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Chapter 1
Introduction

Atomic layer deposition (ALD) has been proven to be a key technique for application in
various next-generation energy conversion and storage technologies. Meanwhile, the
blooming of hybrid organic-inorganic perovskite materials has kick-started a new
revolution in photovoltaic (PV) research. This dissertation aims at going beyond the
state-of-the art in ALD processing by investigating the synthesis and application of ALD
thin films on/for hybrid perovskite PV technology. The chapter starts with a brief
introduction to hybrid perovskite solar cells (PSCs). Next, the contribution of ALD in
achieving some of the major milestones in PSCs is described, which forms the core aspect
of this dissertation. The chapter concludes by addressing the research objectives and
outline of this dissertation.

1
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Chapter 1

1.1 Atomic layer deposition for energy technology
The perennial increase in global energy consumption necessitates the facilitation of
intensive research in the field of sustainable energy and technology.1 Atomic layer
deposition (ALD) is a thin-film deposition technique which operates in a cycle-wise
fashion, where the substrate is sequentially exposed to at least one precursor and one coreactant, both exposures being followed by a purge step. Self-limiting growth is the key
characteristic of this deposition technique.2-4 In the recent years, ALD has drawn
tremendous interest for application in various next-generation energy conversion and
storage technologies, such as photovoltaics (PV), photo-electrocatalysis, batteries and
supercapacitors (to name a few).5-10 The capability of depositing high quality, uniform
and conformal thin films with angstrom (Å) level thickness control has made ALD standout as an unrivaled technique to synthesize passivation layers, moisture permeation
barrier layers and transparent conductive oxide (TCO) layers in different PV
technologies, such as crystalline silicon (c-Si), copper indium gallium selenide (CIGSe),
organic (OPV) and dye-sensitized solar cells (DSSCs).5-6 With the spatial-ALD approach,
the industrial requirement for fast deposition and high throughput has also been
demonstrated, without compromising the benefits of the conventional ALD process.11

1.2 Hybrid organic-inorganic perovskite solar cells
The emergence of hybrid organic-inorganic perovskite has kick-started a new revolution
in PV research. Having the general chemical formula ABX3 (A = CH3NH3+, HC(NH2)2+,Cs+), B = Pb, Sn, and X = I, Cl, Br), these materials are dominated by the complex
interactions interplaying between the organic moiety and the inorganic framework of the
lattice (Figure 1.1a). Due to their tunable bandgap range, Eg = 1.55–2.3 eV, high charge
carrier mobility, low-cost simple fabrication processes, the perovskite solar cell (PSC)
technology has bloomed as a serious contender for application amongst the other existing
PV technologies (like c-Si, CIGS, CdTe)Ύ exhibiting efficiencies >20%.12-13 Furthermore,
the freedom of tuning the bandgap makes it a promising top cell candidate in a tandem
device configuration in view of efficient exploitation of the solar spectrum. The reader
can consider the excellent review articles that have been published in this field, where the
properties of the hybrid perovskite materials have been described extensively.14-18
The first demonstration of hybrid organic-inorganic perovskite material as a
sensitizer in solar cell was made in 2009, yielding a power conversion efficiency (PCE)
of 3.8%.19 With unprecedented increase in its PCE over the last decade (Figure 1.1b),
the perovskite PV technology now showcases a record efficiency of 24.2%.12 The typical
device layouts of PSCs can be represented by three different configurations as presented
*Record PCE with corresponding solar cell area: c-Si 26.7% (79 cm2), CIGS 22.9% (1.041 cm2),
CdTe 22.1% (0.4798 cm2), PSC 24.2% (area not published yet).12-13
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Figure 1.1: (a) ABX3 crystal structure and the conventional elemental and molecular components employed in perovskite absorber materials, adapted
from41. (b) Progress in lab-scale (≤0.1 cm2) and large-area (≥ 1.0 cm2) PCEs of PSCs. Solid and hollow symbols represent certified and uncertified
PCEs, respectively, adapted from44. (c) Common PSC architectures, adapted from44. (d) Major degradation pathways in PSCs- exposure to oxygen
and moisture, UV radiation, elevated temperature and upon illumination, adapted from28. (e) Water adsorption on MAI- and PbI2-terminated (001)
surfaces of MAPbI3, adapted from30.
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in Figure 1.1c. These are planar and mesoscopic configurations. In planar PSCs, the
perovskite layer is sandwiched between an electron transport layer (ETL) and a hole
transport layer (HTL). In the mesoscopic configuration, perovskite absorber is used to
sensitize a mesoporous metal oxide scaffold (typically TiO2, Al2O3, SiO2 or NiO).20-23 In
triple mesoscopic PSCs, the perovskite is deposited on a triple-layer scaffold, with no
HTL in the device stack. This scaffold is made of a screen-printed mesoporous
TiO2 layer, a ZrO2 spacer layer, and a carbon electrode (which replaces the metal backcontact in the device).24-25 Depending on the order of depositing the ETL (n-type) and
HTL (p-type), the mesoscopic and planar PSCs can be further divided into conventional
(n-i-p) and inverted (p-i-n) configurations.
Lewis bases such as water (H2O) have been identified as one of the key sources for
the irreversible degradation of perovskite films and devices.26 The conventional hybrid
perovskite, methylammonium lead iodide (MAPbI3) is highly unstable under exposure to
oxygen and moisture, elevated temperatures, UV radiation and voltage stress (Figure
1.1d).27,28 Ion migration, halide segregation, and formation of metallic lead and molecular
iodine upon illumination have also been recently identified.28 Various density functional
theory (DFT) studies have been carried out to elucidate the interaction of H2O molecule
with the hybrid perovskite materials. The work by Frost et al. showed that a single H2O
molecule could trigger the decomposition of MAPbI3 into MAI and PbI2.29 In parallel,
Mosconi et al. investigated the chemical interaction of H2O molecules with the MAPbI3
perovskite (having different surface terminations).30 On MAI– terminated MAPbI3
surfaces, they showed H2O molecules to interact with the Pb sites. This led to the
nucleophilic substitution of I by H2O and desorption of the MA unit. In contrast to this
degradation pathway, in case of PbI2-terminated MAPbI3 surface, H2O molecules were
demonstrated to percolate into the perovskite layer with subsequent incorporation into
the hydrated phase. The two case studies by Mosconi et al. are presented in Figure 1.1e.
Over the last decade, enormous efforts have been made to overcome the environmental
instability issues associated with the perovskite absorbers and the corresponding solar
cells, which have helped in significantly raising the stability period of the devices.31 This
accomplishment has been the result of both fundamental understanding of the perovskite
material itself (in terms of its crystal growth, compositional modification and
optoelectronic properties),32-33 as well as improved engineering of the PSC architectures
(which pertains to novel interfacial designing approaches, development of efficient
charge transport and electrode layers).34-41
In addition, large-area processing, hysteresis effect, toxicity of lead and poor device
reliability are other hurdles to practical application of PSCs.42-44 For lab-scale research,
PSCs are fabricated by processing the perovskite absorber and the charge-transport layers
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(CTLs) on small area substrates (<1.0 cm2). Increasing the device area leads to a decrease
in its PCE (Figure 1.1b).44 Several methods, such as screen printing, slot-die coating, and
spray coating have been developed to facilitate the fabrication of PSCs on a module

1

scale.44-45 The anomalous hysteresis behavior which is expected to arise from ion
migration46 and charge accumulation47 at the interfaces of PSCs leads to a difference in
the PCEs obtained from reverse current density- voltage (J-V) measurement (from opencircuit to short-circuit condition) and forward J-V measurement (from short-circuit to
open-circuit condition). Moreover, Pb present in the conventional perovskite chemical
compositions is soluble in water, presenting a toxicological issue. Replacing Pb with nontoxic element warrant further development so as to bring the PCEs of the Pb-free PSCs
on par with the Pb-based counterparts. Another concern related to PSC is its reliability
issue. Although PSC mini-modules (with active area of ~50 cm2) have now undergone
light-soaking test for 10,000 hours, this test has been done using UV-filtered lamps. At
the same time, the dark damp heat test for 1000 hours that has been passed by PSCs, have
an active area of ~1 cm2 (which is well below the area of commercial solar cells) and have
been fabricated by utilizing scrupulous device design and encapsulation strategies.44
This necessities investigation of the aforementioned challenges in order to overcome
them and realize successful commercialization of the perovskite PV technology. This
dissertation primarily focuses on the instability issue (environmental degradation of PSC
and instability at the interfaces present in its device architectures).

