsic and
p-MAPI cells are also rather similar. A small reduction in the
open-circuit voltage (V,.) from 1059 to 1027 mV was also
observed, which might be due to the Fermi level difference
observed for the intrinsic and p-type MAPL Overall, at this
MAI concentration, the p-MAPI is still capable of efficiently
harvesting photons and collecting charge carriers (high EQE
and fill factor of 72%), leading to high-performing devices,

The situation is different when the n-MAPI perovskite is
used as the light absorber in a solar cell. Due to the strongly
reduced optical density, the EQE spectrum is very low,
resulting in a J,. of only 6.4 mA cm ™. The lower MAI content
results in an excess of Pbl, in the film, which hinders both the
photocarrier generation and separation/transport. The hin-
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dered charge injection and transport within the diode is evident
from the J—V characteristic measured in the dark (Figure 3d)
and under illumination (Figure 3c), where the FF is as low as
54.4%. On the other hand, the V. was observed to be rather
high (1072 mV), meaning that nonradiative charge recombi-
nation is not the main process limiting charge collection in
these devices. Unreacted Pbl, has a wider band gap compared
to the MAPIL, but it has been reported to efficiently passivate
the perovskite, justifying the concurrence of a low FF with high
photovoltages.” The diode containing the perovskite homo-
junction has remarkable performance, with good rectification
(Figure 3d). Especially the V. (1095 mV) and FF (~80%)
improve substantially compared to those of the other devices,
even if the resulting PCE is still inferior as compared to that of
reference cells with stoichiometric MAPL'” Considering the
difference in work function observed for the p- and n-MAPI
(—4.6 and —4.3 eV), one could expect a difference in the
majority carrier concentrations in the two materials, i.e., a larger
hole (electron) concentration in the p-MAPI (n-MAPI). If we
assume the intrinsic material to behave as ambipolar (as often
reported in the literature),'* then the separation and selective
transport of photogenerated electrons and holes in p- and n-
MAPI would be influenced by the respective carrier
conductivities in the two regions of the active layer.”” The
origin of the lower spectral response in the blue to green region
(Figure 3b) is not yet clearly understood. The front perovskite
film (p-MAPI) is strongly absorbing in this portion of the
spectrum; hence, red photons will be absorbed more

DOl 10,1021/a¢5 jpclot 800964
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homogeneously along the whole film thickness. As the EQE is
higher for low-energy photons, it implies that only electron—
hole pairs generated toward the homojunction can reach the
selective contacts, most likely due to the favorable gradient of
the quasi-Fermi energies,?'q One possible way to increase the
current density arising from such a device might be the
fabrication of MAPI homojunctions with asymmetric thick-
nesses of the p-MAPI and n-MAPI films. Motivated by the
good PV performance of the MAPI=-MAPI homojunctions, we
also prepared devices without any organic transport layers, i,
with the perovskite homojunction directly sandwiched in
between ITO and a gold electrode. Such devices were however
found to be systematically shorted, independently of the
thickness (up to 1 gm) of the perovskite absorber. This
phenomenon is most likely due to the penetration of the
evaporated metal deep into the "soft” perovskite film. While
hole-conductor-free perovskite solar cells have been demon-
strated, """ those devices still employed a thick TiO, layer in
between the transparent front contact and the perovskite film.
This additional layer would indeed protect the device from
direct contact between the two electrodes. Avenues to address
this issue in view of the development of pure metal—perovskite
devices are being explored.

In summary, we demonstrate the fabrication of a vertical
MAPI homojunction, obtained by vacuum co-deposition of
stoichiometrically tuned MAPI films. By means of Kelvin probe
measurements on the surface and through the cross section of
the junction, we showed a junction potential exceeding 250
mV. When incorporated into planar devices using organic
semiconductors as the charge transport materials, the MAPI
homojunction shows good charge extraction and limited
recombination, as testified by the high fill factor (80%) and
high photovoltage (1.1 V). This work represents a proof-of-
principle for the development of perovskite optoelectronic
devices, which could benefit from the use of homo- or
heterojunctions to further improve the charge separation or
recombination.
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5 Efficient photo- and electroluminescence by trap states passivation in

vacuum-deposited hybrid perovskite thin films

Hybrid halide perovskite LEDs have attracted much attention as they meet
the requirements of inexpensive and energy efficient light source.”®’8 The
low cost of the material and the possibility of simple and low temperature
processing makes them a potential competitor to LEDs prepared from
inorganic semiconductors which demand high temperature and complex
manufacturing methods. Hybrid halide perovskite LEDs show a narrow
emission line-width that is tunable over the visible spectrum, making them
interesting for applications in consumer electronics such as flat-panel
displays. The bandgap and thus the emission spectrum can be tuned
exchanging the halides so that MAPbXs with X=CI-, X=Br~, or X=I" shows
bandgaps of 3.1 eV, 2.3 eV and 1.6 eV, respectively.!” The bandgap can be
further fine-tuned mixing the halides in different rations.'®’® The Br- and CI
based perovskites emit in the visible spectrum and show an increased exciton
binding energy and are thus predominantly used for LEDs.' In contrast, the
MAPI perovskite shows excellent properties as a photovoltaic absorber, with
balanced hole and electron transport properties, high carrier mobility’s and
diffusion length and low exciton binding energies.3”°48-82 The |ow exciton
binding energy of 9-60 meV 832* which is beneficial for photovoltaics might
appear a drawback for applications in LEDs as high exciton binding energies
increase the radiative biomolecular recombination. Furthermore, most MAPI
perovskites show low photoluminescence quantum vyields (PLQY) as the
monomolecular trap-mediated recombination dominates under low
fluences.8+8> Hence, when MAPI is integrated into a diode device structure,
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the obtained electroluminescence under forward driving is typically low. This
is due to the rather low carrier density (in comparison to the trap density),
which is unable to fill all the traps and hence these LEDs exhibited a low
efficiency.8® For this reason, several studies are directed towards the
passivation of traps in perovskite devices. In perovskite solar cells,
passivation usually refers to a either a chemical passivation where the
amount of defect trap states is reduced or a physical passivation by isolating
certain functional layers from the environment.?” Physical passivation can be
applied at any interface in the devices stack and is complementary to
chemical passivation. Chemical passivation is specifically relevant for the
grain boundaries in perovskite active layers as they show an increased trap
density. It has been shown that grain boundaries can be passivated using
non-stoichiometric precursor ratios in MAPI perovskites. Supasai et al.
showed that the presence of excess of Pbl, leads to improved carrier lifetime
which is most likely due to reduced recombination at the grain boundaries.®
Interestingly, in perovskite materials traps can be passivated with either an
excess or a deficiency of Pbl, (excess MAI). Son et al showed a self-assembly
effect of MAI at perovskite grain boundaries.® The excess of MAI significantly
increased device efficiencies and additionally decreased the hysteresis of the
cells. It was postulated that the MAIl excess is retained at the grain boundaries
as it cannot be accommodate in the perovskite lattice. It was later found that
MAI vapor post treatment has similar effects.®>! The MAI vapor is able to

diffuse into the perovskite lattice and passivate the bulk defects in MAPI.8’

Here we present a non-stoichiometric, easy-to-process 3D MAPI perovskite
structure exhibiting an external quantum efficiency of electroluminescence

as high as 1.92 %. The near infrared emitting LED (EL peak maximum at 769

62



nm) shows a very low turn-on voltage of 1.65 V. These results were obtained
by modifying the MAI to Pbl, ratios in the structure by adjusting the

respective sublimation rates.

63



Experimental Section

Thin-film and device preparation: ITO-coated glass substrates were cleaned
using soap, water and isopropanol in an ultrasonic bath, followed by UV-
ozone treatment. The substrates were transferred into a vacuum chamber
integrated into a nitrogen-filled glovebox (H,O and O; < 0.1 ppm) and
evacuated to a pressure lower then 10 mbar. Two QCM sensors are used to
monitor the deposition rate of the individual sources and a third one close to
the substrate holder monitors the total deposition rate. For the TaTm HTL we
Fe-TCNNQ as the organic dopant whereas for the Cgo ETL Phim. For thickness
calibration, we individually sublimed charge transport materials and their
dopants. Comparing the thickness inferred from the QCM sensors and the
measured film thickness gives a calibration factor. The evaporation rates of
the co-sublimed materials were controlled by separate QCM sensors and
adjusted to desired doping concentration with temperatures ranging from
135-160 °C for the dopants and approximately 250 °C for the pure charge
transport molecules. In the co-deposition process the deposition rates for
TaTm and Cso were kept constant at 0.8 A/s while varying the deposition rates
of the dopants to 0.06 A/s for Fs-TCNNQ,and 0.2 A/s for Phim. Pure TaTm and
Ceo layers were deposited at a rates of 0.5 A/s. 40 nm thick n-doped electron-
transport layer (Cso:Phlm) was deposited and capped with a 10 nm thick pure
Ceo film. After completing this deposition, the chamber was vented with dry
N2 in order to replace the crucibles with the ones containing the perovskite
precursors, Pbl; and MAI. The vacuum chamber was evacuated again to a
pressure lower then 10® mbar before co-depositing the perovskite film. For
production of the different perovskite layers the MAI deposition rate was

kept constant at 0.8 A/s while varying the deposition rate of Pbl, between
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0.8 A/s(1:1),0.25 A/s (3:1) and 0.13 A/s (6:1). The source temperature of the
MAI was kept constant at 70 °C and that of the Pbl, varied between 250 °C
and 305 °C. The vacuum chamber was vented again after deposition of a 320
nm thick perovskite film and the crucibles were replaced with those
containing Fe-TCNNQ and TaTm, and evacuated again to a pressure of 10®
mbar. The devices were finished by deposition of 10 nm thick TaTm capped
with 40 nm thick doped HTL (TaTm:Fs-TCNNQ). Finally the substrates were
transferred to a second vacuum chamber where the gold top contact (100

nm thick) was deposited.

Thin-film characterization: X-ray diffraction was measured with a Panalytical
Empyrean diffractometer equipped with CuKa anode operated at 45 kV and
30 mA and a Pixcel 1D detector in scanning line mode. Single scans were
acquired in the 2 theta = 10° to 50° range in Bragg-Brentano geometry in air.
Anti-scatter slits of 1/16° and step-sizes of 0.025° were used for high-
resolution diffractograms. Data analysis was performed with HighScore Plus
software. Scanning Electron Microscopy (SEM) images were collected 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 Avaspec 2048 spectrometer. The JV- and
electroluminescence-voltage (LV) characteristics were collected using a
Keithley Model 2400 source measurement unit and a calibrated Si-
photodiode coupled to a Keithley Model 6485 pico-amperometer,
respectively. Electroluminescence spectra were recorded using an Avantis

fiber-optics spectrometer.

Time-resolved photoluminescence spectroscopy setup: For the time-resolved

PL measurements, the excitation pulses were generated by the fundamental
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near-UV pulses of a Q-switched Surelite Continuum Laser (3 ns, 355 nm, 10
Hz) and frequency converted in an Optical Parametrical Oscillator (GWU
Versa scan). The intensity of the excitation pulses was varied by using
different neutral optical density filters. An Andor i-Star camera, coupled to a
monochromator, was used for the detection of the PL signal. The decay of
the PL signal at different times after the excitation was recorded by varying
the time-delay between the Qswitching of the laser and the detection time

of the camera.
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Results and discussion

The light emitting layer consisted of a 320 nm thick MAPI perovskite obtained
by vapor phase co-deposition of Pbl, and MAI which was sandwiched
between a hole transporting (and electron blocking) and an electron
transporting (and hole blocking) layer. The MAPI LEDs were produced
optimizing the ratios of the precursors of MAIl and Pbl,. In the co-evaporation
process the ratios of these components were changed by changing the
evaporation speed of Pbl, while maintaining the speed of the MAI precursor
at a fixed rate. These ratios were determined from the calibrated quartz
crystal sensor reading during the evaporation process. Three different
perovskite emitting layers were deposited with the MAI/Pbl;, speed ratios of
1:1, 3:1 and 6:1. The perovskite films were then exposed to air before the

stack was finished.
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Figure 15. Absorption spectra of the perovskite films produced with different
(MAI/Pbi2) ratios recorded a) in inert atmosphere immediately after
deposition and b) after 30 minutes of exposure to air. c) Evolution of the
absorption spectrum for the MAPI films with low MAI excess during air
exposure.

Without exposure to air, only the stoichiometric perovskite shows clearly the
characteristic features of the MAPl absorption spectrum with an onset at 780
nm (Figure 15a). The absorption spectra of the perovskite films produced
with MAI excess only start to show the expected features after exposure to
ambient atmosphere. A clear absorption onset at around 780 nm gradually
forms and stable conditions are reached after approximately 30 minutes
(Figure 15c). The effect of atmosphere on perovskite growth and stability was

intensively studied in the last years. For instance, oxygen can intercalate into
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the lattice framework of MAPI forming Pb-O bonds®? but it is mainly the
moisture of the ambient atmosphere that has a strong impact on
methylammonium halide perovskite films. While a long exposure of
perovskite films to ambient conditions usually leads to degradation and thus
poorly performing devices, a controlled short exposure during different
processing steps of the perovskite formation can be beneficial.’® The
formation of the perovskite structure during the exposure to ambient
atmosphere can be understood looking at the chemistry of the perovskite
precursors. Methylammonium halides are hygroscopic, favoring the
penetration of water into the perovskite film. Water can partially dissolve the
MA but not the Pb,°*% |eading to a reorganization of the material and

promoting its recrystallization.®®
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Figure 16. PL spectra recorded under excitation with a 515 nm continuous
wave laser with an irradiance of 300 mW/cm?for a) as-deposited film in inert
atmosphere and b) after 30 minutes of exposure to air. Fitting of the PL
spectra with MAI:Pbl; ratios of a) 1:1, b) 3:1 and c) 6:1 using c) one or d-e)
two Gaussian functions. The raw data are represented as symbols and fittings

as lines.
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Figure 16a-b shows the PL spectra of the perovskite films produced with
different precursor ratios before and after exposure to ambient atmosphere.
The spectra of the unexposed films are unsymmetrical and can be fitted with
either one (Figure 16c) or two Gaussian functions (Figure 16d-e). The blue
shifted components of the non-stoichiometric films is likely associated with
an increased disorder in the material.®”°® This thesis is supported by the X-
ray diffraction (XRD) (Figure 18). The high energy component disappears after
exposure to air and a narrow PL-peak with a maximum intensity at 769 nm
appears as it is expected for the band gap energy of MAPI, approximately 1.6
eV. Most importantly, the absolute PL signal increases after air exposure for
the non-stoichiometric perovskite samples (Figure 17a). Figure 17b shows
the PL dynamics of the three different MAPI films after exposure to air,
monitored at the wavelength of their maximum intensity. The average

lifetime was estimated using the following expression

1,2
Zi a;T;

T =
1,2
Zi a;

where i =1 for the 1:1 compound and i = 2 for those with higher MAI content.
The perovskite with 1:1 MAI:Pbl; has a short PL lifetime of 11 = 5.7 ns, and the
average lifetime for the 6:1 perovskite films is slightly longer, t=13.5 ns (t1 =
3.3 ns, T2 = 26 ns). Interestingly, the average lifetime substantially increases
for the films that were produced with a MAI:Pbl; ratio of 3:1, to Tt = 34.4 ns

(t1 = 13.7 ns, T2 = 47 ns), suggesting an increased PLQY.
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Figure 17. (a) PL spectra for perovskite films with different stoichiometry’s
recorded under excitation of a 515 nm continuous wave laser with an
irradiance of 300 mW/cm?. (b) PL dynamics of the three different MAPI films
after exposure to air, monitored at the wavelength of their maximum
intensity, each normalized to its maximum PL intensity. The films were
excited at 520 nm with an excitation density of 5 x 1017 cm 3. Optoelectronic
characterization of MAPI LEDs with different MAI/Pbl, ratios: (c) current
density, (d) radiance, and (e) EQE vs applied voltage.
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Figure 18 show the XRD patterns for the perovskite film series that was
collected using Bragg-Brentano configuration in order to enhance the signal-
to-noise ratio. The films were exposed to ambient atmosphere for 30 minutes
as the layers that were used for photo- and electroluminescence studies. The
XRD patterns show the characteristic tetragonal perovskite peaks at 14.02°
and 28.25° corresponding to the (100) and (200) reflections, for all film

stoichiometries.
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Figure 18. (a) XRD patterns of the three different perovskite films with
increasing MAI content and for a pure vacuum-deposited MAI film. Reference
patterns for MAPI and Pbl; are also included (ICSD collection codes 250735
and 68819, respectively). (b) Zoom of the diffraction patterns in the 10° < 26
< 15° range, highlighting the presence of structured reflections for excess-
MAI perovskite films.

We noticed that when a large excess of MAI is used, the peak at 36.68°
(corresponding to a combination of the (012) and (021) reflections) is missing,
suggesting a different orientation of the material. Importantly, for excess
MAI films, we identified weak diffraction signals at a low angle (11-12°).
These structured reflections cannot directly be ascribed to MAI, as they are

not observed for the pure MAI films deposited in our setup. However, they

have been reported in the literature for MAPI films prepared from MAI-

73



excess precursors and were attributed to the formation of low-dimensional
perovskite species.? The structural changes observed by XRD are reflected in
the surface morphology of the films (Figure 19). In particular, only the
stoichiometric MAPI shows a typical polycrystalline morphology, whereas the
films with a MAI excess appear composed of large agglomerates without any

well-defined grain structure.

Figure 19. SEM images of perovskite films with different MAI/Pbl, precursor
ratios: a) stoichiometric, b) with low MAI excess and c) with high MAI excess.
The series of MAPI films was used as a 320 nm thick emissive layer and

sandwiched between hole and electron injection layers. The electron
injecting Ceo layer consists of 10 nm thick intrinsic layer which is in contact
with the perovskite and a 40 nm thick doped Ceo to enhance the conductivity.
TaTm was used as hole transport layer with a 10 nm thick intrinsic layer and
a 40 nm thick doped layer. The entire stack was evaporated in a n-i-p
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configuration with gold as a top reflective contact. The diodes were
characterized applying a forward bias and the current density, the radiance

and the EQEg. were measured as a function of voltage (Figure 17c-e).

The current density starts rising at around 0.5V for all three devices and a
significant radiance is detected at around 1.1 V for the 1:1 and 3:1 perovskites
and at 1.2 V for the 6:1 perovskite. The LED employing the 3:1 perovskite
shows the highest radiance of 4.1 W-sr "*:m™2, which is more than two orders
of magnitude higher compared to the reference (1:1) device (2.3 - 10 2 W-sr
L.m™2). The brightest LED is also the most efficient, with an EQE of 1.92%
which is higher compared to the reference (0.05%) based on the 1:1 material.
Also, the LED with the largest MAI excess (6:1) showed an enhanced radiance
(maximum at 1.2 W-sr:m™2) and EQE (0.67%) despite the lower current
density flowing through the device. Most importantly, the EQE of the devices

follow the trend of the PL-decay dynamics.
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Figure 20. PL dynamics at (a) low and (b) high excitation densities for the
MAPI film deposited with a MAI/Pbl; ratio of 1:1. Symbols are experimental
data and lines are fits using a biexponential function. (c) Trend of the average
lifetime as a function of the excitation densities for materials with increasing
MAI content. The samples were excited with 3 ns duration pulses at 520 nm,
and the dynamics were recorded at the wavelength of the maximum
intensity of each sample.

To get further insides into the optoelectronics of the samples, we studied
their PL-dynamics as a function of excitation density (Figure 20). For the
stoichiometric perovskite layer the PL-dynamics become slower up to a
certain value. This behavior was reported before and attributed to trap
filling.19%-102 \When the carrier density is further increased, the dynamics
become faster again due to higher order recombination processes.'®® The

perovskite films with the MAI:Pbl; precursor ratios of 3:1 and 6:1 behave

somewhat different. The dynamics become faster with increasing carrier
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density without any changes in the trend as it was observed for the
stoichiometric perovskite film. This shows that traps are already filled at low
carrier densities. To give a better overview of the dynamics, the average PL-
lifetime was plotted as a function of carrier density (Figure 20c). The inversion
point gives rise to the trap density in the stoichiometric film which is
approximately 2 x 10'® cm™3. The trap densities that were estimated here are
large than the ones reported in the literature (10 - 107¢cm3).27,53,83,104,105
These results are puzzling as the same perovskite shows outstanding
performance when incorporated in a solar cell, with open circuit voltages
exceeding 1.1 V.>>1% Traps may be shallow so that under continuous

illumination charge detrapping is an efficient process.
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Figure 21. PL dynamics at increasing excitation densities for MAPI films with
a) 3:1 and b) 6:1 MAI:Pbl; ratios. Symbols are experimental data and lines the
fitting using equation 1 in the main text. The samples were excited with 3 ns
duration pulses at 520 nm, and the dynamics were recorded at the
wavelength of the maximum intensity of each sample.
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Nevertheless, the physical nature of trap states in perovskites remain
unclear. It was proposed that they originate from halide vacancies on the
surface or at grain boundaries.1”1% Recently it was shown how light and
atmospheric treatment increased the internal luminescence quantum

efficiencies to 90%,%°

an analogous phenomenon to what was observed in
our vacuum-deposited MAPI films. The authors proposed that as a result of
0, reduction to O;™ at surface vacancies occupied by trapped electrons, the
sub-gap (trap) states shift down into the valence band, effectively removing
the trap states. The same effect might be occurring here upon air exposure

of the nonstoichiometric MAPI samples.

In summary the effect of excess MAI concentration in MAPI perovskites was
studied. The precursor ratios were adapted during the co-evaporation
process to control the stoichiometry. The PL-decay dynamics slowed down
using excess of MAI in the film preparation suggesting that excess of MAl is
able to passivate traps in the perovskites. Most importantly, these results
agreed with the device performance where the most efficient device reached
an EQE approaching 2%. The data presented here give further inside into the
passivation of traps which is an important step towards the production of

high efficient perovskite LEDs.
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ABSTRACT: Methylammonium lead iodide (MAPI) has excellent
properties for photovoltaic applications, although it typically shows
low photoluminescence quantum yield. Here, we report on
vacuum-deposited MAPI perovskites obtained by medifying the
methylammonium iodide (MAI) to PbI, ratio during vacuum
deposition. By studying the excitation density dependence of the
photoluminescence lifetime, a large concentration of trap states was
deduced for the stoichiometric MAPI films. The use of excess MAI ol @
during vacuum processing is capable of passivating these traps,
resulting in luminescent films which can be nsed to fabricate planar
light-emitting diodes with quantum efficiency approaching 2%.
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B INTRODUCTION

Hybrid lead halide perovskites are very interesting semi-
conductors for light-emitting diodes (LEDs), as they could
meet the requirements to develop inexpensive and energy-
efficient light sources.' ™ The low cost of the precursors and
the possibility of easy and low temperature processing make
them potential competitors with LEDs prepared from
inorganic crystalline semiconductors, as these require high
temperature and complex manufacturing methods. Hybrid lead
halide perovskite LEDs exhibit a narrow emission bandwidth
easily tunable over the visible spectrum, leading to a high color
purity. The type of halide employed in the perovskite has the
strongest effect on the band gap, that is, methylammonium
lead halide perovskites, MAPLX;, with X = CI7, X = Br, or X
=T~ have band gaps of approximately 3.1, 2.3, and 1.6 ¢V,
respectively.” The band gap can be further tuned by mixing the
three halides in different ratios.”® As the wide band gap
perovskites containing CI™ and Br™ emit in the visible range of
the spectrum and show larger exciton binding energies, they
have been predominantly investigated for LEDs.” On the other
hand, MAPDI; has excellent properties for photovoltaic (PV)
applications, such as the long carrier diffusion length, balanced
hole and electron mobility, low trap density, and free carrier
generation at room temperature.s“u The latter derives from a
low exciton binding energy, reported to be within the 2—60
meV range,'j"" which is beneficial for PVs, Furthermore,
most MAPbI; perovskites show low photoluminescence
quantum yield (PLQY) as the monomolecular trap-mediated
recombination dominates at low excitation fluence. ™" This
means that at a low corent density, perovskite LEDs based on

< ACS Publications % xxxx American Chemical Society

pure polycrystalline methylammonium lead iodide (MAPI) are
rather inefficient. Strategjes to overcome this limitation involve
the use of quasi-2D perovskite structures to efficiently harvest
charge carriers to the lowest-band gap emitting material, the
use of nanostructured perovskite thin films or through
passivating ;1gen.ts.m7:0 An alternative way to enhance the
photoluminescence of perovskites is the use of an excess of
methylammonium iodide, which has been shown to improve
the photo- and electroluminescence as it leads to smoother,
trap-free films when processed from solutions.” ™ In
solution-processed MAPbBr;, a MABr/PbBr, molar ratio > 3
can lead to the formation of nanocrystals embedded in a
MABr-rich matrix, which enhances the PLQY."' In MAPI
films, an excess of methylammonium iodide (MAT) was found
to cause brighter PL intensities and longer PL lifetimes both
within the grains and at the grain boundaries, attributed te the
passivation of the halide vacancies.” The initial reports on
vacuum-deposited MAPI thin films also used an excess of MAT;
however, an annealing step was used to promote the perovskite
formation and the elimination of excess cation.”® Hence, the
effect of resilient MAI content in vacuum-deposited perovskite
films, and its effect on the luminescent properties of the
materials is unknown. Here, we report on vacuum-deposited
MAPI perovskites obtained by modifying the MAI to Pbl, ratio
during vacuum deposition by adjusting the respective
deposition rates without a post-deposition annealing step.
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Figure 1. {a) Absorption spectra of the perovskite film series after exposure to air. (b) PL spectra for the same compounds recorded under

excitation with a 515 nm continuous wave laser with an irradiance of 300

mW/cm? (c) PL dynamics with exponential fit of the three different

MAPI films after exposure to air, monitored at the wavelength of their maximum intensity, each normalized to its maximum PL intensity. 'I'he films

were excited at 520 nm with an excitation density of 5 X 10" em™.
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Figure 2, (a) XRD patterns of the three different perovskite films with increasing MAI content and for a pure vacuum-deposited MAI film.
Reference patterns for MAPI and Pbl, are also included (ICSD collection codes 250735 and 68819, respectively). (b) Zoom of the diffraction
patterns in the 10% € 20 < 157 range, highlighting the presence of structured reflections for excess-MAI perovskite films.

These materials exhibit enhanced photoluminescent properties
and, when incorporated intoe planar LEDs, lead to external
quantum efficiency (EQE) approaching 2%.

The MAPI films were prepared by adjusting the ratio of the
MAI and Pbl, precursors. The ratios of these components
were varied by modifying the deposition rate of Pbl,, while
maintaining the MAI deposition rate fixed during the dual-
source deposition process. These ratios were determined from
the calibrated quartz crystal microbalance sensor readings
during the deposition process. Three different perovskite
emitting layers were deposited with the MAIL/Pbl, deposition
rate ratios of 1:1, 3:1, and 6:1.