1.3 ALD for perovskite PV: Major milestones of progress
Given the outstanding merits of the ALD-grown thin films (described in Section 1.1), the
technique started to draw profound interest also in the perovskite community. A time-line
showcasing the progress and the significantly enlarged application range of ALD for
PSCs is illustrated in Figure 1.2. The major milestones that have been achieved are
briefly described below:48-52
During the early stages of research on PSCs, MAPbI3 was utilized as the conventional
absorber chemistry by the perovskite community. Given its environmental instability,
enormous efforts were made to tackle the issue, mostly by concentrating on the
substitution of the organic cations in its lattice, without laying much emphasis on
developing novel strategies to stabilize the existing MAPbI3-based PSCs. With this
motivation, one of the first challenges which researchers focused on was to address the
environmental instability of PSCs by ALD. In 2015, the implementation of ultrathin ALD
Al2O3 as a moisture-permeation barrier layer was demonstrated on top of ƍƍtetrakis(N,N-di-pmethoxyphenyl-DPLQH ƍ-spirobifluorene (Spiro-OMeTAD) hole
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transport layer (HTL) in an n-i-p PSC architecture.53 In this work, instead of directly on
top of the perovskite, ALD Al2O3 was applied on top of the HTL to secure the stability
of the underlying MAPbI3 under exposure to O3 (used as the co-reactant in the ALD

1

process).53 To address the ALD processing barrier directly on MAPbI 3, another study
employed acetic acid as the co-reactant to deposit Al2O3 directly on perovskite.54
However, the application of these layers in PSCs could not be demonstrated. The first
successful implementation of ultrathin thermal ALD Al2O3 (<1 nm) directly on top of
MAPbI3 in an n-i-p PSC configuration followed shortly afterwards (here H2O vapor was
used as the co-reactant in the ALD process).55 The Al2O3 incorporated planar PSCs were
shown to yield higher efficiencies and improved stability against humidity in comparison
to the Al2O3-free cells.55 Several studies then adopted the ALD Al2O3-assisted interface
engineering approach for stabilizing n-i-p perovskite device architectures. The
incorporation of room-temperature ALD Al2O3 was demonstrated on top of both fresh
and 50 days aged MAPbI3 perovskite for improving the PCE and ambient air stability of
the solar cells.56-57 The applicability of ALD Al2O3 was extended also toward stabilization
of other perovskite chemistries, such as CsPbBrxI3íx and CsPbI3 quantum dots.58
Recently, ultrathin ALD ZrO2 was demonstrated as another passivation layer, enabling
the modification of MAPbBr3/CTL interface for improved PCE in p-i-n PSC.59
In parallel, several groups focused on the application of ALD-grown metal oxides as
CTLs in hybrid PSCs. The underlying aim was to reduce the thickness of the CTL, in
order to prevent parasitic absorption losses as well as to reduce series resistance in the
fabricated solar cells. Processing ultrathin CTLs by solution techniques seemed to be
challenging in most circumstances, since it usually resulted in pinholes and cracks,
leading to reduced charge carrier blocking and creation of shunt pathways. Ultrathin (1020 nm) conformal ALD films, such as TiO2, SnO2, ZnO and NiO were successfully
applied as CTLs underneath the perovskite absorber layer in various device
architectures.48-51
The usage of ALD metal oxides (such as SnO2, Al:ZnO, TiO2, VOx) as buffer layers
in various perovskite-based single junction and tandem architectures was also
demonstrated in the last couple of years.48-52 These ALD buffer layers were shown to act
as excellent moisture and thermal stress barrier layers to suppress the degradation of
PSCs, together with providing efficient charge extraction and minimal parasitic
absorption losses in the device stacks. In tandem devices, these buffer layers were
demonstrated to prevent potential damage of the underlying organic CTL and perovskite
absorber during the subsequent sputter deposition of the top transparent conductive oxide
(TCO) layer.
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1.4 Research objectives and outline of this thesis
This dissertation aims to contribute to the field of ‘ALD for PSC’ by developing novel
ALD-assisted interfacial designing schemes to achieve efficient and stable PSCs.
Chapter 2 introduces important aspects related to interface engineering by ALD in
perovskite solar cells. The first part of the chapter presents an overview on the nucleation
mechanisms and film growth behaviors during ALD on selected chemically challenging
substrates (which lack surface –OH groups), with particular focus on the classical Al 2O3
chemistry, utilizing trimethylaluminium (TMA) as the precursor and water vapor (H 2O)
as the co-reactant. The underling aim is to provide a good platform for facilitating the
reader to understand the nucleation of ALD Al2O3 on top of the hybrid organic-inorganic
perovskite material. The second part of this chapter provides insights into interface
engineering aspects in hybrid PSCs by showcasing studies from pertinent literature
reports. Specifically, it sheds light on whether the relevance of some of the conventional
prerequisites still holds, when it comes to designing interfaces by ALD metal oxides in
PSCs.
The following research objectives are addressed in this dissertation:

How does ALD Al2O3 grow on hybrid perovskite?
Hydroxyl (–OH) groups are considered to be the key chemisorption sites to promote the
growth of ALD metal oxides on c-Si substrates. However, the surface of MAPbI3íxClx
perovskite employed in this work does not contain –OH groups. Therefore, Chapter 3 of
this dissertation investigates the growth mechanism of thermal ALD Al2O3 on top of
perovskite by employing in situ infrared and X-ray photoelectron spectroscopy
techniques. A case study of Al2O3 deposited by trimethylaluminium-water (TMA-H2O)
chemistry is presented. Alongside the study on growth initiation of ALD Al2O3, this
chapter also elucidates on how the growth further proceeds on top of the hybrid perovskite
material and whether it follows the classical linear behavior that is observed typically on
a c-Si substrate.

What are the effects on device performance and environmental stability
when ALD Al2O3 is grown directly atop perovskite?
Chapter 4 of this dissertation probes whether the presence of ultra-thin ALD Al2O3 layer
grown directly on top of MAPbI3-xClx perovskite layer could be beneficial toward
improving its environmental stability. The nuclear solid state technique of Doppler
broadening-positron annihilation spectroscopy (DB-PAS) is utilized to shed light on the
structural defects (such as atomic vacancies, voids, crystallographic defects and grain
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boundary defects) present in the perovskite lattice, and about the depth dependence of its
structural degradation. Thereafter, it is investigated whether the presence of ALD Al2O3
is helpful in suppressing the evolution of these open volumes under exposure to the

1

ambient environment.
Chapter 5 studies the effect of incorporating <1 nm ALD Al2O3 at the interface between
MAPbI3-xClx perovskite and Spiro-OMeTAD HTL on the performance of the fabricated
n-i-p solar cells. In conjunction, it evaluates whether the presence of Al2O3 atop
perovskite could be beneficial for reducing the hysteresis loss and enhancing the
humidity-stability of the fabricated devices with respect to the ones without.
Chapter 6 extends the study of interface engineering with ALD Al2O3 to the
implementation of poly(3,4-ethylenedioxythiophene) (PEDOT) as HTL in a planar n-i-p
PSC configuration. This study is motivated by the fact that there are very few reports
demonstrating the potential applicability of PEDOT:PSS as p-type charge extraction layer
in a ‘regular’ n–i–p PSC due to the well-known acidic and hygroscopic characteristics
of PEDOT:PSS, that lead to degradation of the intrinsic perovskite films when it is
deposited on top. Chapter 6 seeks to investigate whether implementing ultrathin ALD
Al2O3 prior to the deposition of the PEDOT layer could help in preventing any premature
device failure, and thereby aid in facilitating the replacement of the costly SpiroOMeTAD HTL counterpart.

Can the merits of ALD-grown films be further explored in PSCs by
expanding the application to charge transport and electrode layers?
Motivated by the intriguing results achieved via incorporating ALD Al2O3 in n-i-p PSCs,
this dissertation further explores the route of interface designing by addressing other ALD
chemistries͘ Chapter 7 concentrates on the development of a plasma-assisted ALD
process of NiO based on Ni(MeCp)2 as precursor and O2 plasma as co-reactant. The bulk
characteristics of the fabricated NiO film together with its interfacial properties with the
perovskite layer are investigated comprehensively, with the aim of identifying the key
assets required for ALD NiO to dedicate as an efficient HTL in planar p-i-n device
architectures.
In conjunction to single-junction PSCs, the application of ALD NiO is also demonstrated
in monolithic (2-terminal) perovskite/CIGSe tandem solar cells.17 One of the challenges
in fabrication of monolithic (2-terminal) tandem solar cells is the processing of perovskite
top cells on textured bottom cell surfaces, such as pyramidal etched silicon60 or rough
CIGSe.61 Depositing a perovskite top cell and especially its very thin CTLs by solution
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processing (which is to date the most common and efficient way of PSC fabrication),
creates a high probability of shunting the top cell of the tandem device. Chapter 8 of this
dissertation aims to tackle this issue by implementing a ‘conformal’ 10 nm ALD NiO
HTL on top of a rough CIGSe bottom cell (having a typical surface root-mean-square
roughness in the range of 50-200 nm). The beneficial role of the NiO layer processed on
top of the In2O3:Sn (ITO) front contact of the rough CIGSe bottom cell is scrutinized,
especially by checking whether the ALD merit of ‘conformality’ helps in preventing any
potential shunting in the fabricated perovskite/CIGSe tandem device.
Finally, Chapter 9 of this dissertation concentrates on TCOs present in PSCs. The
parasitic absorption and/or reflection of near-infrared light in the TCO still remains a
bottleneck when semi-transparent and tandem perovskite devices are sought. In addition,
careful optimization of the electrical properties at the interfaces between TCOs and CTLs
in PSCs are crucial for attaining efficient device performance. In this regard, Chapter 9
aims in improving the material and opto-electrical properties of TCOs. Experimental and
simulation studies are carried out to investigate the benefits that could be attained by
utilizing an ALD-grown high-mobility In2O3:H layer as TCO over sputtered ITO in PSCs.
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Chapter 2
Atomic Layer Deposition for
Interface Design and Engineering