The as-deposited 1:1 MAPI films showed the characteristic
optical absorption for this particular perovskite compound,
with an onset at 780 nm and intense absorbance throughout
the visible range (Figure 1a). On the other hand, the optical
absorption spectra of the perovskite films produced with MAIL
excess show a much lower absorbance, with the band-to-band
absorption essentially vanishing in the case of the 6:1
compound (Figun: $2). Interestingly, upon exposure to air,
the absorption spectrum of the 3:1 perovskite progressively
evolves showing the clear band-to-band transition at about 780
nm and reaching stable optical characteristics after approx-
imately 20 min (see Figures 1b and $2¢). The effect of
atmosphere on the perovskite growth and stability has been
previously investigated. While a long exposure of perovskite
films to ambient conditions usually leads to degradation and
hence poorly performing devices, a controlled exposure during
different processing steps can be beneficial””** Methylammo-
nium halides are very hygroscopic, favoring the penetration of

water into the perovskite film. Water preferentially hydrates/
partially redissolves the organic cations, allowing a reorganiza-
tion of the material and promoting its recrystallization.” ™"
This is most likely the mechanism responsible for the evolution
of the absorption spectrum observed here, in view of the very
high MAI content used in our films. Figure S3 shows the
normalized photoluminescence spectrum of the perovskite film
produced with 3:1 MAI/Pbl, before and after exposure to air
for 30 min. The spectrum of the unexposed film is
unsymmetrical and can be deconvoluted using two Gaussian
functions (Figure $4), one centered at 747 nm and the second,
lower intensity component, at 712 nm. This blue-shifted
component is likely associated with an increased disorder in
the material’*" as also observed by X-ray diffraction (XRD)
and scanning electron microscope {SEM) for perovskites with
excess MAL The high energy component eventually disappears
after exposure to air, when a narrow PL signal with full width at
half maximum of 40 nm and maximum intensity at 769 nm is
observed. The latter corresponds to the expected band gap
energy for MAPT thin films (about 1.6 eV). A similar evolution
of the PL spectra was observed for the perovskite films with the
6:1 ratio. Importantly, the absolute PL intensity increases after
air exposure for the sample with 3:1 MAL/Pbl, ratio. The
photoluminescence decay dynamics were recorded (Figure Ic)
and analyzed either with a single exponential function for the
case of the 1:1 perovskite or by a double exponential for the
case of the samples with excess MAIL The average lifetime was
estimated using the following expression
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Figure 3. Optoclectronic characterization of MAPI LEDs with different MAI/PbI, ratios: (a) current density, (b) radiance, and (¢) EQE vs applied

voltage.
. Z:l“ira
T3 )
where i = 1 for the 1:1 compound and i = 2 for those with

higher MAT content. The perovskite with 3:1 MAIL:PbI, has a
short PL lifetime of 7/ = 5.7 ns, and the average lifetime for the
6:1 perovskite films is slightly longer, 7 = 13.5 ns (1, = 3.3 ns,
7, = 26 ns). Interestingly, the average lifetime substantially
increases for the films that were produced with a MAI:PbI,
ratio of 3:1, to 7 = 344 ns (z; = 13.7 ns, 7, = 47 ns), thus
contributing to their increased PLQY. The XRD (Figure 2} for
the film series was collected using Bragg—Brentano config-
uration to enhance the signal-to-noise ratio. The perovskite
films were exposed 30 min to ambient atmosphere before the
measurements and hence are treated the same way as the layers
used for photo- and electroluminescence studies.

The XRD patterns show the characteristic tetragonal
perovskite peaks at 14.02° and 28.25°, corresponding to the
(100} and (200) reflections, for all film stoichiometries. We
noticed that when a large excess of MAI is used, the peak at
36.68° (corresponding to a combination of the (012) and
{021) reflections) is missing, suggesting a different orientation
of the material. Importantly, for excess MAI films, we identified
weak diffraction signals at a low angle (11-12°). These
structured reflections cannot directly be ascribed to MAI, as
they are not observed for the pure MAI films deposited in our
setup (Figure 1a,b). However, they have been reported in the
literature for MAPI films prepared from MAI-excess precursors
and were attributed to the formation of low-dimensional
perovskite species.”* The structural changes abserved by XRD
are reflected in the surface morphology of the films (Figure
S1). In particular, only the stoichiometric MAPT shows a
typical polycrystalline morphology, whereas the films with a
MALI excess appear composed of large agglomerates without
any well-defined grain structure.

The MAPI film series was used as the emissive layer in
planar diodes with organic semiconductors as the charge
transport materials. The emissive layer consisted of a 320 nm
thick MAPL film exposed to air for 30 min, which was
sandwiched in between a 10 nm thick hole transport (electron
blocking) and electron transport (hole blocking) layers,
referred to as HTL and ETL, respectively. The HTL consisted
of a derivative of arylamine, N4,N4,N4" N4"-tetra([1,1'-
biphenyl]-4-y1)-[1,1:4',1"-terphenyl]-4,4"-diamine (TaTm),
whereas the fullerene Cg; was used as the ETL. In between
the electrodes and the intrinsic HTL and ETL, we deposited
40 nm thick films with the same materials but doped to

enhance the conductivity and hence the carrer injection. For
the TaTm, we used 2,20-(perflucronaphthalene-2,6-diylidenc)-
dimalononitrile (Fg-TCNNQ) as the organic dopant, whereas
for the Cg ETL, N',N-bis(tri-p-tolylphosphoranylidene)-
benzene-1,4-diamine (PhIm) was used. The stack was fully
evaporated in an n—i—p configuration on prepatterned indium
tin oxide with gold as the reflective top contact. Detailed
experimental conditions can be found in the Supporting
Information. The diodes were characterized in forward bias,
and the current density and radiance were measured as a
fanction of the driving voltage (Figure 3ab). The current
density starts to rise above 0.5 V, and the current injection
above 1 V is inversely proportional to the amount of MAI
incorporated into the active layer. This might be expected
considering the larger amount of excess material and reduced
crystallinity in films with MAT excess, as also observed by XRD
and SEM. The electroluminescence is detected at voltages as
low as 1.1 V for the devices containing 1:1 and 3:1 perovskites,
and at a slightly higher voltage (>1.3 V) for the 6:1 compound.
Interestingly, the highest power output was recorded for the
LEDs based on nonstoichiometric compounds, with the device
employing the perovskite with a MAI/PbI, ratio of 3:1
reaching a maximum radiance of 4.1 W-sr~m ™2, more than
two orders of magnitude higher compared to the reference 1:1
device (2.3 x 107> Wesr™'m ™). The associated EQE is 1.92%
for the 3:1 MAI/PbI, compound as opposed to a maximum
value of 0.05% for the LEDs based on 1:1 materials (Figure
3c). Also, the LED with the largest MAT excess (6:1) showed
an enhanced radiance (maximum at 1.2 W-sr -m™?) and EQE
(0.67%) despite the lower current density flowing through the
device (Figure 3a). The EQE values recorded for the LED
series follow the trend of the decay dynamics and PL
intensities of the emissive layers, as described above.
Interestingly, the electroluminescence spectra of the LEDs
series (Figure S6) show a single emission peak analogous to
the PL spectra recorded for the series of compound after
exposure to air (Figure §3b). We found the stability of the
perovskite LEDs to be rather poor, several minutes in the best
working devices, as observed in several reports on these
devices. The typical low lifetime of perovskite LEDs can be
ascribed to the limited stability of perovskites, and to the
instability induced by the particular device operation. Under
the relatively high applied bias, several effects such as ionic
1’nig1'egticynfS diffusion of metallic species from electro-
des,***and phetoluminescence quenching® can take place.
While perovskite solar cells are becoming more stable, thanks
also to material and encapsulation development, their stability
is expected to be higher as the current density in typical
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wavelength of the maximum intensity of each sample.

perovskite solar cells is lower than that in perovskite LEDs, In
the latter, thermal stress because of Joule heating can accelerate
the emitting layer degradation, especially for methylammo-
nium-based perovskites.” These limitations are, however, not
fully understood and still under investigation.

To shed light on the improved optical and optoelectronic
properties of the samples with excess MAI, we studied their PL
dynamics as a function of the excitation density (Figure 4). For
the 1:1 perovskite, as clearly observed in Figure 4a, the PL
dynamics become slower as the excitation density increases up
to a certain value. This behavior has been observed in previous
studies and it has been attributed to trap filling.""~" By further
increasing the excitation density, the PL dynamics become
faster (Hi§_ure 4b) because of higher order recombination
processes.”” On the other hand, as shown in Figure S5, the PL
dynamics of the MAPI films with MAI/PbI, ratio of 3:1 and
6:1 exhibit a different trend compared to the stoichiometric
perovskite, Their PL dynamics become faster when increasing
the excitation density, without any change in the trend as
observed for the stoichiometric material. To better visualize
the PL dynamics, the average PL lifetime is plotted as a
function of the excitation density (Figure 4¢) for the series of
materials studied here. Por the reference 1:1 MAPI the
excitation density at which the inversion in the behavior of the
dynamics occurs (maximum of the graph in Figure 4c)
provides an estimation of the trap density of the material. This
value is approximately 2 % 10'® em™ and is substantially larger
compared to previous literature reports, where trap density in
between 10" and 10" cm™ were observed.">**™*° The large
trap density hence explains the low PLQY and, in particular,
the poor EQE of the corresponding LEDs. The effect of these
trap states remains puzzling as the same 1:1 MAPI films do
lead to very efficient solar cells (power conversion efficiency
above 18%), with photovoltage exceeding 1.1 V7" Hence,
traps may in fact be shallow such that under continued

illumination, carrier detrapping is an efficient process.”” The
physical nature of trap states in perovskite materials remains
unclear, but they likely originate from halide vacancies on the
perovskite surface/grain boundaries***! Recently, it was
shown that by combining light and atmospheric treatments,
it is possible to increase the internal luminescence quantum
efficiencies of perovskite films from 1 to 90%, a phenomenon
analogous to what was observed in our vacuum-deposited
MAPI films. The authors proposed that as a result of O,
reduction to O, at surface vacancies occupied by trapped
electrons, the sub-gap (trap) states shift down into the valence
band, effectively removing the trap states. The same effect
might be occurring here upon air exposure of the non-
stoichiometric MAPI samples.

Other processes might contribute to alter the perovskite
(surface) chemistry during MAPI deposition at high MAI rate.
Recent studies have highlighted the possibility of decom-
position of MAI into compounds other than its precursors,
methylamine and hydroiodic acid.”*** The molecular salt MAI
might decompose into energetically favored thermal degrada-
tion products, such as iodomethane and ammonia. Interest-
ingly, iodomethane had been shown to passivate the perovskite
surface, increasing the grain size, whereas reducing the trap
density.s’-‘ However, further insight on the exact structural and
chemical effects are necessary to rationalize these findings.”
On the other hand, both the films with MAI excess show a
continuous decrease of the PL lifetime, indicating that traps are
already filled in this excitation regime. Hence, the excess MAI
efﬁcienﬂy passivates traps, reduci.ng their concentration in
comparison with the 1:1 MAPIL Importantly, the longest PL
lifetime and reduced trap concentration agree with the trend
observed in the EQE of the devices.

DOI: 10.1021 /acsami 8b13100
ACS Appl. Mater. Interfaces XXX, XXX, XXX-XXX



ACS Applied Materials & Interfaces

Research Article

B CONCLUSION

In summary, the effect of excess MAI in the preparation of
vacuum-deposited MAPI thin films was studied. The
stoichiometry was controlled by the relative deposition rates
of Pbl, and MAI during the vacuum deposition process. We
observed substantial differences in the perovskite films, with
the PL intensity proportional to the MAT content. By studying
the excitation density dependence of the photoluminescence
lifetime, a large concentration of trap states was deduced for
the stoichiometric MAPI films, which appears to be
responsible for their low luminescence. The use of excess
MAT in evaporated films is capable of efficiently passivating
these traps, in analogy to what was observed for solution-
processed MAPI films. Importantly, we were able to prepare
planar light-emitting diodes (LEDs) with EQE approaching 2%
by using MAPI films with intentionally altered stoichiometry.
This value is almost two orders of magnitude higher compared
to the reference LEDs employing the stoichiometric MAPI.
The data presented here are promising for the development of
efficient, vacuum-deposited perovskite LEDs, where trap
management is essential to guarantee an efficient electro-
luminescence.
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6 Influence of hole transport material ionization energy on the performance of

perovskite solar cells

Hybrid organic-inorganic metal perovskites are promising candidates for the
next generation of thin film photovoltaics due to excellent photophysical
properties such as weak exciton binding energies, sharp absorption onset,
long carrier diffusion length and low trap densities.8%8384110-113 \Whjle these
properties are fairly well rationalized, some of the basic working mechanisms
of the solar cells are still under debate. A lot of effort was spent developing
different hole-transport materials with different ionization potentials (IP) and
energy level alignments with the perovskite, as a high Voc was attributed to a
high potential difference between the IP of the HTM and the electron affinity
of the electron transporting material. One way of systematically investigating
the link between the energy alignment and ionization potential/electron
affinity with the Voc is to make use of the diversity of HTMs available. It was
previously reported that the use of HTMs with increasing IP systematically
increases the Voc!'4116, Nevertheless this trend seems not to be reflected
looking at record performing perovskite solar cells where high Voc's have
been reported for HTMs with both high IP with aligned energy levels and low
IP with non-aligned energy levels'®®17 A minimal effect of the HTM IP on the
Voc Was also reported by Belisle et al.!*8. Nevertheless, this work suffers from
the fundamental limitation of solution processed solar cells. When the
perovskite is spin-coated in a p-i-n architecture on different HTMs, the
resulting morphology is heavily affected by the surface of the HTM, most
likely leading to different grain sizes and trap densities. When the perovskite
is deposited on the electron transport material (ETM) and later capped with
the HTMs, the morphology and thus trap density is not dependent on the

latter. Nevertheless, in such a device layout the great majority of the carries
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is generated at the ETM/perovskite interface thus reducing the effect of the
HTM and possibly underestimating its impact on the Voc. A possible solution
to this problem is to fully evaporate the solar cells structure in a p-i-n layout.
The morphology of evaporated perovskite active layers is insensitive to the
underlying layer which most likely leads to comparable trap densities at the

perovskite/HTM interface.
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Figure 22. Ideality factor for different recombination mechanisms and
corresponding trends in Voc with illumination intensity (gradient). The shaded
areas show possible combinations of nip and Vo, where Vo is not to scale.
The ideality factor can change with illumination intensity and increase for
lower Vo (tilted areas), in particular if radiative or surface recombination
appear paired with SRH recombination, with the latter dominating at lower
light intensities. However, high Vo is possible for high nip and nip is not a
simple quality factor correlated with Voc. SRH recombination can lead to
ideality factors between 1 and 2. The left diagram shows three examples,
how a measurement of Vo vs. illumination intensity would look like in cases
A—C. Adapted from reference. '*°

The trap density is a crucial parameter as recombination losses reduce the
Voc in a solar cell. However, it is not trivial to identify possible recombination
losses and disentangle bulk from surfaces processes. The type of

recombination can be identified by means of ultrafast spectroscopy. The
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absorber is excited with a defined laser pulse and the relaxation of the
excited carrier is observed. Depending on the relaxation dynamics one is able
to distinguish between trap mediated, direct, or Auger-recombination
(details can be found in the introduction, “Basic processes of operating
perovskite solar cells and light emitting devices”). Nevertheless, ultrafast
spectroscopy is a complex technique and cannot distinguish between bulk
and surface recombination. One way to shed light on both location and type
of recombination is to measure of ideality factors. Ideality factors (nip) can be
either extracted measuring the Voc as a function of light intensity or from dark
JV-curves. Measuring the current as a function of voltage we find'*°:

Jaark(V) = Jo (exp LA 1)

nIDkBT

With kg being the Boltzmann constant and T being the Temperature. Here njp
can be extracted from the slope of the exponential region of the JV curve.
Nevertheless, the diode equation does not take parasitic resistance into
account and was thus not applied in this work. From semiconductor theory
using the Boltzmann statistics and Born-Oppenheimer approximation the V.

can be also expressed as: 120121

NcNy

eVoc = Eg — kgT In

With Egbeing the bandgap and n and p concentration of electrons and holes
occupying the effective density of states in the conducting and valence band
(Nc,Ny). n and p are determined by the equilibrium between the carrier
generation and their recombination. For the recombination we take into

account band to band electron-hole recombination and Shockley-Read-Hall
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(SRH) recombination. The Vo depends logarithmically on the light intensity /

and introducing the ideality factor nip as a pre-factor we find*!°:

Iy
- TlIDkBT lTl—

eI/OC:E I

g

lois a constant with the same unit as I. In a pn-junction n;p= 1 for band to
band recombination in the quasi-neutral region whereas np = 2 for SRH
recombination in the depletion region (Figure 22). In the following we will
explain how to transfer this concept to perovskite solar cells, where electron
and hole carrier densities are balanced and quasi-neutral regions and

depletion regions are not present.
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Experimental Section
Perovskite films deposition and diodes fabrication.

ITO-coated glass substrates were subsequently cleaned with soap, water and
isopropanol in an ultrasonic bath, followed by UV-ozone treatment.
Substrate were transferred to a vacuum chamber integrated into a nitrogen-
filled glovebox (H20 and O, < 0.1 ppm) and evacuated to a pressure of 10°®
mbar. The vacuum chamber is equipped with six temperature controlled
evaporation sources (Creaphys) fitted with ceramic crucibles. 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 the HTMs we used 4,4',4"-Tris[(3-
methylphenyl)phenylamino]triphenylamine (m-MTDATA), tris(4-carbazoyl-
9-ylphenyl)amine (TcTa), TaTm whereas the fullerene (Cs0) and BCP where
used as ETM. For thickness calibration we individually sublimed the materials
and a calibration factor was obtained by comparing the thickness inferred
from the QCM sensors with that measured with a mechanical profilometer
(Ambios XP1). After HTL deposition, the chamber was vented with dry N to
replace the crucibles with those containing the starting materials for the
perovskite deposition, Pbl, and CHsNHszl. 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. MAI was evaporated
with a temperature of approximately 70 °C and Pbl; with a temperature
between 255 °C and 300 °C to obtain a final perovskite thickness of around
600 nm. After deposition of the perovskite films, the chamber was vented
and the crucibles replaced with those containing Ceo and BCP, and evacuated

again to a pressure of 10°® mbar. Finally the substrates were transferred to a
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second vacuum chamber where the silver top contact (100 nm thick) was

deposited.
Device and film characterization.

The 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 (JV) characteristics were obtained using a Keithley
2612A source measure under white light illumination using a solar simulator
by Abet Technologies (model 10500 with an AM1.5G xenon lamp as the light
source). Optical filters were used to reduce the light intensity when needed.
The scan rate was 0.1 V/s. 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). Photoelectron spectroscopy in air

measurements was carried out using a APS02 system (KP Technology)
Femtosecond Transient Absorption Spectroscopy:

TA measurements were performed with 600 nm pulsed excitation, generated
in an optical parametric amplifier (OPerA, Coherent) from the fundamental
pulses of an amplified Ti:sapphire laser system (35 fs, 800 nm, 1 kHz, 6 mJ,
Astrella, Coherent). The broadband white light probe pulses were generated
by focusing the fundamental beam on a sapphire plate, then split into a
reference and a signal component. The pump pulses were chopped at half
the laser frequency to allow shot-to-shot detection. The pump and probe
beam diameters were measured with a beam profilometer (1 mm and 260

um, respectively), ensuring a uniform distribution of detected photo-excited
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species. The probe pulses were temporally delayed relative to the excitation
pulses via a micrometer translation stage, and pump-probe delays up to 2 ns
were measured. The probe pulses transmitted through the sample and the
reference probe pulses were spectrally dispersed in a home-build prism
spectrograph, assembled by Entwicklungsbiiro Stresing (Berlin) and detected
shot-to-shot by a pair of back-thinned silicon CCDs (Hamamatsu SO07030-
0906).
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Results and discussion

Here we present a series of fully evaporated perovskites solar cells with
different HTMs, namely m-MTDATA, TaTm and TcTa (Figure 23Error!
Reference source not found.). Their ionization potential of 5.02 eV, 5.38 eV,
5.68 eV was measured using photoelectron spectroscopy in air (see Figure
24). The devices were fabricated in a p-i-n architecture with
glass/ITO/HTM/MAPI/Ceo/BCP/Silver. Using a p-i-n structure ensures that the
majority of the carriers are generated at the HTM/perovskite interface.
Devices produced with m-MTDATA and TcTa showed almost no difference in
Voc (1008 mV and 1000 mV, respectively) despite the IP difference of 0.66 eV.
The highest Voc obtained for TaTm (1060 mV) could be ascribed to a different
dominating recombination process compared to devices base on m-MTDATA

and TcTa.
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Figure 23. Organic hole-transport materials investigated in this study. a) m-
MTDATA, b) TcTa, c) TaTm.
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Figure 24. Photo-electron spectroscopy in air for m-MTDATA (green), TaTm
(red) and TcTa (blue). Solid lines show fitted base and trend lines. The

extrapolated ionization energies are 5.02 eV, 5.38 eV, 5.68 eV for m-
MTDATA, TaTm and TcTa respectively.
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The dominant type of recombination was investigated by measuring the Voc
as a function of light intensity.’'® Figure 25 shows the light intensity
dependent Vo.'s and ideality factors for devices with different HTMs. As
described in the introduction, the ideality factors were extracted using
Boltzmann statistics and Born-Oppenheimer approximation measuring the
Voc's as a function of light intensity. We found ideality factors of ~1.7 for
TaTm and ~1.2 for TcTa and m-MTDATA. In perovskite solar cells, ideality
factors close to two are usually interpreted as non-radiative SRH
recombination and ideality factors close to one are attributed to direct
recombination which is usually interpreted as non-radiative surface
recombination (if the associated Vo is low compared to the absorber’s band
gap) or to radiative bulk recombination (in case of high Vo('s). 1*° Therefore,
against common believe, low ideality factors are not necessarily beneficial.
In fact several perovskite solar cells with low ideality factors and low Voc have
been reported. 1227124 The higher ideality factor of TaTm compared to TcTa
and m-MTDATA point towards an enhanced surface recombination which
limits the Voc in case of TcTa and m-MTDATA, while the Voc of TaTm is mainly
limited by SRH-recombination. The origin of the larger surface recombination
at the MAPI/TcTa or MAPI/m-MTDATA interface is not clear yet.
Nevertheless, the IP of the HTM itself is unlikely to influence the splitting of
the quasi-Fermi levels, in particular the position of the quasi-Fermi level for
holes (En), which is determined by the absorber. This is justified by the low
exciton binding energy?® and small dark charge carrier density!?> of MAPI,
and it is in line with previous observations where modifications of the HTM
and ETM energetics did not affect the photovoltage '8'2, However, our

results also suggest that it is possible to use HTMs with a HOMO lower than
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the absorber’s valence band without a significant voltage penalty associated

to the energetics. It is thus important to analyze the other photovoltaic

parameters.
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Figure 25. Light intensity dependent Voc and extracted ideality factors for

perovskite solar cells with different HTMs.

Table 1. IPs of different HTMs and representative photovoltaic parameters

obtained when implemented in solar cells

HTM IP (eV) PCE (%) Voc (MV) Jsc (MA/cm?) FF (%)

m-MTDATA 5.0 144+120 10084 18.9+0.52 75+3.0
TaTm 4.4 16.3+0.76 10606 20.1+0.84 76£1.2
TcTa 5.7 12.2+1.60 10008 189+1.13 64 £9.0
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Representative current-voltage characteristics measured under 100 mW cm-
2 jllumination in forward and reverse bias are displayed in Figure 26a,
whereas the respective photovoltaic parameters can be found in Table 1.
Slight current-voltage hysteresis is only visible in the TcTa based device, and
itis negligible in all the other cases. Devices based on TaTm show the highest
current, 20.12 mA cm, in contrast to the ones based on TcTa and m-
MTDATA, which are 1.22 mA/cm? lower. The three solar cells mainly differ in
FF, with TaTm and m-MTDATA having high values of around 75 % and TcTa
having a lower FF of 64 %. This can be attributed to a higher series resistance

of the devices using TcTa as HTM, which is also reflected in the dark IV-curve

above around 1V (Figure 26d).
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Figure 26. (a) JV curves of perovskite solar cells produced with different 5 nm
thick HTMs under 100 mW cm2illumination in forward and reverse bias, (b)
EQE spectra, (c) absorption of HTMs and (d) JV curves in the dark.
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Figure 27. Time-resolved transient absorption dynamics for neat MAPI and
the perovskite/HTM double layers, excited at 600 nm (at constant excitation
density of 1.4-10%” cm3) and probed at the perovskite maximum ground state
bleaching band.

The EQE curves shown in Figure 26b are very similar which due to the very
low absorption of the HTMs and their good extraction properties despite the
HOMO level mismatch with the perovskite valence band in case of TcTa and
m-MTDATA. To confirm this point, the charge injection from MAPI to the
HTMs was studied using femtosecond transient absorption spectroscopy
(TA). Figure 27 shows the time-resolved transient absorption dynamics for
perovskite/HTM double layers. Samples were excited with laser pulses at 600
nm with a constant excitation density of 1.4-10%” cm3, and probed at the
maximum of the perovskite ground state bleaching (GSB) band. An
instantaneously reduced signal in the perovskite GSB is observed upon the
addition of the HTMs, indicating that the hole injection takes place for all

HTMs, even faster than the time resolution of the setup of about 60 fs.
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In Summary we produced a series of fully evaporated perovskite solar cells
changing the HTMs which showed a difference in IP of around 0.66 eV.
Devices produced with TaTm showed a V. of around 1060 mV whereas TcTa
and m-MTDATA showed a Voc of 1000 mV. Measuring the Vo as a function of
light intensity we were able to extract the ideality factors and thus concluded
that the difference in Vo solely depend on the recombination in the bulk and
at the interface rather than on the energetic offset between the valence band
of the perovskite and the highest occupied molecular orbital of the organic
transport layers. These results will help to develop novel charge transport

materials to further improve the performance of perovskite solar cells.
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Halide perovskites have shown excellent photophysical properties for solar cell applications which led to
a rapid increase in device efficiency. Understanding the charge carrier dynamics within an active
perovskite absorber and at its interfaces will be the key to further progress in their development. Here
we present a series of fully evaporated devices employing hole transport materials with different
ionization energies. The open circuit voltage of the devices, along with their ideality factors, confirms
that the former is mainly determined by the bulk and surface recombination in the perovskite, rather
than by the energetic offset between the valence band of the perovskite and the highest occupied
molecular orbital of the organic transport layers. These results help to further understand the origin of
the open circuit potential in perovskite solar cells, which is an important parameter that needs to be
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Introduction

Perovskite solar cells are one of the most interesting alternatives
to current photovoltaic technologies. Since the first reports of
solid state solar cells based on methylammonium lead iodide
(MAPI),"* the development of this technology has resulted in a
rapid increase in device efficiencies, exceeding 22%." Identifying
the unique properties of halide perovskites is essential to under-
stand the reasons for this remarkable progress. In this regard,
unveiling long charge carrier diffusion lengths,"™ sharp optical
absorption edges” and weak exciton binding energies™ " are some
of the key discoveries that contributed to explain the excellent
device performances, as well as to gauge the full material potential.