Understanding the chemical reactions that undergo between precursors and the surface
groups of the underlying substrate opens new opportunities in designing interfaces by
atomic layer deposition (ALD) for several applications. Surface hydroxyl (íOH) groups
are considered to be the most common/ubiquitous chemisorption sites for
trimethylaluminium (TMA) on Si substrates. The film nucleation and growth mechanism
becomes rather complex when these chemical functional groups for the ALD surface
reactions are absent on the underlying substrate. In the first part of this chapter (Section
2.1), an overview on the nucleation mechanisms and film growth behaviors during ALD
on some chemically challenging substrates, such as polymers and self-assembled
monolayers (SAMs) which lack the typical surface –OH groups is presented, with
particular focus on the classical Al2O3 chemistry, utilizing TMA as the precursor and
water vapor (H2O) as the co-reactant. The investigations presented in this section will
provide a background to understand and sketch the nucleation and growth of ALD Al2O3
on top of methylammonium lead iodide perovskite (which also lack –OH surface groups).
Section 2.2 provides insights into interface engineering aspects in hybrid perovskite solar
cells (PSCs), by presenting case studies from pertinent literature reports that focus on
the interfaces adjacent to charge transport and electrode layers in the device stack.
Specifically, it sheds light on whether the relevance of some of the conventional
prerequisites still holds, when it comes to designing interfaces by ALD metal oxides in
PSCs.
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2.1 Role of surface functionalization in the nucleation of
ALD Al2O3
Atomic layer deposition (ALD) is a thin film growth technique based on sequential selflimiting surface reactions.1-3 A variety of materials can be grown using a multitude of
ALD surface chemistries. Al2O3 ALD utilizing trimethylaluminium (TMA) as the
precursor and water vapor (H2O) as the co-reactant is one of the most well-established
ALD systems.4-9 A classical ALD process of Al2O3 on a c-Si substrate10 is schematically
represented in Figure 2.1. During the first half-cycle, the hydroxyl (–OH) groups
terminated surface is exposed to vapor phase TMA which chemisorbs on the –OH groups.
Each chemisorbed TMA molecule reacts with one or two surface –OH groups. This
ligand exchange reaction releases methane (CH4) as a volatile reaction product. This
reaction is self-limiting, and results in a –CH3 terminated surface at the end of the TMA
half-cycle. The gas phase reaction products (CH4) and excess precursor are removed from
the reactor by purging and/or pumping. In the second half-cycle, vapor phase H2O reacts
with the –CH3 groups on the surface, converting the surface layer into Al2O3. This
reaction is also self-limiting, and at the end of this half-cycle, the remaining H2O vapor
and CH4 reaction products are removed by purging and/or pumping. This completes one
ALD cycle, and changes the surface groups back to the original –OH terminated species.
The surface reactions can be summarized as follows (where asterisks denote the surface
species):4-6, 8, 11

Al-OH* + Al(CH3)3 ĺAl-O-Al(CH3)2* + CH4
Al-CH3* + H2O ĺ$O-OH* + CH4
The above reactions represent the growth of Al2O3 during steady-state ALD and are
predominantly ruled by the surface chemistry involving –CH3 (from TMA) and –OH
groups (on c-Si substrate). Alternative nucleation mechanisms may exist when the –OH
surface functional groups are absent on the underlying substrates, such as in polymers
and self-assembled monolayers (SAMs).

534072-L-bw-Koushik
Processed on: 1-8-2019

PDF page: 26

Chapter 2

21

2

Figure 2.1: ALD cyclic process for growing Al2O3. One cycle can be divided into a
precursor (TMA) and a co-reactant (H2O) half-cycle. (a) In the TMA half-cycle, TMA reacts
with the –OH surface groups and deposits a sub-monolayer of Al atoms terminated by –CH3
groups. (b) In the next half-cycle, H2O vapor reacts with the –CH3 groups and converts the
surface layer into Al2O3, recuperating the –OH terminated surface. In both TMA and
H2O half-cycles, CH4 is released as reaction product which is removed from the reactor in
the pumping and/or purging steps, adapted from10.

2.1.1 ALD Al2O3 on polymers
Al2O3 by ALD has been successfully demonstrated on thermally sensitive substrates
(such as, polymers), with deposition temperatures as low as room temperature12 for
numerous applications. Cellulosic cotton is an example of a natural polymer with a large
density of reactive surface –OH groups. Figure 2.2a shows a transmission electron
microscopy (TEM) image of 200 cycles ALD Al2O3 (with TMA and H2O) which were
processed on a cotton fiber in a study carried out by Parsons et al.13 A clear and welldefined organic/inorganic interface (within the resolution of the image) was evident from
the image.13
On the contrary, the film growth becomes rather complex when the necessary
functional groups are absent on the polymer substrate. Parsons et al. investigated the
growth of ALD Al2O3 on top of polypropylene, which is a polymer that lacks the typical
–OH surface functional groups.14 Figure 2.2b shows a TEM image for 100 cycles of
ALD Al2O3 which were processed on the polypropylene substrate at 90 °C. A welldefined polymer/inorganic interface was not observed. Instead, a non-uniform film
structure was witnessed together with a rough surface texture. This indicated that in case
of ALD Al2O3 on polypropylene, the TMA precursor does not readily react on the surface,
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but instead diffuses into the sub-surface, resulting in polymer swelling, sub-surface
particle growth and rough surface texture.13-14

Figure 2.2: TEM images of ALD Al2O3 deposited on top of (a) cellulose cotton polymer,
demonstrating a well-defined polymer/Al2O3 interface, and (b) polypropylene fiber,
showing a graded polymer/Al2O3 interface together with a rough surface texture, adapted
from13,14.

In parallel, Wilson and Grubbs et al. also investigated the ALD process of Al2O3 on
various polymer substrates having no –OH surface termination such as, polystyrene,
polypropylene, poly(methyl methacrylate), polyethylene, and poly(vinyl chloride) at 85
°C.15 A model was proposed for the nucleation and growth of ALD Al2O3 on polymers
which involves four steps: reactant diffusion, reactant retainment, Al2O3 cluster
formation, and Al2O3 cluster coalescence to form a continuous film. The polymer film is
represented by loosely packed circles with a larger free volume in the near surface region,
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as depicted in Figure 2.3a. Having no initial –OH groups within the polymer, during the
first half-cycle of TMA exposure, the TMA molecules get trapped within the near surface
region of the polymer film. In the next half-cycle of H2O vapor exposure, TMA reacts
with H2O to form Al2O3 nucleation clusters as depicted in Figure 2.3b. These Al2O3
nucleation clusters in the near surface region grow during the successive ALD cycles
(TMA and H2O exposures), and start filling the space between the polymer chains. The
Al2O3 clusters eventually coalesce which closes the space between the polymer chains. A

2

nearly continuous Al2O3 film is obtained as shown in Figure 2.3c. The diffusion of TMA
and H2O is completely blocked into the near surface region with progressive growth of
continuous ALD Al2O3 film on the underlying polymer substrate (Figure 2.3d).

Figure 2.3: Model for the growth of ALD Al2O3 on polymer films as proposed by Wilson
and Grubbs et al., which involves four steps. Figure (a) shows a cross-section of the polymer
film, represented by loosely packed circles, (b) shows the formation of nucleation clusters of
Al2O3 as a result of the reaction of H2O with TMA trapped in the near surface region, (c)
demonstrates coalescence of the Al2O3 clusters and closure of the space between the polymer
chains, and (d) shows the formation of a dense Al2O3 film which grows on top of the polymer
surface.15

2.1.2 ALD Al2O3 on SAMs
Density-functional theory (DFT) has proven to be a useful tool in understanding the
growth of ALD metal oxides by evaluating the energetics and kinetic barriers of the ALD
precursors on surfaces with different chemistry terminations. Xu and Musgrave et al.
carried out DFT simulations on the nucleation of ALD Al2O3 on top of SAMs terminated
with three different functional groupVí2+í1+2DQGí&+3.16
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In case of –OH terminated SAM, the surface reaction with TMA was found to be
exothermic and shown to proceed via the following interaction steps:16
x

TMA adsorption RQWRWKHí2+VLWHvia dative bond formation between the Al
center of the TMA molecule and the electron lone pair of the SAM functional
group i.e. –OH (Figure 2.4ii). This is an acid-base interaction, with the TMA
acting as the Lewis acid and the –OH acting as the Lewis base. A complex with
an adsorption energy of 0.60 eV is formed.

x

Proton transfer from the –OH group to one of the CH3 ligands of the TMA
molecule via a four-FHQWHUHG $Oí2í+í& WUDQVLWLRQ VWDWH (Figure 2.4iii),
resulting in ligand exchange of the Al atom.

x

Desorption of the CH4 formed (as gas-phase byproduct of this reaction), leaving
a new SAM termination of –O–Al–(CH3)2 (Figure 2.4iv) on which ALD Al2O3
growth can proceed.

Figure 2.4: Reaction path and predicted energetics for reactions of TMA and íOH-terminated
SAM. The stationary points correspond to (i) CH3CH2OH + TMA, (ii) complex
TMA.OHCH2CH3, (iii) transition state, and (iv) CH3CH2O-Al(CH3)2 + CH4, adapted from 16.
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The reaction pathway of TMA with í1+2 terminated SAM (Figure 2.5 (i-iv)) was
shown to be qualitatively similar to the reaction with –OH terminated. However,
comparing the energies of the interactions of TMA with –OH and –NH2 sites, it was
observed that the Al–N dative bond is 0.25 eV stronger than that of Al–O i.e. more energy
is released upon formation. The activation energy for the ligand exchange process with
the –NH2 group was deduced to be 1.22 eV which was nearly twice as large as the
activation energy required with the –OH group (0.65 eV). The DFT results indicated that

2

a higher temperature would be required to overcome the larger activation barrier for
ligand exchange on í1+2 terminated SAMs in comparison to íOH terminated ones.16

i)

ii)

iii)

iv)

Figure 2.5: Reaction path and predicted energetics for reactions of TMA and íNH2terminated SAM. The stationary points correspond to (i) CH3CH2NH2 + TMA, (ii) complex
TMA.NH2-CH2CH3, (iii) transition state, and (iv) CH3CH2NH-Al(CH3)2 +CH4, adapted from
16.

In case of –CH3 terminated SAMs (Figure 2.6 (i-iii)), no intermediate complex
structure was predicted to form because of the absence of electron lone pairs in the pure
alkane chain to act as a Lewis base for TMA to bind to. Also, TMA interaction was found
to be unfavorable due to the large activation energy of 1.82 eV (highest of the three
studied cases of SAM surface functionalization). The overall enthalpy of reaction relative
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to the reactants was found to be 0.09 eV (endothermic). The results suggested that there
is no thermodynamic driving force for the ALD reaction to take place on the pure alkane
chain.16
Chapter 3 of this dissertation will focus on the nucleation and growth of ALD Al2O3
on top of hybrid organic-inorganic perovskite material, which also lack surface íOH
groups.

Figure 2.6: Reaction path and predicted energetics for reactions of TMA and íCH3terminated SAM. The stationary points correspond to (i) CH3CH2CH3 + TMA, (ii)
transition state, and (iii) CH3CH2CH2-Al(CH3)2 + CH4, adapted from 16.
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2.2 Nano-engineering interfaces in hybrid perovskite solar
cells
One of the hallmarks of ALD is uniform, conformal and pinhole-free deposition which is
expected to be advantageous for attaining high-quality layers in perovskite device stacks.
Review articles published by Deng et al.17 in 2016, the one from our group18 in 2017 and
by Seo et al.19 in 2019 have highlighted the advances, opportunities and challenges

2

associated with the implementation of ALD metal oxides in different perovskite solar cell
(PSC) architectures. The following section showcases some pertinent literature studies to
acknowledge the significance of interfaces adjacent to charge transport layers (CTLs) and
electrodes in PSCs. It sheds light on whether the relevance of some of the conventional
prerequisites still holds, when it comes to designing interfaces by ALD metal oxides in
PSCs.

2.2.1 Interfaces with charge transport layers: Relevance of energy
band alignment
Hybrid PSCs have a layered structure in which the perovskite absorber is sandwiched
between two charge transport layers (CTLs), namely the electron transport layer (ETL)
and the hole transport layer (HTL). Effective band alignment of CTLs with the perovskite
absorber is considered to be a prerequisite for gaining photovoltage and photocurrent in
PSCs. Since ETL extracts and transport electrons, its conduction band minimum (CBM)
is considered to be appropriate when positioned lower than that of the perovskite. On the
other hand, for the HTL, its valence band maximum (VBM) position needs to be
shallower than that of the perovskite for effective transport of the holes.
Most PSCs utilize fullerene (C60) and its derivatives, such as PC61BM, ICBA and
PC71BM as ETLs*.20-22 The common organic molecules which are employed as HTLs*
are spiro-OMeTAD, PEDOT:PSS, spiroTTB, MeO-TPD (to name a few).23-26 To
understand the effect of CBM position of ETLs on the obtained device performance,
Malinkiewicz et al. fabricated inverted methylammonium lead iodide (MAPbI3)- based
PSCs employing two different organic ETLs, 3TPYMB and PCBM60. A difference of 0.6
eV was observed between the CBM of perovskite and that of 3TPYMB in contrast to the
barrier-free CBM alignment of PCBM60 (comparative energy levels of both the ETLs
with the employed MAPbI3 perovskite are presented in Figure 2.7a). The 0.6 eV barrier
at the perovskite/3TPYMB interface resulted in a PSC efficiency of 5.5%, whereas the
device with PCBM60 yielded a comparatively higher PCE of 10% (Figure 2.7b).27
* [6,6]-phenyl-C61-butyric acid methyl ester (PC61BM), indene-C60-bisadduct (ICBA), ƍƍtetrakis(N,N-di-pmethoxyphenyl-DPLQH ƍ-spirobifluorene
(Spiro-OMeTAD),
poly(3,4ethylenedioxythiophene) (PEDOT:PSS), ƍƍ-WHWUDNLV 11ƍ-di-p-methylphenylamino)-ƍspirobifluorene (spiroTTB), 111ƍ1ƍ-tetrakis(4-methoxyphenyl)-benzidine (MeO-TPD)
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Jaysankar et al. investigated the role of ionization potential (IP) of organic HTLs on
the VOC of PSCs. CsFAPbIBr-based PSCs were fabricated with different organic HTLs
having IP in the range of 5 eV -5.6 eV.24 The obtained VOC from the different devices
were plotted as a function of IP of the HTLs (Figure 2.7c). No conclusive trend was
witnessed. The results suggested that the VOC of PSCs may not be influenced by the IP of
the HTL alone, as long as there is no barrier for hole extraction from the perovskite to the
HTL. Similar observation was reported in the work of Belisle et al., where the role of IP
of the employed HTLs on the obtained device performance was systematically
investigated.25 Minimal effect on VOC and PCE of the fabricated devices was observed
based on the wide range of IP (5.1 -5.35 eV) of the HTLs adopted in this work (Figure
2.7d).
Bruijnaers et al. observed that the work function (WF) and IP of PEDOT:PSS HTL
that was deposited underneath a N2-annealed perovskite layer was lower compared to the
PEDOT:PSS HTL that was below an air-annealed perovskite film.28 Similar difference
in WF was witnessed also for the perovskite layers, where the air annealed perovskite
showed a higher WF than the N2 annealed one. However, no change in the IP of the two
investigated perovskite films was observed (Figure 2.7e). This study suggested that only
the WF and not the IP of the perovskite layer is affected by the PEDOT:PSS HTL below
it.. This difference in WF of the two perovskite layers resulted in a difference in the VOC
of the fabricated devices. The air-annealed PSC exhibited a higher VOC than that of the
N2- annealed PSC (Figure 2.7f).
Due to the structural and electrical inhomogeneity of the organic CTLs and the
instability and parasitic absorption losses incurred from the incorporation of these layers
in the device stacks, there is a quest for alternative inorganic materials to be employed as
CTLs in PSCs.29-32 Recently, inorganic ALD metal oxide-based CTLs have drawn
significant attention in hybrid PSCs.17-19 The relevance of band alignment between ALD
ETL and perovskite was first highlighted in the work of Correa Baena et al.,33 where it
was shown that planar PSCs with ALD TiO2 as ETL demonstrate unstabilized PCEs
because of the misalignment of its CBM with the one of the perovskite absorber layer.
An ALD SnO2 ETL was shown to form a barrier-free CBM alignment with the perovskite
(Figure 2.8a). In case of MAPbI3, the CBM of the perovskite was seen to be 0.08 eV
below that of ALD TiO2 and 0.17 eV above SnO2. This inhibited electron extraction in
the TiO2-based PSC and facilitated it in the SnO2-based device. In case of mixed cation
halide-based perovskite, the CBM of the perovskite was demonstrated to be 0.3 eV below
the CBM of TiO2 and only 0.03 eV below SnO2. This resulted in a comparatively efficient
extraction of electrons in the SnO2 based PSC, delivering a PCE of over 18% along with
negligible current-voltage hysteresis behavior as shown in Figure 2.8b.
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IP= 6.10 eV
WF= 4.84 eV
WF= 4.97 eV
IP= 6.10 eV