However, there is still some debate regarding the main factors
affecting the open circuit potential (V,.) of the devices."" In
general, the splitting of the electron and hole quasi-Fermi levels
defines the maximum achievable V., and it is determined by
charge generation/recombination rates along with the distribution
of electronic states and charge carriers of the materials."* In multi-
layer perovskite solar cells, the problem shifts towards the role of the
charge selective and transporting layers in contributing to the final
Vi Several reports have associated the high achieved V. with a
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improved to further boost power conversion efficiencies.

high energy difference between the highest occupied molecular
orbitals (HOMOs) of the hole transport material (HTM) and the
lowest unoccupied molecular orbitals (LUMOs) of the electron
transport material (ETM], together with good alignment of these
energy levels with the perovskite valence and conduction bands,
respectively.'"'* Although some reports show an increase in V.
for HTMs with a higher ionization energy (IE),""""*" this trend
is not necessarily reflected in the record performance of
perovskite solar cells, where the best V,..'s have been reported
for both high HOMO (closer to the vacuum level) HTMs with
well-aligned energy levels; and low HOMO (further from the
vacuum level] HTMs with non-perfectly aligned energy
levels.”"** More specifically, recent publications discuss the
negligible V,. dependence on the ETM*’ and HTM energy
levels.** This view is also in line with previous results, where
V,e's higher than that expected from the HTM energy levels were
obtained."” However, in all these cases, the HOMO of the
employed HTM was close in energy to or just above the perovskite
valence band maximum (reciprocally, the LUMO level of the ETM
was aligned or slightly below the perovskite conduction band).
Analyzing the effect of a set of HTMs with different HOMO
energies appears to be a straightforward approach to system-
atically investigate the relationship between the V. and the
energy levels of the extraction layers. However, it is important to
note that the replacement of the HTM can also affect the
interfacial charge recombination,” which has a large impact
on the V.. In addition, the vast majority of studies suffer from
the limitations associated with solution-processed solar cells.
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This is in particular the case for p-i-n device architectures in
which the holes are extracted through the front contact. In this
configuration, the polar solutions containing the perovskite
precursors are applied onto the apolar aromatic HTMs, leading
to poor wetting and consequently poorly controlled film growth.
Hence the resulting perovskite film is strongly affected by the
surface of the HTM,™ leading to different morphologies and,
most likely, different trap densities. Moreover, most studies
have been carried out on n-i-p solar cells, where a large
majority of charge carriers are generated at the ETM/perovskite
interface, which could reduce the effect of the HTM and under-
estimate its impact on the V,..'"*

Here, we present a series of fully vacuum deposited perov-
skite solar cells with different HTMs. Vacuum deposition allows
for the direct modification or substitution of any layer in the
device stack with a negligible effect on the rest, as no solvents
are used and hence no wetting or de-wetting occurs. In addition,
the high voltages previously obtained with vacuum-deposited
MAPI solar cells, which indicates the absence of non-radiative
recombination paths at the selective interfaces,” make it an
ideal reference system to study interfacial modifications. There-
fore, we are able to produce and study high efficiency perovskite
solar cells based on a series of HTMs with more than 0.66 eV
difference in their IE, including materials with IE more than
0.3 eV higher and lower than the perovskite valence band.

al  E from VL (eV)
2

-H

A
-V TDATA

-6

v

MAPbI,

Wiew Article Online

Journal of Materials Chemistry C

Results and discussion

The different vacuum-deposited materials used as HTMs are
4,4",4"-tris[phenyl(m-tolyljaminotriphenylamine (m-MTDATA),
N4,N4,N4" Na"-tetra([1,1"-biphenyl[-4-y1}{1,1":4",1"-terphenyl}-4,4"-
diamine (TaTm) and tris(4-carbazoyl-9-ylphenyljamine (TcTa).
Their respective ionization energies of 5.0 eV, 4.4 eV, and 5.7 eV
(Fig. 1a) were measured using photo-electron spectroscopy in air
(see the ESL T Fig. 51). The solar cells were fabricated following
a p-i-n architecture consisting of pre-patterned ITO on glass
with 1TO, MoO;, HTM, MAPI, fullerene (Cg), 2,9-dimethyl-4,7-
diphenyl-1,10-phenanthroline (BCP) and Ag as a top contact (Fig. 1b).
Detailed experimental conditions can be found in the ESLfY
Using a p-i-n device structure ensures that the majority of carriers
are generated at the HTM/perovskite interface. Representative
current-voltage characteristics measured under 100 mW em
illumination in forward and reverse bias are displayed in Fig. 2a,
whereas the corresponding photovoltaic parameters with the
associated statistical error (> 10 samples per parameter) can be
found in Table 1. Slight current-voltage hysteresis is only visible
in the TcTa based device, while it is negligible in the other cases.
Devices based on TaTm show the highest current, 20.1 mA cm ™7,
in contrast to the ones with TeTa and m-MTDATA, which are
1.2 mA em * lower. The FFs of the TaTm and m-MTDATA based
devices are comparable (76% and 75% respectively), with a lower

b) )
[ Ag_ |
[ BCP (8 nm)
ETL 4 5025 nm)

Active layer (600 nm)

[
L HTM (Snm)
[ M0, 5 nm)
' a0 |

Fig. 1 (a) Energy diagram of different HTMs with respect to MAPI. The energy values of the HOMOs were determined by photoemission spectroscopy in
air (PESA) (see the ESIt Fig. 51). (b) Scheme of the completed stack with different HTMs.
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Fig.2 (a) J=V curves under 100 mW cm ¥ illumination in forward and reverse bias and {b) EQE spectra of representative perovskite solar cells produced

with different 5 nm thick HTMs.
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Table 1 |Es of different HTMs and representative photovoltaic parameters
obtained when implemented in solar cells

HTM IE (eV) PCE (%) Vi (mV) Ji(mAcm™?) FF
m-MTDATA 5.0 144+ 1.2 1008+4 189+£05 7543
TaTm 4.4 163 £ 0.8 1060 +£6 20,1 £ 0.8 76+ 1
TeTa 5.7 122 £ 1.6 1000 £ 8 189 + 1.1 64 £ 9
n
1050 o 1
% 1000
=]
o
=
950
800

10 1IIXI
lllumination intensity (mWW crn‘z}

Fig. 3 Light intensity dependent V.. and extracted ideality factors for
perovskite solar cells with different HTMs,

value (64%) obtained for the solar cells employing TeTa. More
interestingly, devices with m-MTDATA and TcTa show almost no
difference in V. (1.008 V and 1.000 V) yet with an IE difference as
large as 0.66 €V among them. Devices with TaTm present the
highest V. of 1060 mV. Since these results do not show any
evident trend between the HTM energetics and the resulting V..,
further studies were carried out to elucidate the relationship
among those parameters.

The dominant type of recombination was investigated by
measuring the V. as a function of light intensity.”” Fig. 3 shows
the light intensity dependent V,,. and ideality factor for devices
with different HTMs. The V.. depends logarithmically on the
light intensity and introducing the ideality factor my, as a pre-
factor we find:*"

eV = EF - Hmku?‘ll\%ﬂ (1)

with E; being the bandgap, Tthe temperature, ky the Boltzmann
constant and /, the reverse saturation current. Measuring the
Vo as a function of light intensity for devices with varying HTMs
results in ideality factors of ~ 1.7 for TaTm and ~ 1.2 for TcTa
and m-MTDATA. Ideality factors close to one can be attributed
to direct recombination, which is usually interpreted as non-
radiative surface recombination (if the associated V,. is low
compared to the absorber's band gap), or to radiative bulk
recombination (in the case of high V,.'s). Ideality factors close
to 2 are usually associated with non-radiative Shockley-Read-
Hall recombination. Therefore, against the common belief, low
ideality factors are not necessarily beneficial. In fact, several
perovskite solar cells with low ideality factors and low V,,. have
been reported.''*%*

Considering this, devices using TaTm show a higher V,,. and
an ideality factor of 1.7, while the solar cells with TeTa
and m-MTDATA have a lower V,,. and an ideality factor of 1.2.
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This points towards an enhanced surface recombination which
limits the V. of the TeTa and m-MTDATA devices, while the V,,.
of TaTm is mainly determined by SRH-recombination, The
origin of the larger surface recombination at the interface
between MAPI and TcTa or m-MTDATA is not clear yet. The
1E of the HTM itself is unlikely to influence the splitting of the
quasi-Fermi levels, in particular the position of the holes’ quasi-
Fermi level (Eg,), which is determined by the absorber. This is
justified by the low exciton binding energy*® and the small dark
charge carrier density’* of MAPI, and it is in line with previous
observations where modifications of the HTM and ETM energetics
did not affect the photovoltage.™** In addition, our results also
suggest that it is possible using HTMs with a HOMO lower than
the absorber's valence band without a significant voltage penalty
associated with the energetics.

It is thus important to discuss the implications of these
HTMs in the other relevant photovoltaic parameters of the
devices.

The three solar cells mainly differ in FF, with TaTm and
m-MTDATA having high values of around 75 and Tc¢Ta having a
lower FF of 64. This can be attributed to a higher series resistance
of the diode employing TeTa, as also reflected in the dark IV-curve
above 1V, and it is likely related with the relatively large barrier for
hole injection/extraction at the TeTa/MAPI interface (Fig. 52, ESIT).
All devices reach relatively high short eircuit currents, 20.1 mA em >
for TaTm and 18.9 mA cm * for TeTa and m-MTDATA. The
EQE curves shown in Fig. 2b are very similar which is consistent
with the results discussed before. This point highlights the good
extraction of the photogenerated charges obtained with both TeTa
and m-MTDATA despite their HOMO level mismatch with the
perovskite valence band. To confirm this point, the charge
injection from MAPI to the HTMs was studied using femto-
second transient absorption spectroscopy (TAS). Fig. 4 shows
the time-resolved transient absorption dynamics for perovskite/
HTM double layers. The samples were excited with laser pulses
at 600 nm with a constant excitation density of 1.4 » 10" em ™, and
probed at the maximum of the perovskite ground state bleaching
(GSB) band. An instantaneously reduced signal in the perovskite
GSB band is observed upon the addition of the HTMs,

AA (mOD)

Time delay (ps)

Fig. 4 Time-resolved transient absorption dynamics for neat MAPI and
the perovskite/HTM double layers. excited at 600 nm (at a constant
excitation density of 1.4 x 107 cm ™) and probed at the maximum of
the perovskite ground state bleaching band.
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indicating that the hole injection takes place for all HTMs, even
faster than the time resolution of the setup of about 60 fs. The TA
spectra at different time delays after excitation for the perovskite/
TaTm bilayer are shown in Fig. S5 (ESIT). A detailed photophysical
study of the systems will be published subsequently.

Conclusions

In summary, we produced a stack of fully evaporated devices
based on different HTMs with an IP-difference as high as 0.66 eV
among them. Devices produced with these HIMs showed V,.'s
ranging from 1000 mV (TeTa) to 1060 mV (TaTm). The measure-
ment of the respective ideality factors allows us to explain the
differences in V. by the nature of the recombination processes.
These results support that the V.. of perovskite solar cells is not
necessarily limited by the energetics of the hole transporting
material, but mainly by the different recombination paths. In
addition, we show efficient charge extraction by HTMs with a
misaligned HOMO with the perovskite (=300 meV above and
below the perovskite's valence band). These results point towards
HTM designing routes that can improve the performance of
perovskite solar cells, focusing on the interfacial recombination
reduction rather than on the energetic alignment.
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7 Conclusions

The aim of this thesis was to get further inside into phenomena that are
related to fundamental photophysical processes of perovskite solar cells and
LEDs. The thesis was divided in three parts and the main conclusions for each

of them are described below:

In the chapter “Perovskite-Perovskite Homojunctions via Compositional
Doping” we described the production of a vertical MAPI homojunction
obtained by vacuum deposition. The majority carrier density in the MAPI
layers could be altered by changing the stoichiometry between the
precursors MAI and Pbl,. A perovskite film produced with MAIl-excess lead to
p-type MAPI whereas an excess of Pbl; lead to an n-type MAPI as shown by
Kelvin Probe measurements on the film surface. By deposition the different
majority carrier type MAPI on top of each other a compact bi-layer was
obtained. This bi-layer was analyzed using a SKPM-setup which revealed a
junction potential exceeding 250 mV. Devices with the MAPI homojunction
as absorbing layer showed improved fill factors and photovoltages compared
to a similar device with an intrinsic perovskite absorber layer. This work
represents a proof-of-principle for the development of novel perovskite
optoelectronic devices using perovskite-perovskite hetero and homo-
junctions which can further improve the charge separation and reduce

charge recombination.

A second goal was to reduce the trap density in perovskite LEDs as these are
the main source of efficiency losses. By studying the excitation density

dependence of the photoluminescence lifetime, a large concentration of trap
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states was deduced for MAPI films prepared with stoichiometric amounts of
the pre-cursors. The same films led to a low luminescence efficiency when
employed in planar LEDs. By changing the MAI/Pbl; precursors-ratios it was
possible to increase the PL intensity of the perovskite layers substantially. The
use of an excess MAI led to the passivating of traps in the MAPI films. Most
importantly we were able to prepare perovskite LEDs with EQEs that were
orders of magnitude higher than the reference LED. The data presented in
this thesis are an important step towards the development of fully vacuum-
deposited perovskite LEDs where the reduction of traps guarantees and

efficient electro-luminescence.