Figure 2.7: (a,b) Electronic levels (in eV) of the organic 3TPYMB and PCBM60 ETLs and
MAPbI3 perovskite together with corresponding J-V graphs of the fabricated devices,
adapted from27. (c,d) VOC of the PSCs plotted as a function of IP of the employed organic
HTLs in the devices, adapted from24,25. (e) UPS spectra of N2 annealed and air annealed
perovskite layers on top of PEDOT:PSS HTL, and (f) corresponding J-V graphs of the
fabricated devices, adapted from28.
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In parallel, Hu et al.34 reported a comparative study on the obtained PCEs in PSCs
based on three different ALD SnOx ETLs, fabricated using H2O, O3 and O2 plasma as the
co-reactants, respectively. Photoelectron spectroscopy investigation indicated the
formation of a PbI2 interfacial layer between all the investigated SnOx ETLs and the
employed perovskite absorber layer. Due to a difference in the interface dipoles obtained
between the PbI2 interfacial layer and the three SnOx ETLs, different CBM offsets were
demonstrated between the MAPbI3 and the PbI2 (Figure 2.8c), which were 0.23 eV (for
O3-SnOx), 0.34 eV (O2 plasma-SnOx), and 0.5 eV (H2O-SnOx), respectively. Since the
CBM offset was the largest in the case of H2O-SnOx and the smallest in the case of the
O3-SnOx, a superior electron extraction was obtained when O3-SnOx was used as the ETL
in PSC, delivering a stable PCE of 15.3% and a remarkably high VOC of 1.17 V (Figure
2.8d).
Meanwhile, the study by Kuang et al.35 witnessed a 0.69 eV CBM mismatch at the
interface between O2 plasma-assisted ALD SnO2 ETL (deposited at 50 °C) and triple
cation-based perovskite absorber, whereas an excellent CBM alignment for its
counterpart, which was O2 plasma-assisted ALD SnO2 deposited at 200 °C (Figure 2.8e).
Based on this, a severe impact on the PSC performance was initially expected when
implementing the two investigated ALD SnO2 ETLs. In contrast, comparable initial PCEs
of about 17% were demonstrated for both the device stacks when keeping the thickness
of the ETLs at 15 nm (Figure 2.8f).
Similar conclusion was drawn in the work of Lee et al.36, where three thermal ALD
SnO2 samples (pristine, post-annealed at 180 °C and 300 °C) having similar CBM offsets
(0.76 eV, 0.79 eV and 0.75 eV, respectively) with the employed perovskite absorber
(Figure 2.8g) were shown to deliver different PCEs in the fabricated PSCs. The devices
based on 300 °C post-annealed SnO2 ETL demonstrated significantly lower performance
when compared to the cells with SnO2 post-annealed at 180 °C (as evident from Figure
2.8h). The results indicated that CBM alignment between the ETL and perovskite is not
the ‘key’ factor in determining the performance in PSCs.
Overall, it is worth to mention that the observations reported in literature for organic
CTL/perovskite as well as ALD CTL/perovskite interfaces do not provide conclusive
correlation between energy level alignment and obtained PCE in the devices.37 Moreover,
there is not much clarity on how large the offset in the band alignment can be to be still
able to attain efficient transport of charges. Therefore, it is reasonable to conclude that
proper band alignment of CTLs with the perovskite absorber layer is ‘necessary but not
sufficient’ for attaining efficient PSC performance. Chapter 7 of this dissertation will
further elucidate on this, where a case study of ALD-grown NiO as HTL in a planar p-in PSC will be presented.
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Figure 2.8: Electronic levels (in eV) of the applied ALD ETLs and perovskite absorbers
together with corresponding J-V graphs of the fabricated devices. (a,b) Thermal ALD TiO2,
ALD SnO2 together with MAPbI3 and mixed cation perovskite, adapted from33. (c,d) ALD
SnO2 deposited by three different co-reactants (H2O, O3 and O2 plasma) together with
MAPbI3 perovskite, adapted from34. (e,f) Plasma-assisted ALD SnO2 deposited at 50 °C
and 200 °C together with mixed cation perovskite, adapted from35. (g,h) Thermal ALD
SnO2 as-deposited and post-annealed at 180 °C and 300 °C, adapted from36.
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Apart from the effect of band alignment between CTL and perovskite absorber, point
defects, such as organic cation vacancies and halide anion vacancies that are present in
hybrid perovskite materials38-40 could also play a critical role in hampering the charge
carrier dynamics at the CTL/perovskite interface.39, 41-46 In addition, these defects could
lead to hysteresis effect and long-term instability in the fabricated solar cells.39, 47
Inserting defect passivation layers, such as C60, C60-SAM, PCBM at the inorganic
ETL/perovskite interface35, 48-50 and PTAA at the inorganic HTL/perovskite51 interface
have shown to suppress the aforementioned defect-induced negative effects in PSCs.

2.2.2 Interfaces with transparent electrodes
The interfaces with transparent electrodes are shared with the CTLs and/or with the metal
grids in PSCs. A good selection of the transparent conductive oxide (TCO) layer and a
careful optimization of its electrical and chemical properties at the interfaces with its
adjacent layers are other critical parameters to be considered for attaining efficient device
performance in PSCs.
Generally, perovskite-based monolithic (2-terminal) tandem solar cells have an ITO
layer as the recombination junction. In such a tandem device, the recent work of Sahli et
al.52 reported that spiro-TTB when employed as HTL, detaches from the pyramid
summits and ridges of the underlying ITO layer during the 150°C annealing step, which
is performed to crystallize the perovskite layer. As seen in Figure 2.9a, the detachment
of spiro-TTB locally uncovers the ITO, which appears as bright regions in the secondary
electron scanning electron microscopy (SEM) images (indicated by the arrowheads). In
parallel, the scanning transmission electron microscopy- energy dispersive x-ray
spectroscopy (STEM-EDX) analysis shown in Figure 2.9b confirms the significant
accumulation of spiro-TTB layer at the bottom of the valley and its absence from some
of the pyramid edges. These regions with a direct ITO/perovskite contact may act as
recombination centers in the devices. Chapter 8 of this dissertation is aimed to tackle
this issue by ALD, where a ‘conformal’ 10 nm ALD NiO HTL on top of a rough bottom
cell is implemented in a 2-terminal perovskite tandem device. The beneficial role of the
ALD NiO layer is scrutinized, especially by checking whether the merit of ‘conformality’
helps in preventing any potential shunting in the fabricated tandem solar cells.
The importance of the interface between ITO and the metal grids in PSCs (such as,
Cu, Ag or Au gridlines) was highlighted in the recent work of Boyd et al.,53 where it was
reported that metal-induced degradation limits thermal stability in the devices, even when
these metals are separated from the perovskite absorber by a thick sputtered ITO layer. It
was demonstrated that ITO deposited by sputtering cannot fill in the deep perovskite grain
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Figure 2.9: (a) Top view SEM image of spiro-TTB deposited on the ITO recombination layer
DIWHUDQQHDOLQJDWௗ&WRVLPXODWHWKHSHURYVNLWHFU\VWDOOL]DWLRQSURFHVVDQG E 67(0 EDX map of a cross-section of the ITO/spiro-TTB/perovskite stack at the bottom of a valley,
adapted from52.

a)

b)

c)

Figure 2.10: (a) Cross-sectional SEM image of sputtered ITO barrier layer in PSC. Red
arrows indicate diffusion channels that propagate along the perovskite grain boundaries
through the ITO. Top-view SEM images of sputtered ITO layers of thicknesses (b) 150 nm and
(c) 300 nm on MAPbI3 /evaporated PCBM/ALD SnO2. Increasing the thickness of the ITO
layer does not fill the channels created at the perovskite grain boundaries, adapted from53.
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boundaries, and forms pathways for metal and halide diffusion into and out of the
perovskite during thermal aging of the device. This resulted in perovskite grain
boundaries propagating through the sputtered ITO (150 nm and 300 nm in thickness) as
channels, as can clearly be seen in the cross-sectional and top-view SEM images in
Figure 2.10a-c.
Therefore, improving the material properties of the TCO layer (making it uniform,
conformal and impermeable) to prevent metal diffusion and potential shunting at its grain
boundaries or through its pin holes. In this regard, ALD is very well-suited for processing
uniform, conformal and pinhole-free thin films. Chapter 9 of this dissertation
concentrates on the aspect by showcasing the benefits of employing an ALD-grown highmobility In2O3:H as TCO with respect to sputtered ITO. The results demonstrate reduced
parasitic free-carrier absorption and reflection losses in the red and near-infrared part of
the solar spectrum, together with reduced recombination losses in the bulk perovskite
when the devices are fabricated with ALD In2O3:H TCO.