The aim of the chapter “Influence of hole transport material (HTMs)
ionization energy on performance of perovskite solar cells” was to untangle
the factors influencing the Vqcin perovskite solar cells. A series of perovskite
solar cells in which different HTMs with difference ionization potentials were
employed as the hole transport layers.. This series of devices showed
differences in Voc's of around 60 mV, which is a rather small difference in view
of the larger differences in ionization potentials of the HTMs. By extracting
the ideality factors from the dark JV-curves allowed to assign the differences
in Voc's to different charge recombination paths. Furthermore, the results
demonstrated that efficient charge extraction is possible even in a device that
contains a HTMs that has a energy difference between its ionization potential
and the perovskite valence band. These results point towards HTM designing
routes which can improve the performance of perovskite solar cells, focusing
on the interfacial recombination reduction rather than on the energetic

alignment.
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8 Resumen en castellano

Introduccion

Perovskitas hibridas para células solares de tercera generacién y dispositivos

emisores de luz

La energia es crucial para las sociedades modernas y para el desarrollo
socioecondmico de las futuras generaciones. En la actualidad, dependemos
en gran medida de las fuentes de energia fdsiles, que emiten gases de efecto
invernadero y contribuyen al cambio climatico, causando ademas conflictos
geopoliticos y militares. Por todo ello, es necesario el desarrollo de nuevas
fuentes de energia renovables, entre las cuales destaca la fotovoltaica. Las
células solares basadas en silicio dominan el mercado fotovoltaico desde
hace décadas, pero los altos costes de produccidn, transporte e instalacion
limitan su difusion a mayor escala y en aplicaciones donde se requiera
flexibilidad y menor peso.

Se han realizado muchos estudios para desarrollar nuevas tecnologias
fotovoltaicas que superen estas limitaciones. Asi pues, la tercera generacion
de energia fotovoltaica utiliza materiales abundantes y faciles de procesar,
gue permitirian una produccién a gran escala reduciendo asi el coste total de
energia.

Por otro lado, el conocimiento obtenido en ese proceso de desarrollo de la
energia fotovoltaica puede utilizarse también para desarrollar diodos
emisores de luz (LED), utilizando los mismos materiales. La obtencién de
nuevas fuentes de luz mas eficientes es un reto asimismo importante, ya que
la iluminacion consume aproximadamente el 20 % de la produccion total de
electricidad a escala global.

Uno de los materiales que pueden potencialmente dar respuesta a esta
necesidad de proporcionar una fuente de energia renovable y al mismo
tiempo una forma eficiente de iluminacién son las perovskitas de haluros
metalicos, compuestos semiconductores que pueden implementarse tanto
en células solares como en LEDs.
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Relacion entre propiedades y estructura de capas delgadas de perovskita

La perovskita se define por una estructura general ABXs, donde X es un anidn
y A y B son cationes de diferentes tamafios y carga. La estabilidad
cristalografica de una estructura de perovskita se puede estimar mediante el
factor de tolerancia (t) y el factor octaédrico (u), donde t se define como la
relacién entre las distancias A-X y la distancia B-X, que a su vez dependen de
los radios idénicos. Simplificando las especies atémicas con un modelo de
esfera sdlida perfecta, t y u se definen como:

Ta+Tx
V2(rp+Tx)
Ra, Rsy Rxson los radios idnicos de los cationes y aniones. Para una perovskita
de haluro con X = F, Cl, Br, | se obtendria una estructura estable cuando 0.81
<t<1.11y0.44<u<0.90.

Las perovskitas hibridas (con cationes organicos) muestran caracteristicas
importantes para aplicaciones en diodos emisores de luz y capas absorbentes
en células solares de capa delgada. Los LEDs basados en perovskita presentan
un ancho de banda de emision estrecho, que resulta en una alta pureza de
color. Ademas, la banda de emisidn puede sintonizarse en todo el espectro
visible intercambiando los haluros. Por ejemplo, la perovskita de haluro de
plomo y metilamonio MAPbX; con X = Cl-, X = Br-, o X = |- tiene bandas
prohibidas de aproximadamente 3.1 eV, 2.3 eVy 1.6 eV, respectivamente. Se
puede ajustar aun mas la banda prohibida y por tanto la emision
simplemente mezclando los haluros en diferentes proporciones. Las
perovskitas de banda ancha que contienen Br- y Cl- se han usado
predominantemente en LEDs, ya que emiten en el espectro visible y son
caracterizadas por altas energias de enlace exciténico. En contraste, el MAPI
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tiene excelentes propiedades para aplicaciones fotovoltaicas, entre las cuales
hay que destacar:

e Alto coeficiente de absorcion

e Baja energia de enlace de los excitones

e Movilidad de electrones y huecos balanceada
e Gran longitud de difusién de las cargas

Sin embargo, no todas las propiedades de la perovskita son beneficiosas.
Hace ya décadas que los cientificos descubrieron que las cargas electrdnicas
no son la Unica especie movil en la perovskita. La presencia de iones moviles
complica la caracterizacidon de estos dispositivos y puede comprometer su
estabilidad. De hecho, los calculos de las energias de activacion y medidas de
la migracion idnica han revelado que los defectos de haluros vacantes e
intersticiales son las especies mas moviles en la estructura de la perovskita.

Otra caracteristica de la perovskita es que su estructura y su morfologia
afectan enormemente el rendimiento global del dispositivo. Asi pues, el
mismo compuesto de perovskita puede tener diferentes propiedades
dependiendo de las técnicas y condiciones de deposicion. Esta deposicidn de
perovskita es un proceso muy delicado e influye profundamente en la
cristalinidad, tamano y borde de grano. Los pardmetros morfoldgicos mas
importantes son el tamano y la forma de los granos, asi como su orientacion
y empaquetamiento. La importancia de los bordes de grano se puede
apreciar mediante medidas de mapas de fotoluminiscencia (PL), observando
como la intensidad de emisidn es mayor en el grano y disminuye hacia los
bordes, que aparecen oscuros. Esto indica un aumento de la recombinacion
no-radiativa en los bordes de grano, debido a la presencia de trampas
electrdnicas. Por lo tanto, no es sorprendente que las perovskitas con granos
grandes muestren tipicamente una alta eficiencia de los dispositivos. Sin
embargo, las capas de perovskita co-evaporadas se consideran una
excepcion ya que, a pesar de ser caracterizadas por un tamafio de grano
mucho menor (< 100 nm), presentan también una elevada eficiencia y por
tanto pueden utilizarse para la preparaciéon de células solares de alta
eficiencia.
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Procesos basicos de operacion de células solares y dispositivos emisores de

luz de perovskitas.

Cuando una capa de perovskita absorbe un fotén, se genera un par electrén-
hueco que, gracias a que la energia de enlace excitdnica es baja, da lugar a la
formacion de cargas libres a temperatura ambiente. Estas cargas necesitan
llegar a las capas de transporte selectivo (de huecos y electrones) y ser
extraidas antes de que puedan recombinarse. La eficiencia de extraccion de
carga a las capas de transporte depende en buena medida de la movilidad de
carga de la perovskita. Como se ha mencionado anteriormente, los
electrones y huecos en las perovskitas tienen masas efectivas muy bajas que
resultan en longitudes de difusién que pueden superar el micrémetro.

Otro factor a tener en cuenta es la recombinacion de carga, que compite con
la extraccidén, y que puede ser radiativa o no radiativa. En los dispositivos
optoelectrénicos existen tres tipos diferentes de recombinacion. La
recombinacién radiativa directa implica la recombinacion de un electrén en
la banda de conduccidon con un hueco en la banda de valencia, mediante
generacion de un fotdn con energia igual a la separacién entre bandas. Esta
recombinacién denominada de tipo bimolecular es relativamente baja en el
régimen de funcionamiento normal de las células solares. Por otro lado, la
recombinacién no radiativa (sin emisidén de fotones) puede tener un impacto
significativo en el rendimiento del dispositivo incluso a iluminacién baja. Este
tipo de recombinacién esta mediada por estados electrénicos asociados a
defectos estructurales en el material, como los que caracterizan la superficie
y los bordes del grano. El tercer tipo de recombinacién se denomina Auger y
es también de tipo no radiativo. En los procesos Auger, un electrén y un
hueco se recombinan y transfieren su energia y momento a otro electrdn.
Este tipo de recombinacién solo ocurre con iluminacién muy intensa, por lo
gue no es muy relevante para el funcionamiento de las células solares de
perovskita.

La eficiencia de conversién de potencia de una célula solar se evalla
mediante medidas eléctricas de corriente y voltaje, llamadas caracteristicas
JV. Simplemente se mide la corriente generada en funcién de la tension
aplicada bajo iluminacidn, utilizando un simulador solar calibrado. La
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corriente de las células solares se describe mediante la ecuacidn cldsica del
diodo, formulada por Shockley. De las caracteristicas JV pueden extraerse
varios parametros fundamentales:

* Densidad de corriente de cortocircuito (Jsc, mMA cm™)
e Voltaje en circuito abierto (Voc, V)

* Factor de llenado (FF, %)

e Eficiencia de conversion de potencia (PCE, %)

Los dispositivos emisores de luz funcionan de manera muy similar a las
células solares. De hecho, cuando se aplica un voltaje suficientemente alto a
una célula solar, es posible inyectar portadores de carga que recombinan
emitiendo fotones. Los pardmetros mds comunmente utilizados para analizar
los LEDs son:

 Luminancia (cd/m?)

e Densidad de corriente (A/m?)

e Eficiencia de corriente (cd/A)

* Eficiencia energética (Im/W)

e Eficiencia cuantica externa (EQEg., %)

Objetivo de la tesis

Los dispositivos fotovoltaicos y emisores de luz basados en perovskita se han
desarrollado muy rapidamente en los ultimos afios. A pesar del rdpido
progreso, la gran mayoria de estudios se basa en un enfoque empirico con el
fin de impulsar ain mas la eficiencia del dispositivo. El objetivo de la tesis ha
sido, por lo tanto, profundizar en los procesos fotofisicos fundamentales
tanto en las células solares como en los LEDs de perovskita. El trabajo ha sido
estructurado en tres partes:

e Homounién p-n de perovskita obtenida mediante modificacion de la
estequiometria
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Una de las propiedades mds importantes de los semiconductores es la
posibilidad de controlar sus propiedades electronicas a través de la
introduccidn controlada de impurezas (dopado). Sin embargo, el dopado en
la perovskita sigue estando casi inexplorado y nunca se han demostrado
uniones p-n de perovskita. En este capitulo se presenta un proceso de
dopado de perovskita y su aplicacién en la preparacién de una homounién p-
n.

* Foto y electroluminiscencia eficientes mediante pasivacion de defectos en
perovskitas hibridas depositadas en vacio

Los estados electrénicos asociados a defectos estructurales (trampas
electrdnicas) son los mayores responsables de las pérdidas de eficiencia en
los LED de perovskita. En este capitulo presentamos una estrategia para
pasivar estos defectos mediante alteraciéon de la estequiometria de la
perovskita. Las capas asi producidas aumentan la eficiencia general del
dispositivo en érdenes de magnitud.

e Influencia de la energia de ionizacion del material transportador de huecos
en el rendimiento de las células solares de perovskita

El voltaje de circuito abierto (Voc) es un pardmetro determinante para la
eficiencia global de una célula solar. En este capitulo se han preparado células
solares de perovskita variando de manera sistematica la energia de
ionizacion de la capa de transporte de huecos. Pudimos demostrar que el Vo
se determina Unicamente por la naturaleza de la recombinacién de carga en
el volumen y en la superficie de la perovskita y no por los niveles energéticos
de las capas de transporte.

Métodos experimentales

Los dispositivos presentados en esta tesis fueron preparados exclusivamente
por métodos de deposicidn en vacio. Las técnicas de deposicidn en vacio son
ampliamente utilizadas en la industria de semiconductores, lo cual facilitaria
la transferencia de conocimientos desde la investigacion académica a la

114



industria. Ademas, las técnicas de deposiciéon en vacio tienen una serie de
ventajas importantes sobre los métodos basados en disolucidn.

* Fabricacién independiente del substrato
e Alta pureza de los precursores

e Control exacto del espesor de la capa

* Proceso intrinsecamente aditivo

Las perovskitas pueden ser materiales complejos, formados a partir de
multiples precursores. El inconveniente de los métodos basados en
disolucién es que todos los precursores deben ser solubles en el mismo
disolvente. En contraste, en la deposicidn en vacio no existen problemas de
solubilidad y se pueden preparar capas de perovskitas a partir de una
multitud de precursores. La deposicidon en vacio de doble fuente es el método
elegido para el desarrollo de esta tesis. En el proceso de co-deposicion, los
dos precursores de perovskita Pbl, y MAI se calientan simultaneamente en
unos crisoles instalados en la base una camara de alto vacio. En la parte
superior de la cdmara se monta un soporte para los sustratos, lo que permite
gue los precursores se condensen en dicho sustrato y reaccionen
directamente dando lugar a la perovskita sin necesidad de ningun
tratamiento térmico adicional. La estequiometria de la perovskita puede
ajustarse cambiando las velocidades de evaporacion relativa de los
compuestos. La velocidad de evaporacién se lee en tiempo real utilizando
microbalanzas basadas en cristales de cuarzo.

Homounidn de perovskita obtenida mediante dopado compositivo

La electréonica moderna comprende un amplio espectro de componentes y
dispositivos la mayoria de los cuales se basan en materiales
semiconductores. Uno de los aspectos mads importantes de los
semiconductores es la posibilidad de modular sus propiedades electrdnicas a
través del dopado. La introduccién selectiva de impurezas que alteran la
estequiometria del material permite controlar el tipo (electrén, hueco) y la
concentracion de los portadores de carga, obteniendo semiconductores de
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tipo n o tipo p. De particular importancia para varias aplicaciones es la
interfaz entre semiconductores con dopado contrario, la uniéon p-n. Los
principios fisicos de las uniones p-n han sido estudiados durante décadas,
llevando al desarrollo de las primeras células solares eficientes basadas en
semiconductores inorganicos convencionales. Las perovskitas hibridas, como
el yoduro de plomo y metilamonio (CH3sNHsPbls, MAPI) tienen el potencial de
transformar radicalmente la forma en que se concibe la optoelectrénica,
combinando las propiedades favorables de los compuestos organicos e
inorganicos dentro de un solo material. Asi pues, este tipo de perovskitas esta
entre los materiales fotovoltaicos mds prometedores, gracias a sus
eficiencias de conversién de potencia (PCE) en continua evolucidn y que ya
superan el 22%. A pesar de este rdpido desarrollo, el dopado extrinseco de
las perovskitas permanece hasta ahora casi inexplorado, y las homouniones
de perovskita solo se han obtenido en estructuras planas mediante el uso de
sustratos de diferentes caracteristicas electrdnicas. De hecho, cuando se
incorporan metales de otra naturaleza y carga en la estructura de perovskita,
se producen distorsiones de la red cristalina que enmascaran el efecto de los
dopantes, haciendo que las perovskitas sean poco sensibles a la insercion de
otras especies metdlicas. Ademas, el tipo de sustrato utilizado para el
crecimiento de capas delgadas de perovskita tiene un efecto directo sobre
sus bandas de energia y en particular sobre la posicién del nivel de Fermi,
complicando aun mas el desarrollo de compuestos dopados. Teniendo en
cuenta estas dificultades, se han explorado otras estrategias para obtener
capas dopadas de perovskita. Por ejemplo, se ha observado como la
perovskita MAPI puede ser dopada de tipo p mediante exposicién a vapores
de yodo. Una alternativa atractiva y peculiar es el dopado obtenido mediante
defectos estequiométricos, por el cual capas de MAPI ricas en MAI son de
tipo p, mientras que los compuestos deficientes en MAI son de tipo n. El
desequilibrio en la relacion molar entre los precursores causa defectos en el
reticulo cristalino que induce estados electrénicos proximos a los bordes de
la bandas de energia, mientras que no se producen estados profundos dentro
de la banda prohibida como se esperaria para semiconductores
convencionales. Este efecto es una consecuencia de las pequefias masas
efectivas de electrones y huecos y de la alta constante dieléctrica de la

116



perovskita. En general, la mayoria de los estudios sobre las propiedades
electrénicas y opticas de las perovskitas se llevan a cabo en materiales
depositados desde disoluciéon. A pesar del alto nivel de control sobre la
morfologia de la perovskita obtenido mediante puesta a punto de las
condiciones de deposicidon, no es posible preparar completamente por
disolucién una doble capa de perovskita, debido a la inevitable redisolucién
de la capa subyacente. Para este propdsito, la deposicion en vacio es una
técnica mas adecuada porque es intrinsecamente aditiva y ademas puede
conducir a materiales de igual rendimiento y calidad.

Seccion experimental

Se obtuvieron capas de perovskita dopadas mediante coevaporacién en alto
vacio cambiando sistematicamente la relacion molar entre MAI y Pbl,. La
homouniéon de perovskita se obtuvo depositando una capa de MAPI tipo n
(n-MAPI) sobre otra de tipo p (p-MAPI). En el proceso de coevaporacion, se
ha modificado la estequiometria de los precursores cambiando la velocidad
de evaporacion de Pbl; y manteniendo constante la velocidad de evaporacién
de MAI. Las velocidades de deposicidon se controlan mediante sensores
calibrados de cuarzo durante el proceso de evaporacion. Las capas de
perovskita se depositaron entre semiconductores organicos utilizados como
materiales selectivos de transporte de carga. Los contactos selectivos
utilizados consisten en capas dobles, formadas por una capa dopada (40 nm)
y una capa intrinseca mas delgada (10 nm) en contacto con la perovskita. Las
capas de transporte de electrones y huecos (ETL, HTL) consistian en fullereno
(C60) 'y  N4,N4,N4" N4"-tetra([1,1'-bifenil]-4-il)-[1,1":4',1'-terfenil]-4,4'-
diamina (TaTm), mientras que los dopantes empleados son el N1,N4-bis(trip-
tolylphosphoranylidene)  benzene-1,4-diamine  (Phim) y el 2,2'-
(perfluoronaftaleno-2,6-diylideno)-dimalononitrilo (Fe-TCNNQ),
respectivamente. Los espesores y las concentraciones de dopado fueron
optimizados previamente. Todas las capas del dispositivo se han depositado
por sublimacion en alto vacio encima de un electrodo transparente de ITO y
usando Ag como contacto reflectante.
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Resultados vy discusidn

La estequiometria de las capas de perovskita se ha determinado mediante
espectroscopia infrarroja, que permite cuantificar el contenido de
metilamonio. Analizamos la unidon de perovskita usando una sonda Kelvin
basada en un microscopio de fuerza atdomica (del inglés, scanning Kelvin
probe microscope, SKPM). Primero medimos la diferencia del potencial de los
contactos en una célula solar de referencia de MAPI intrinseco (i-MAPI). Para
un dispositivo de este tipo, encontramos una caida de potencial
relativamente constante a lo largo del grosor del dispositivo, como es de
esperar para un diodo de tipo p-i-n. En contraste, para la célula solar formada
por la homounidon de perovskita, observamos una variaciéon abrupta del
potencial en la interfaz entre las capas de p-MAPI y n-MAPI. Esta variacion,
de aproximadamente 250 mV, se mantuvo estable durante varias horas. Los
mismos dispositivos se caracterizaron como células solares midiendo su
respuesta espectral y las caracteristicas eléctricas bajo iluminacion. Las
células preparadas con i-MAPI y p-MAPI mostraron espectros de EQE
comparables. Las caracteristicas de densidad de corriente en funcién del
voltaje (J - V) bajo iluminacién y en la oscuridad para las células intrinsecas y
p-MAPI también resultaron ser similares. Se observé solamente una pequeiia
reduccion en el voltaje de circuito abierto (Vo) de 1059 a 1027 mV, que
podria estar relacionada con una diferencia en el nivel de Fermi de los dos
materiales. Sin embargo, el rendimiento del dispositivo fue muy inferior
cuando se implementé la perovskita n-MAPI en un dispositivo. Debido a una
reducida densidad o&ptica, el espectro de EQE resultd ser muy bajo,
resultando en una Jsc de solo 6.4 mA cm™. El menor contenido de MAI da
como resultado un exceso de Pbl, en la capa, lo que dificulta tanto la
generacion de los portadores de cargas como su separacidn y transporte. Las
caracteristicas J-V mostraron un FF de tan solo 54.4%, lo cual confirma la
presencia de problemas en la inyeccion y transporte de carga. Por otro lado,
se observé un V. relativamente alto (1072 mV), lo que implica que la
recombinacién de carga no radiativa no es el proceso principal que limita la
extraccidn de cargas en este dispositivo. El diodo basado en la homounion de
perovskita tenia un rendimiento notable, con una buena rectificacidn. En
particular, el Voc (1095 mV) y el FF (~80%) mejoraron sustancialmente en
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comparacion con los otros dispositivos, a pesar de que la eficiencia resultante
fuese aun inferior en comparacién con las células de referencia con MAPI
estequiométrico.

En resumen, reportamos por primera vez la fabricacién de una homounion
de perovskita obtenida por codeposicidon en vacio de MAPI. Este trabajo
representa una prueba de concepto para el desarrollo de dispositivos
optoelectrénicos de perovskita, que podrian beneficiarse del uso de homo o
heterouniones para mejorar aun mas la separacién de la carga y minimizar la
recombinacién.
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Foto- v electroluminiscencia eficiente mediante pasivacion de defectos en

capas delgadas de perovskita hibrida depositadas en vacio.

Las perovskitas de haluro de plomo hibridas son semiconductores con
potenciales aplicaciones en diodos emisores de luz (LED), ya que podrian
cumplir los requisitos para desarrollar fuentes de luz econdmicas y a la vez
eficientes. El bajo coste de los precursores y la posibilidad de un procesado
simple y a baja temperatura las convierten en prometedoras competidoras
de los semiconductores cristalinos inorganicos, que requieren métodos de
fabricacion complejos y de alta temperatura. Los LEDs hibridos de perovskita
de haluro de plomo muestran un ancho de banda de emisién muy estrecho,
lo que conlleva una alta pureza del color, y pueden emitir en todo el espectro
visible mediante modificaciones de la composicidn de la perovskita. El tipo
de haluro empleado en la perovskita tiene el efecto mas importante en la
determinacién de la banda prohibida. En particular, las perovskitas de haluro
de plomo y metilamonio del tipo MAPbX3 con X = CI7, Br- o X = I” tienen
bandas prohibidas de aproximadamente 3.1 eV, 23 eV y 1.6 eV,
respectivamente. La banda puede ajustarse a energias intermedias
mezclando los haluros en proporciones adecuadas. El desarrollo de LEDs de
perovskita se ha centrado principalmente en las perovskitas con banda
prohibida ancha (las que contienen CI~ y Br7), ya que emiten en el rango
visible del espectro y muestran altas energias de enlace exciténico. Por otro
lado, la perovskita de yodo MAPI tiene propiedades excelentes para
aplicaciones fotovoltaicas, como la gran longitud de difusiéon de los
portadores de cargas, una movilidad de electrones y huecos equilibrada, una
baja densidad de defectos y la fotogeneracién de portadoras de carga libres
a temperatura ambiente. Esta ultima propiedad deriva de la baja energia de
enlace de los excitones, de entre 2 y 60 meV, lo cual es beneficioso para
células solares pero no necesariamente para aplicaciones en LEDs. Ademas,
la mayoria de las perovskitas de tipo MAPI muestran un PLQY bajo, debido a
gue la recombinacién monomolecular por defectos domina los procesos de
recombinacién, sobre todo a concentraciones bajas de portadores. Esto
significa que, a baja densidad de corriente, los LEDs de perovskita basados
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en MAPI policristalino son poco eficientes. Las estrategias para obviar esta
limitacién implican el uso de estructuras de perovskita cuasi-2D, o el uso de
capas delgadas de perovskita nanoestructuradas. Una forma alternativa de
mejorar la fotoluminiscencia de las perovskitas es el uso de un exceso de
metilamonio. En el MAPbBrs procesado por disolucion, una relacién molar de
MABr/PbBr; > 3 lleva a la formacion de nanocristales incorporados en una
matriz rica en MABTr, lo que aumenta la PLQY. En las capas de MAPI, un exceso
de MAI conduce a un aumento de la intensidad y del tiempo de vida medio
de la fotoluminiscencia, debido a la pasivacion de los defectos vacantes de
haluros. En los primeros estudios sobre capas delgadas de MAPI depositadas
en vacio se utilizaba también un exceso de MAI, sin embargo, para fomentar
la formacion de la perovskita, las capas se sometian a un tratamiento térmico
eliminando el exceso de catidon. Por lo tanto, el efecto del exceso de MAI en
capas de perovskita depositadas en vacio sobre las propiedades
luminiscentes de los materiales nunca se ha investigado anteriormente.

Seccion experimental

Las capas de MAPI se prepararon optimizando la relacién molar de los
precursores de MAIly Pbl,. La estequiometria de estos componentes se ajustd
cambiando la velocidad de deposicidon de Pbl; mientras se mantenia la ratio
de MAI fijo durante el proceso de deposicidn. Se depositaron tres tipos de
perovskita diferentes con relacion molar MAI:Pbl, de 1:1, 3:1y 6:1. La serie
de compuestos se empled como capa emisora en diodos emisores de luz,
utilizando semiconductores organicos como materiales de transporte de
carga. La capa emisora consistia en una perovskita de 320 nm de grosor,
depositada entre capas selectivas de transporte de huecos y electrones de
10 nm de espesor, denominadas HTLy ETL, respectivamente. La HTL consistia
en un derivado de arilamina, N4, N4, N4 ", N4" -tetra ([1,1"-bifenil] -4-il) -
[1,1:4°,1" --fenilo] -4,4 "-diamina (TaTm) y la ETL en el fullereno C60. Entre
los electrodos y las capas intrinsecas de transporte, depositamos capas de 40
nm de espesor con los mismos materiales pero dopados para mejorar la
conductividad y, por lo tanto, la inyeccidn de carga. Para el TaTm utilizamos
2,20- (perfluoronaftaleno-2,6-diilideno) dimalononitrilo (Fe-TCNNQ) como
dopante orgdnico, mientras que para el C60 se usd N1,N4-bis(tri-p-
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tolilfosforanilideno)-benceno-1,4-diamina (Phlm). Los dispositivos se
fabricaron enteramente por deposicion en vacio en una configuracién de tipo
n-i-p usando ITO y oro como electrodos transparente y reflectante,
respectivamente.

Resultados vy discusidn

El patréon de difraccién de rayos-X en angulo rasante (GIXRD) confirma la
formacidn de capas delgadas de MAPI con alta cristalinidad para la perovskita
estequiométrica, y menor cristalinidad para capas de MAPI producidas con
exceso de MAI. Las capas de MAPI estequiométricas mostraban la absorcién
Optica caracteristica a 780 nm y una absorbancia intensa en todo el espectro
visible. Por otro lado, los espectros de absorcion dptica de las capas de
perovskita producidas con exceso de MAI mostraban una absorbancia mucho
menos intensa. Es interesante evidenciar que, al exponerlas al aire, el
espectro de absorcion de las perovskitas de composicion MAI:Pbl; 3:1
evolucionaba progresivamente hasta mostrar la transicion caracteristica a
780 nm y estabilizdndose después de aproximadamente 30 minutos. El
efecto de la atmdsfera en el crecimiento y la estabilidad de la perovskita ha
sido investigado previamente. Si bien una exposicion prolongada de las capas
de perovskita al aire generalmente conduce a su degradacion y, por lo tanto,
a dispositivos de bajo rendimiento, una exposiciéon controlada durante el
procesamiento del material puede ser beneficiosa. Los haluros de
metilamonio son muy higroscopicos, lo cual favorece la penetracién de agua
en la capa de perovskita. El agua vuelve a disolver parcialmente los cationes
organicos, permitiendo una reorganizacion del material y promoviendo su
recristalizacion. Este es probablemente el mecanismo responsable de la
evolucién del espectro de absorcién observado en nuestros sistemas, en vista
del alto contenido de MAI utilizado en las capas de perovskita.