2.3 Conclusions
The efficacy of ALD on some chemically challenging substrates which do not have the
typical –OH surface groups (unlike c-Si) is demonstrated in Section 2.1 of this chapter.
The results reveal that nucleation of ALD Al2O3 is affected by the surface
functionalization of the underlying substrate. In case of polymers, the nucleation of Al2O3
is facilitated by TMA diffusion into the polymers and the subsequent reaction of the
retained TMA with H2O molecule. In case of SAM substrates, the reaction of TMA on –
NH2 terminated SAM is relatively slow compared to –OH terminated case, and desorption
of the precursor is favored over ligand exchange. There is no thermodynamic driving
force for the reaction of TMA on –CH3 terminated SAM. The overview presented in
Section 2.1 intrigues to investigate how the growth of ALD Al2O3 initiates and further
proceeds on top of the hybrid organic-inorganic perovskite materials. Section 2.2 focuses
on whether the relevance of some of the conventional prerequisites still holds, when it
comes to synthesizing, modifying and stabilizing interfaces by ALD metal oxides in
PSCs. Based on investigations carried out in the literature, it is inferred that proper band
alignment of CTLs with the perovskite absorber layer is ‘necessary but not sufficient’ for
attaining efficient transport of charges in PSCs. Finally, it is shown that interfaces with
the TCO layers in PSCs need to be engineered in order to minimize shunting pathways
and enhance stability of the fabricated devices.
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Chemical Analysis of the Interface between
Hybrid Organic-Inorganic Perovskite and
Atomic Layer Deposited Al2O3
Abstract: Ultrathin metal oxides prepared by atomic layer deposition (ALD) have gained
utmost attention as moisture and thermal stress barrier layers in perovskite solar cells
(PSCs). We have recently shown that 10 cycles of ALD Al2O3 deposited directly on top of
the CH3NH3PbI3-xClx perovskite material, are effective in delivering a superior PSC
performance with 18% efficiency (compared to 15% of the Al 2O3-free cell) with a longterm humidity-stability of more than 60 days. Motivated by these results, the present
contribution focuses on the chemical modification which the CH3NH3PbI3-xClx perovskite
undergoes upon growth of ALD Al2O3. Specifically, we combine in situ Infrared (IR)
spectroscopy studies during film growth, together with X-ray Photoelectron Spectroscopy
(XPS) analysis of the ALD Al2O3/perovskite interface. The IR-active signature of the NH3+
stretching mode of the perovskite undergoes minimal changes upon exposure to ALD
cycles, suggesting no diffusion of ALD precursor and co-reactant (Al(CH3)3 and H2O)
into the bulk of the perovskite. However, by analyzing the difference between the IR
spectra associated with the Al2O3 coated perovskite and the pristine perovskite,
respectively, changes occurring at the surface of perovskite are monitored. The
abstraction of either NH3 or CH3NH2 from the perovskite surface is observed as deduced
by the development of negative N-H bands associated to its stretching and bending
modes. The IR investigations are corroborated by XPS study, confirming the abstraction
of CH3NH2 from the perovskite surface, whereas no oxidation of its inorganic framework
is observed within the ALD window process investigated in this work. In parallel, the
growth of ALD Al2O3 on perovskite is witnessed by the appearance of characteristic IRactive Al-O-Al phonon and (OH)íAl=O stretching modes. Based on the IR and XPS
investigations, a plausible growth mechanism of ALD Al2O3 on top of perovskite is
presented.
Published as: D. Koushik, L. Hazendonk, V. Zardetto, V. Vandalon, M.A Verheijen,
W.M.M. Kessels, and M. Creatore, ACS Appl. Mater. Interfaces 2019, 11 (5), 5526–5535.
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3.1 Introduction
Three dimensional hybrid organic-inorganic perovskites with the general chemical
formula ABX3 (A = CH3NH3+, HC(NH2)2+), B= Pb, Sn and X= I, Cl, Br) are characterized
by extremely appealing electronic and morphological characteristics which are
dominated by the complex interactions interplaying between the organic moiety and the
inorganic framework of the lattice. The most conventional perovskite, methylammonium
lead iodide (CH3NH3PbI3) has gained utmost attention in the photovoltaic (PV)
community owing to the unprecedented device efficiencies demonstrated in the last eight
years.1 However, the presence of the volatile CH3NH3+ component in its lattice structure
makes this perovskite highly unstable against environmental exposure.2-5
Massive efforts have been made to enhance the environmental stability of the
perovskite solar cells (PSCs)6 by focusing on more stable perovskite compositions7-9
and/or adopting the approach of interface engineering. 10-16 In the latter case, the
application of atomic layer deposited (ALD) metal oxides in perovskite solar cells (PSCs)
has led to significant advancement in enhancing the environmental stability of the
fabricated devices.17-21 The work reported from our group showed that the
implementation of ultra-thin thermal ALD Al2O3 (< 1 nm) directly on top of CH3NH3PbI3xClx perovskite leads to an enhancement in both initial efficiency and humidity-stability
of the PSC in comparison to the Al2O3-free reference device (humidity conditions ranging
from 40 to 70% at room temperature).22 Kot et al. demonstrated the incorporation of
room-temperature ALD Al2O3 on top of both fresh23 and 50 days aged24 CH3NH3PbI3
perovskite to improve the power conversion efficiency (PCE) of the PSC and its ambient
air stability. The applicability of ALD Al2O3 was extended also toward other perovskite
chemistries in the work of Loiudice et al., where an ALD Al2O3 layer was adopted to
stabilize CsPbBrxI3-x and CsPbI3 quantum dots.25 In contrast to the above ALD Al2O3
processes which used trimethylaluminium (TMA) and H2O vapor as the precursor and
co-reactant respectively, Kim et al. utilized aluminium triisopropoxide and acetic acid in
view of a water-free ALD Al2O3 process to passivate CH3NH3PbI3 perovskite against a
relative humidity of 85%, and also to improve the thermal stability of the films up to 250
o

C.26 Inspired by these seminal studies demonstrating Al2O3 effects directly on top of

perovskites, the application of ALD has expanded further toward other metal oxides,
among which TiO2, SnO2, and Al-doped ZnO (AZO) were recently shown to act as
excellent moisture and thermal stress barrier layers to suppress the degradation of
PSCs.27-33 However, in most cases, rather than directly on top of the perovskite, the
deposition of these metal oxides was performed on [6,6]-phenyl-C61 butyric acid methyl
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ester (PCBM) and other organic charge extraction layers to secure the stability of the
underlying sensitive perovskite against the ALD processing conditions.
Aforementioned intriguing results manifest that the growth of ALD metal oxides
directly on top of the hybrid perovskites is challenging, and hence, motivate a detailed
investigation of the interaction of perovskite with ALD precursors and co-reactants
during the deposition of metal oxides on top. Understanding the factors governing
perovskite chemical modifications, and ALD growth behaviour would enable the
accomplishment of efficient and stable PSCs. In this regard, Choudhury et al. performed
in situ Quartz Crystal Microbalance (QCM) and Fourier transform Infrared (IR)
spectroscopy measurements on CH3NH3PbI3-xClx perovskite during its individual
interactions with TMA and H2O vapor at 75 °C. The results showed that TMA could
continuously etch the perovskite at 75 °C, and at the same time could be more detrimental

3

toward perovskite degradation than H2O vapor exposure.34 Work of Yu et al. focussed on
the nucleation of ALD metal oxides on top of the PCBM/perovskite layer. 35 Kot et al.
implemented synchrotron X-ray Photoelectron Spectroscopy (XPS) to study the roomtemperature ALD Al2O3/CH3NH3PbI3 system, and showed the interaction of ALD
precursors to occur only at the surface of the perovskite. 36 It was demonstrated that
chemical changes at the CH3NH3PbI3/Al2O3 interface could also alter the electronic
properties of the perovskite. In situ valence-band XPS results showed changes in the
position of the valence-band maximum (VBM) of CH3NH3PbI3 with increase in the
number of Al2O3 cycles.23,24 In addition, X-ray diffraction (XRD) and XPS were utilized
to demonstrate the role of metal-organic precursor chemistry toward maintaining both
bulk and surface stability of the perovskite during ALD.17, 33, 37
In this work, we perform in situ IR spectroscopy on CH3NH3PbI3-xClx perovskite to
study its structural and chemical modifications during the growth of ALD Al2O3 on top,
employing TMA as the precursor and H2O vapor as the co-reactant at 80 °C. We choose
ALD Al2O3 for the present study as it is one of the well-established ALD metal oxides,
and has already been demonstrated to work successfully in enhancing the stability of
PSCs. The in situ IR results are complemented by XPS analysis carried out on the
perovskite/ALD Al2O3 interface. Based on the XPS results, we discuss how the growth
of ALD Al2O3 can initiate and then further develop on top of CH3NH3PbI3-xClx
perovskite.

3.2 Experimental Section
CH3NH3PbI3-xClx perovskite film preparation
The perovskite precursor solution is made by mixing lead acetate (PbAc2), lead chloride
(PbCl2) and methylammonium iodide (MAI) in dimethylformamide (DMF) as previously
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reported.38 A ~500 μm thick double-side polished Si (100) wafer (n-type doping, 30-50
cm) with native oxide is used as the substrate. The precursor solution is spincoated
inside a N2 filled glovebox on one side of the double polished Si wafer at 3000 rpm for
60 s. The substrate is subsequently annealed at 130 °C for 10 min to form the perovskite
layer.
ALD process of Al2O3
Al2O3 is deposited on top of the perovskite/Si substrate at 80 oC in a home-built ALD
reactor, which is a high-vacuum system that is evacuated by a combination of a rotary
and a turbomolecular pump to a base pressure of 10 6 mbar. The system has been
extensively described in our previous work.39 Each ALD cycle consists of a TMA dose
of 0.08 s, followed by a purge of 4.0 s, then a H2O vapor dose of 0.1 s, followed by a
purge of 4.0 s. The thickness of the ALD Al2O3 layers on the c-Si substrate is
characterized by spectroscopic ellipsometry (SE) using J.A. Woollam, Inc. M2000 UV
ellipsometer and the growth per cycle (GPC) is determined to be 0.06 nm.
IR Spectroscopy
The IR setup consists of a Bruker Vector 22 Fourier transform IR spectrometer with a
mid-infrared light source (Globar 10000 50 cm 1). The substrate is mounted onto a
sample manipulator (PREVAC, four axes manipulator), which enables for a wellcontrolled movement of the sample in all the X, Y, and Z directions. The perovskite/Si
substrate is placed vertically with the IR beam, i.e., at normal angle of incidence. KBr
windows are used as entry and exit windows for the IR light. In order to prevent
deposition on these windows, shutters are installed, and are opened only during the IR
measurements. The intensity of the transmitted IR light is measured using a liquid N2
cooled mercury cadmium tellurium (MCT) detector (Bruker D316) in a spectral range of
4000 700 cm 1. The Vector 22 as well as the environment of the MCT detector is
continuously purged with dry N2 gas. In addition, before each measurement the reactor is
pumped down to a base pressure of <5 × 10

6

mbar in order to minimize contributions

from the gas phase species present inside the reactor to the measured transmittance
spectra. The perovskite samples are exposed to vacuum conditions of 10 6 mbar for a
maximum of 5 hours during the experiments. All IR measurements performed in this
work have been acquired with an average of 1024 scans, and with a resolution of 4 cm 1.
The infrared absorbance (A) has been calculated by A = log (I2/I1), where I2 and I1 are
the measured transmittance of the sample after and before Al2O3 deposition, respectively.
The approach adopted for calculating the absorbance on perovskite which is deposited on
one side of the double polished Si wafer is schematically presented in Figure A3.1 (the
absorbance difference between a perovskite/Si substrate and a Si substrate). It is to be
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noted that IR spectra measured on pressed pellets are known to sometimes suffer from
artifacts, especially when the samples of interest are halide based, due to the possible
hydrogen-bond interactions with the pellet materials like KBr and KCl.40-41 Hence, in the
present study, we have opted for double-side polished Si as the substrate.
XRD
XRD analysis is carried out on the perovskite/Si and ALD Al2O3/perovskite/Si samples
using a PANalytical X’Pert Pro MRD x-ray diffractometer using Cu K radiation
(

1.5405

) in the 2 range 10 to 60 at a scanning rate of 1.5 min -1.