El tiempo de vida de fotoluminiscencia de las capas de perovskita con
diferentes estequiométricas se ha analizado con una funcién
monoexponencial, en el caso de la perovskita estequiométrica, o mediante
una doble exponencial para las muestras con exceso de MAI. La perovskita
estequiométrica muestra un tiempo medio de vida corto de 7; = 5.7 ns, que
aumenta al alterar la estequiometria. En particular, el tiempo de vida medio
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para las capas con MAI:Pbl, 6:1 es ligeramente mas largo, (t) = 13.5 ns (11 =
3.3 ns, T2= 26 ns), mientras que aumenta sustancialmente para las capas que
se produjeron con relacién molar MAI:Pbl; 3:1, hasta () = 34.4 ns (t1=13.7
ns, T2 = 47 ns), contribuyendo asi al aumento de la PLQY.

Los dispositivos se caracterizaron midiendo la densidad de corriente y la
intensidad de electroluminiscencia en funciéon del voltaje. En general,
observamos una corriente de fuga baja, lo que indica una buena calidad a
nivel morfoldgico de los diodos de perovskita. La densidad de corriente
comienza a aumentar por encima de 0.5 V y su tendencia es inversamente
proporcional a la cantidad de MAI incorporada en la capa activa. Esto podria
esperarse considerando la mayor cantidad de material amorfo y la reducida
cristalinidad de capas con exceso de MAI, como también se observé por XRD
y SEM. La electroluminiscencia se detecta a voltajes bajos, alrededor de 1.1
V, para los diodos con perovskita estequiométrica y con MAI:Pbl; 3:1,
mientras que el voltaje aumenta ligeramente (> 1.3 V) para la perovskita con
MAI:Pbl, 6:1. Es importante destacar que la electroluminiscencia mas intensa
(4.1 W-Sr’m?) se observd para los LEDs basados en la perovskita no
estequiométrica con MAI:Pbl;3:1, dos 6rdenes de magnitud mas elevada que
para el dispositivo con MAPI estequiométrico (2.3 - 102 W - W-Sr't-m2). El
EQE asociado es de 1.92% para MAI:Pbl; 3:1, mientras el valor maximo para
los LEDs con MAPI estequiométrica es de 0.05%. El LED con el mayor exceso
de MAI mostrd una electroluminiscencia (mdximo a 1.2 W-Sr*m2) y EQE
(0.67%) mejorados, a pesar de la menor densidad de corriente. Los valores
de EQE registrados para la serie de LED siguen la tendencia del tiempo de
vida y de la intensidad de fotoluminiscencia de las capas de perovskita, como
se describié anteriormente.

Con el fin de entender el origen de las propiedades dpticas y optoelectrdnicas
de las muestras de MAPI no estequiométricas, estudiamos su dindmica de
fotoluminiscencia en funcién de la densidad de excitacién. Para la perovskita
estequiométrica, el tiempo de vida medio se vuelve inicialmente mas lento
cuando se aumenta la densidad de excitacion. Este comportamiento se ha
observado en estudios anteriores y se ha atribuido al llenado de niveles
electronicos asociados a defectos. Al aumentar aun mas la densidad de
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excitacion, la dindmica de fotoluminiscencia se hace mas rapida, debido a los
procesos de recombinacion de orden superior. Por otro lado, la dindmica de
fotoluminiscencia de las muestras que contienen un exceso de MAI muestra
una tendencia diferente en comparacién con la perovskita estequiométrica.
Sus tiempos de vida se vuelven sistematicamente mads cortos al aumentar la
densidad de excitacién, lo que indica que los defectos electrénicos no
interfieren en la recombinacién en este régimen de excitacion. Por lo tanto,
el exceso de MAI pasiva eficientemente los defectos, reduciendo su
concentraciéon en comparacién con el MAPI estequiométrico. Es importante
destacar que el tiempo de vida medio mas largo y la menor concentracién de
defectos son acordes con la tendencia observada en el EQE de los
dispositivos.

En resumen, estudiamos el efecto del exceso de yoduro de metilamonio
(MAI) en la preparacién de capas delgadas de yoduro de plomo vy
metilamonio (MAPI) depositadas en vacio. El exceso de MAI en capas
evaporadas es capaz de pasivar eficientemente sus defectos, en analogia a lo
gue se observé para capas MAPI procesadas por disolucién. Es importante
destacar que pudimos preparar diodos emisores de luz con una eficiencia
cudntica externa cercana al 2%. Este valor es casi dos érdenes de magnitud
mas alto en comparacién con los LEDs de referencia que emplean el MAPI
estequiométrico. Los datos presentados aqui son prometedores para el
desarrollo de LEDs de perovskita eficientes depositados en vacio, donde el
control sobre los defectos es esencial para garantizar wuna
electroluminiscencia eficiente.
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Influencia de la energia de ionizacidn del material transportador de huecos
en el rendimiento de las células solares de perovskita.

Las células solares de perovskita son una de las alternativas mas interesantes
entre las tecnologias fotovoltaicas actuales. Sin embargo, y a pesar de los
numerosos estudios sobre los procesos de recombinacion de los portadores
de carga, todavia existe debate sobre los factores que afectan al potencial de
circuito abierto (Vo) de los dispositivos. En general, la separaciéon de los
guasi-niveles de Fermi para electrones y huecos define el maximo Vo
obtenible para un determinado semiconductor, y estan determinados por el
balance entre la generacién y recombinacién de portadores de cargas en el
material.

En las células solares de perovskita, el problema se amplia hacia el rol de las
capas selectivas de transporte y su contribucién al Vo final. Algunas
publicaciones han relacionado la magnitud del voltaje con la diferencia de
energia entre los orbitales moleculares ocupados mas altos (HOMO) del
material de transporte de huecos (HTM) y los orbitales moleculares no
ocupados mas bajos (LUMO) del material de transporte de electrones (ETM),
siempre que haya proximidad entre estos niveles de energia y las bandas de
valenciay de conduccién de la perovskita. Aunque algunos trabajos muestran
un aumento del Voc para HTMs con mayor energia de ionizacion (IE), esta
tendencia no se ve reflejada en el rendimiento de las células solares mas
eficientes, donde se han reportado mejores Voc tanto para HTMs con HOMO
alto (baja IE) como con bajo (alta IE), independientemente de la alineacién
entre niveles energéticos.

Sin embargo, en todos los trabajos presentados, el HOMO del HTM empleado
tenia una energia cercana o menor respecto al maximo de la banda de
valencia de la perovskita. Un analisis sistematico del efecto de una serie de
HTMs con diferentes energias de HOMO seria adecuado para investigar su
relaciéon con el Vo.. Sin embargo, es importante tener en cuenta que la
sustitucion del HTM puede afectar a la recombinacién de carga interfacial,
gue tiene un gran impacto sobre el V,.. Cabe destacar como la gran mayoria
de los estudios sufren las limitaciones asociadas a las células solares
procesadas por disolucion. La mds importante es el efecto del HTM en la
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morfologia de la perovskita en configuracién p-i-n (la perovskita se deposita
por disolucion sobre el HTM), ya que diferentes morfologias conllevarian
diferentes densidades de defectos. Ademas, la mayoria de los estudios se han
llevado a cabo en células solares de tipo n-i-p, donde la densidad de
portadores de carga es mas alta en la interfaz ETM/perovskita, lo que podria
reducir el efecto del HTM vy subestimar asi su impacto en el Voc.. En este
sentido, las perovskitas depositadas en vacio tienen importantes ventajas,
como la morfologia débilmente dependiente del sustrato vy la posibilidad de
depositar cualquier HTM o ETM en el orden y grosor deseado.
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Seccién experimental

Los materiales transportadores de huecos utilizados son el 4,4'.4"-
Tris[fenil(m-tolil)amino]trifenilamina (m-MTDATA), el N4,N4,N4" ,N4"-
tetra([1,1'-bifenil]-4-il)-[1,1":4",1"-fenil]-4,4"-diamina (TaTm) y el Tris (4-
carbamoil-9-ilfenil)Jamina (TcTa)). Sus energias de ionizacion de 5.02 eV, 5.38
eV y 5.68 eV, respectivamente, se midieron utilizando espectroscopia
fotoelectronica en aire. Las células solares se fabricaron siguiendo una
arquitectura de tipo p-i-n que consiste en vidrio con ITO, MoQOs, HTM, MAPI,
fullereno (C60), 2,9-Dimetil-4,7-difenil-1,10-fenantrolina (BCP) y Ag como
contacto superior.

Resultados vy discusidn

Las caracteristicas de voltaje y corriente se midieron bajo iluminacién de 100
mW cm2 en polarizacién directa e inversa. Curiosamente, los dispositivos con
m-MTDATA y TcTa casi no muestran variacién en el Vo (1.008 Vy 1.000 V), a
pesar de tener una diferencia de IE de 0.66 eV entre los HTMs. Los
dispositivos con TaTm muestran el Voc mas alto, 1060 mV. Dado que estos
resultados no muestran una tendencia evidente entre la IE de los HTMs y el
Voc resultante, se llevaron a cabo estudios adicionales para elucidar Ila
relacién entre estos parametros.

El tipo dominante de recombinacion se investigd midiendo el Voc en funcidn
de la intensidad de iluminacién. El Vo depende logaritmicamente de la
intensidad de la luz y al introducir el factor de idealidad nip como factor
previo, obtenemos:

Iy

- TlIDkBT lTl—

eI/OC:E I

g

E, es la banda prohibida, T la temperatura, ks la constante de Boltzmanny /o
la corriente de saturacion inversa. Midiendo el Voc en funcién de la intensidad
de la luz para dispositivos con HTM variables obtuvimos factores de idealidad
de ~1.7 para TaTm y ~1.2 para TcTa y m-MTDATA. Cuando los factores de
idealidad se aproximan a 1, la recombinacion es directa y generalmente se
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interpreta como una recombinacién superficial no radiativa (si el Voc asociado
es bajo en comparaciéon con la banda prohibida del semiconductor) o
recombinacién radiativa en el volumen del semiconductor (en el caso de Vo
elevados). Los factores de idealidad cercanos a 2 se asocian generalmente a
la recombinacién no radiativa mediada por defectos.

Estas consideraciones sugieren una recombinacion superficial mayor que
limita el Voc en el caso de los dispositivos con TcTa y m-MTDATA, mientras
que el Voc en células con TaTm esta limitado principalmente por la
recombinacién no radiativa mediada por defectos. El origen de la aumentada
recombinacién superficial en la interfaz entre MAPI y TcTa o0 m-MTDATA no
estd aun claro. Es poco probable que la IE del HTM influya en la separacién
de los quasi-niveles de Fermi, y en particular en la posicidn del quasi-nivel de
Fermi de los huecos (Ern), que estd determinado por la perovskita. Esto
resulta de la baja energia de enlace del excitén y de la pequefia densidad de
portadores de cargas en oscuridad del MAPI. Adema3s, esta en linea con
observaciones anteriores donde las modificaciones de la energia de los HTMs
y ETMs no afectan al fotovoltaje.

Por lo tanto, es importante discutir las implicaciones de los diferentes HTMs
mediante los otros pardmetros fotovoltaicos relevantes para los dispositivos.
Las tres células solares difieren principalmente en FF, con TaTm y m-MTDATA
con valores altos de alrededor de 75% y TcTa con un FF mds bajo de 64%.
Esto se puede atribuir a la mayor energia de ionizacién del TcTa, que también
se refleja enla curva IV en oscuridad a voltajes de alrededor de 1 V. Todos los
dispositivos alcanzan corrientes de cortocircuito relativamente altas,
aproximadamente 20 mA/cm? para TaTm y 19 mA/cm? para TcTa y m-
MTDATA. Las curvas de EQE son muy similares, lo que concuerda con los
resultados analizados anteriormente. Este punto resalta la buena extraccion
de carga obtenida con TcTa y m-MTDATA a pesar de su desajuste de nivel de
HOMO con la banda de valencia de la perovskita. Pudimos medir la cinética
de extraccién de carga mediante espectroscopia de absorcidn transitoria
(TAS). Observamos una sefial de reduccidén instantanea del GSB de la
perovskita independientemente del HTM utilizado, lo que indica que la
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inyeccion de huecos tiene lugar para todos los HTM a tiempos incluso
menores que la resolucién temporal del equipo (aproximadamente 60 fs).

En resumen, hemos fabricado una serie de dispositivos completamente
evaporados basados en diferentes HTM con una diferencia de IE entre ellos
de hasta 0.66 eV. Los dispositivos producidos con estos HTM mostraron
voltajes de entre 1000 mV (TcTa, m-MTDATA) y 1060 mV (TaTm). La medicién
de los factores de idealidad nos permite explicar las diferencias en Voc por
los procesos de recombinacion. Nuestros resultados indican que el Voc de las
células solares de perovskita no esta necesariamente limitado por la energia
del material de transportador de huecos, sino principalmente por los
diferentes caminos de recombinacién de los portadores de carga. Ademas,
mostramos una extraccion de carga eficiente por HTM con HOMO
desalineado con la perovskita (> 300 meV por encima y por debajo de la
banda de valencia de la perovskita). Estos resultados ayudaran al disefio de
nuevos HTMs que pueden mejorar el rendimiento de las células solares de
perovskita.
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Atomic force microscopy

Air Photoemission measurement system
Dye sensitized solar cell

Band gap energy

External quantum efficiency
Electron transport material
Formamidinium lead triiodide

Fill factor

Focused lon Beam

Grain boundary
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Highest occupied molecular orbital
Hole transport material

Current
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