XPS
Ex situ XPS measurements are carried out right after the ALD Al 2O3 deposition on

3

perovskite. The perovskite/ALD Al2O3 samples are transferred to the XPS set-up in N2
filled containers (under dark conditions) and the time of exposure of the samples to
ambient air is < 5 min. The measurements are carried out in a Thermo Scientific K-Alpha
system, equipped with an Al x-ray source (K , 14 6.6 eV) without any pre-sputtering.
Binding energy is corrected with respect to adventitious carbon (C1s) at 284.8 eV. The
peak fit results are obtained using Thermo Avantage software applying Powell fitting
algorithm and Gauss-Lorentz Mix. The Al2O3 film thickness on top of the Si substrate
(dAl2O3) is calculated by measuring the attenuation of the silicon core level using Equation
3.1, which is given as,
Is = Io H[S>ídAl2O3 / (ȜAl2O3 sin ș)]

(3.1)

where, Is is the photoelectron yield with Al2O3 on Si, Io is the photoelectron yield without
Al2O3 on Si, d is the Al2O3 thickness (nm), Ȝ is the inelastic mean free path of the electron
(nm), and ș is the XPS takeoff angle (degree). Is and Io are obtained by integrating the
area under the Si2p peak (Si0), avoiding the SiO2 (Si4+) contribution. The inelastic mean
free path (IMFP) of electron is obtained from the NIST IMFP database using the TPP2M formula.42 Similar procedure is utilized to calculate the thickness of ALD Al 2O3 on
top of perovskite, by measuring the attenuation of the iodine core level using Equation
3.1. The photoelectron yields Is and Io are obtained by integrating the area under the I3d
peaks before and after Al2O3 deposition, respectively. The IMFP of electron is taken to
be 2.63 nm for Al2O3. The XPS takeoff angle is 90°. It should be noted that the value of
ȜAl2O3 is dependent on the energy of the employed X-ray photons, binding energy of the
element whose attenuation is monitored and also on the density of the overlayer. So, it is
recommended to verify the thickness values obtained from XPS by additional
characterization techniques such as, SE and transmission electron microscopy (TEM).
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Transmission electron microscopy (TEM) and elemental mapping
Cross-sectional TEM samples of the stack comprising of perovskite/ALD Al 2O3/SpiroOMeTAD are prepared using a standard Focused Ion Beam liftout procedure. In the
transfer step, the samples are mounted on molybdenum support grids upon which the final
thinning is performed. The TEM studies are performed using a JEOL ARM 200 probe
corrected TEM, operated at 200 kV, and equipped with a 100 mm2 Centurio SDD energy
dispersive X-ray spectroscopy (EDX) detector. EDX mappings of 256*256 full spectra
are acquired using a 0.1 ms dwell time, summing up over 37, 128 and 105 full frame
acquisitions. Quantification of the EDX maps is performed using standard k-factors.

3.3 Results and Discussion
Figure 3.1 shows the IR spectrum of a ~300 nm thick pristine CH3NH3PbI3-xClx
perovskite film. The observed vibrational modes (summarized in Table 3.1) are in good
agreement with those reported in literature.34, 41, 43-45 The most intense vibrational mode
is marked by the symmetric and asymmetric N-H stretching modes (associated with
NH3+) at 3132 cm-1 and 3179 cm-1, respectively. The absence of O-H stretching vibrations
in the region of 3400-3700 cm-1 indicates the absence of hydroxyl species (water,
hydrates and hydroxide) in our pristine perovskite films. 34, 45-47

Figure 3.1: IR spectrum of the pristine ~300 nm CH3NH3PbI3-xClx perovskite.
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Table 3.1 Characteristic IR-active vibrational modes of the pristine CH3NH3PbI3-xClx
-1

Wavenumber (cm )

Vibrational mode

3179

N-H stretch (asymmetric)

3132

N-H stretch (symmetric)

2958

C-H stretch (asymmetric)

2921

C-H stretch (symmetric)

1422

C-H bend

1577

N-H bend (asymmetric)

1469

N-H bend (symmetric)
+

1249, 910

CH3NH3 rock

962

C-N stretch

2817, 2711, 2488, 2375,
1840

CH3NH3 resonant

3

+

Figure 3.2 shows the changes which the characteristic IR-active NH3+ stretching
modes of the perovskite undergoes during consecutive cycles of ALD Al 2O3. A decrease
in both symmetric (3132 cm-1) and asymmetric (3179 cm-1) N-H stretching modes is
evident upon increasing the number of Al2O3 cycles. At the same time, narrowing of the
NH3+ stretch band is witnessed, which is accompanied by a minor shift of the symmetric
N-H stretching mode toward higher frequencies. The observed simultaneous decrease and
shift in the symmetric N-H stretching vibration can be explained by the interaction of
water with the CH3NH3+ group of the perovskite. A similar behavior was observed by
Müller et al. when the perovskite was exposed to a relative humidity (R.H.) of 13%. 45
However, in contrast to the work of Müller et al., we do not observe the two well-defined
peaks at around 3500 and 3450 cm-1 (belonging to asymmetric and symmetric O-H
stretching modes of H2O),47 indicating that diffusion of water molecules does not occur
into the bulk of the perovskite. In the employed ALD Al2O3 recipe, the perovskite is
exposed to consecutive H2O pulses of 1×105 L which results in a significantly lower R.H.
environment (maximum of 0.1%) in the ALD chamber.17 Hence, the interaction between
H2O molecule and CH3NH3+ is rather weak during our H2O dosage step. This is in
agreement with work of Li et al., where it was shown that H2O exposure of below 2×1010
L does cause degradation of CH3NH3PbI3.48 The IR results indicating negligible bulk
decomposition of the perovskite are also corroborated by XRD. In Figure 3.3, the
characteristic peaks at 14.11°, 28.41° and 43.21° can be assigned to the (110), (220) and
(330) planes of tetragonal CH3NH3PbI3, respectively. The absence of the signature peak
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at 12.6° which corresponds to the (001) plane of PbI 2, indicates no decomposition of the
bulk perovskite even after exposure to 200 cycles of ALD Al2O3.

Figure 3.2: Change in the N-H stretching mode of the ~300 nm thick perovskite upon
continuous exposure to cycles of ALD Al2O3.

Figure 3.3: XRD spectra of the perovskite film before and after deposition of 200 cycles of
ALD Al2O3.
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From Figure 3.2 and 3.3 it can be concluded that the bulk changes which the
perovskite material undergoes during the ALD process are negligible. To understand the
effect of ALD Al2O3 on the perovskite surface, the differential IR spectra, which are
defined by the difference in absorbance of the perovskite with and without Al2O3, are
analyzed as a function of increasing number of ALD cycles (Figure 3.4a). In Figure
3.4a, the Al-O-Al phonon mode in the range of 1000- 700 cm-1 and the (OH)-Al=O stretch
mode at 1080 cm-1 appear already from 15 cycles, and are characteristics of the growth
of ALD Al2O3.49-53 It is interesting to note that the shape of the detected Al-O-Al phonon
mode on top of perovskite is different as compared to what has been reported earlier for
ALD Al2O3 on top of Si.54-56 This might be indicative for a different growth behavior of
ALD Al2O3 based on the underlying substrate. The peak at 1217 cm-1 pertains to the AlCH3 species from unreacted TMA ligands.49-50, 57 Meanwhile, the presence of negative N-

3

H stretching vibrations (3132 and 3179 cm-1) indicate abstraction of either NH3 or
CH3NH2 from the perovskite surface. This is corroborated by the complementary
decrease in the N-H bending vibration at 1468 cm-1. The absence of the asymmetric and
symmetric O-H stretching modes of H2O at 3500 and 3450 cm-1, respectively, and the
minor shift in the symmetric N-H stretching vibration with increasing Al2O3 cycles, again
confirms that the interaction of H2O molecule with the CH3NH3+ of the perovskite is
rather weak in our case. It is to be noted that the vibrational modes pertaining to the PbI 3
framework of the perovskite are not IR-active in the range of 4000- 500 cm-1 studied in
this work.44, 58 The vibrational modes related to H2O (g) and CO2 (g) originate from the
residual gas phase species present in the ALD reactor, as well as from the fluctuations in
the N2-purged IR beam path.59 The integrated area of the negative N-H stretching modes
is plotted as a function of ALD cycles in Figure 3.4b. As seen, the area decreases
exponentially with respect to increasing number of ALD cycles, showing that the effusion
of NH3 or CH3NH2 species occur even after the deposition of 200 cycles of Al2O3. It is
potentially related to a lower density of the ALD Al2O3 which is grown at a low deposition
temperature of 80 oC,60-62 which allows for both out-diffusion of perovskite functional
groups and in-diffusion of ALD precursors.
To gain further insight into the chemical modifications in the perovskite surface as
observed via IR, XPS analysis is carried out on the perovskite/ALD Al 2O3 interface, for
Al2O3 cycles ranging from 25 to 200. First, the growth of Al 2O3 is witnessed by the
presence of the characteristic Al2p peak at 74.6 eV as shown in Figure A3.2 for a film
obtained with 25 cycles. This corresponds to an Al2O3 thickness of < 1 nm on top of
perovskite, as was determined by measuring the attenuation of the iodine core level using
Equation 3.1 explained in the experimental section. Figure 3.5a presents the N1s core
level spectra for perovskite before and after deposition of 25 cycles of Al2O3. The binding
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Figure 3.4: (a) Differential IR spectra (difference in absorbance of the perovskite with and
without Al2O3) with increasing number of ALD cycles. (b) Integrated area of the N-H stretching
mode in (a) as a function of number of Al2O3 cycles. Absorbance of the N-H stretching mode,
which is negative compared to the baseline, increases in magnitude with increasing number of
ALD cycles. The dashed line is a fit to the exponential function exp(-rx), where, x = number of
Al2O3 cycles and r = effusion rate of NH3 or CH3NH2 species per cycle.
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energy (B.E.) peak at 402.7 eV which is representative of the N-C bonds present in the
pristine perovskite decreases and shifts toward lower B.E. values. In addition, a new peak
appears at a B.E. of 399.5 eV which is associated to primary or secondary amines. 63 A
similar behavior is observed in the C1s spectra shown in Figure 3.5b where the
disappearance of the characteristic C-N B.E. peak at 286.6 eV is well evident after
deposition of 25 Al2O3 cycles. At the same time, the intensity of the C-C/C-H peak at
284.8 eV increases. This can be attributed to the formation of C-H bonds due to the
deposition of ALD Al2O3 on top of the perovskite at a lower temperature of 80 °C. 64 At
the same time, the C-C/C-H area is also seen to increase after the deposition of ALD
Al2O3 on top of c-Si substrate (Figure A3.3), confirming that it refers to carbon impurities
in the Al2O3 layer. Meanwhile, monitoring the Pb4f and I3d spectra in Figure 3.5c and
3.5d, respectively, the formation of Pb-O (B.E. 137 eV) and I-O bonds (B.E. 624 eV) is

3

not witnessed. This is indicative that the perovskite surface is not oxidized under the
employed ALD conditions. In parallel, the reduction of Pb4f and I3d peak areas is well
evident. A discussion on this will be presented later. It is interesting to note that even after
100 cycles of Al2O3 exposure (corresponding to a thickness of about 6.7 nm), the
inorganic framework of the perovskite stays unoxidized, as shown in Figure A3.4.
The intensity of all perovskite elements is generally expected to decrease upon Al2O3
deposition because of the attenuation length, as predicted by Equation 3.1. Figure 3.6a
presents the normalized integrated areas of Pb4f, I3d and N1s elements as a function of
number of ALD cycles. It is evident that integrated area of N1s decreases significantly
faster than the decays of Pb4f and I3d areas with increase in the number of Al 2O3 cycles.
Therefore, the reduced counts of the N-C peak (in Figure 3.5a) and the disappearance of
the C-N peak (in Figure 3.5b) point out complete effusion of CH3NH2 from the
perovskite surface. The consumption of the organic moiety as confirmed by XPS, is in
agreement with the earlier drawn conclusion of CH3NH2 abstraction from IR analysis
(Figure 3.4a). The dashed line in Figure 3.6a represents the expected exponential decay
of the I3d signal based upon Equation 3.1. It is interesting to note that the evolution of
the integrated areas of I3d and Al2p as a function of number of Al2O3 cycles on perovskite
(Figure 3.6a,b) is different when compared to the evolution of the integrated areas of
Si2p and Al2p with increasing Al2O3 cycles on top of c-Si (Figure A3.5). This indicates
different growth behavior of ALD Al2O3 based on the underlying substrate. We speculate
that the growth of ALD Al2O3 on top of perovskite begins with island formation, followed
by a transition to “layer-by-layer” deposition only after 75 ALD cycles. Recently, Kot et
al. also demonstrated that the growth of ALD Al2O3 initiates in the form of small islands
on perovskite.23 In addition, similar XPS results were obtained by Baker et al. for ‘island
to layer-by-layer’ growth behavior of ALD Pt on W adhesion layers. 65
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Figure 3.5: Surface XPS spectra of (a) N1s, (b) C1s, (c) Pb4f, and (d) I3d peaks before and after
deposition of 25 cycles of ALD Al2O3 (corresponding to <1 nm) on top of the perovskite film.
Open circles, solid lines and dashed lines are measured data, peak fits, and cumulative fits,
respectively.

In order to discern whether TMA or H2O vapor is more deleterious to the perovskite,
the drop in the intensities of the N-C B.E. peak with respect to individual TMA and H2O
vapor doses is presented in the N1s spectra of Figure 3.7a and 3.7b, respectively. It is
evident that TMA exposure on top of perovskite is more detrimental than H2O vapor
exposure in our employed ALD Al2O3 recipe. Similar conclusions are drawn when
analyzing the C1s spectra in Figure A3.6. Meanwhile, the I3d counts experience no
change irrespective of TMA and H2O vapor doses (Figure 3.7c and 3.7d), again
confirming the stability of the inorganic framework when exposed to the ALD precursor
and co-reactant.
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3
Figure 3.6: Normalized integrated areas of (a) N1s, Pb4f, I3d, and (b) Al2p as a function of
number of Al2O3 cycles on perovskite. The dashed lines show predictions assuming a layer-bylayer growth mechanism.

Surface OH groups are considered to be the most common/ubiquitous
chemisorption sites for TMA on Si substrates. In Figure A3.7, the absence of the
characteristic OH B.E. peak in the O1s spectrum of the pristine perovskite marks the
absence of –OH surface groups in our employed CH3NH3PbI3-xClx perovskite. Therefore,
it is interesting to investigate how the growth of ALD Al 2O3 initiates on top of the
employed perovskite. Based on the obtained IR and XPS results, the proposed growth
mechanism of ALD Al2O3 on top of CH3NH3PbI3-xClx perovskite is schematically
represented in Figure 3.8. During the first half- cycle, TMA reacts with the perovskite
surface by interacting with the CH3NH3+ cation. This interaction weakens the hydrogenbonds between CH3NH3+ and I- of the perovskite, leading to breakdown of the organic
moiety from the inorganic framework. This is in accordance with the N1s and C1s XPS
results (presented in Figure 3.7 and A3.6) showing reduced counts of the N-C and C-N
peaks, respectively upon TMA exposure. Alongside the release of CH 3NH2 and CH4 as
byproducts, an adduct comprising of PbI3-Al(CH3)2 is left behind. This PbI3-Al(CH3)2
adduct can then react with the H2O molecule during the subsequent half-cycle of H2O
dosage, and then generate the –OH surface sites necessary to promote the growth of
Al2O3. The reaction mechanism proposed in this work via experimental investigation, is
in agreement with the one obtained from density functional theory (DFT) in the work of
Choudhury et al..34
To study how the growth of ALD Al2O3 proceeds on top of perovskite and whether
it follows the classical linear behavior which is observed typically on a c-Si substrate, the
thicknesses of Al2O3 deposited on both perovskite and c-Si are calculated from XPS.
Recently, Klesko et al. utilized a similar approach with XPS to calculate the thickness of
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Figure 3.7: Surface XPS spectra of N1s and I3d peaks of the perovskite film before and after
(a), (c) 200 TMA doses, and (b), (d) 200 H2O vapor doses. Open circles and solid lines are
measured data and peak fits, respectively.

ALD TiO2 grown selectively on top of a Si substrate.66 The thickness of ALD Al2O3 is
first inferred in the case of growth on c-Si and is presented in Figure 3.9a. As expected,
the growth behavior of Al2O3 is linear with increasing ALD cycles. At the same time, it
is well evident from Figure 3.9a that for all the ALD cycles, the thickness calculated
from XPS is in good agreement with the thickness derived from SE, thus, validating the
reliability of the XPS method for calculating the thickness of the grown ALD layer. Next,
the growth behavior of ALD Al2O3 is monitored on top of the perovskite, and the
calculated thicknesses from XPS are plotted as a function of the number of ALD cycles
in Figure 3.9b. It is interesting to see that in case of perovskite, the growth of ALD Al2O3
is retarded during the first 75 cycles of deposition (corresponding thickness of about 5
nm). Only after 75 cycles, the growth catches up and follows the classical linear behavior.
A cross-sectional TEM study is performed on the perovskite/ ALD Al 2O3 (200 cycles)
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interface as shown in Figure 3.9c, 3.9d. The thickness of Al2O3 determined from TEM is
in agreement with the thickness calculated from XPS.

Figure 3.8: Proposed reaction mechanism between TMA and perovskite.

3

Figure 3.9: (a) Thickness of ALD Al2O3 on top of Si with increasing number of ALD cycles
derived from XPS and SE (b) Thickness of ALD Al2O3 on top of perovskite as a function of
number of ALD cycles. The dashed line is a linear fit. The thickness calculation was repeated
for three batches to calculate the standard deviation, and thereby the respective error bars. (c),
(d) High angle annular dark field (HAADF) scanning TEM cross-sectional images of 200
cycles (14 ± 1 nm) ALD Al2O3 deposited on top of the perovskite film taken at different
resolutions. (e) Corresponding overlapping EDX elemental mapping image.
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The reason for the growth delay of ALD Al2O3 on top of perovskite is not clear yet
and requires further investigation. At present, we hypothesize that ALD Al 2O3 grows
initially in the form of small islands on top of perovskite, and only after 75 cycles (~5 nm
Al2O3) conformal layer-by-layer growth starts to occur. The formation of a conformal
ALD Al2O3 layer (after 200 cycles) on top of the perovskite surface is well evident in the
EDX elemental mapping acquired using TEM (Figure 3.9e). Similar behavior was
demonstrated recently by Kot et al., where ALD Al2O3 was shown to grow initially in the
form of small islands on top of perovskite.23 At the same time, following the proposed
mechanism in this work (Figure 3.8), one might expect the growth of Al2O3 on perovskite
to accelerate only after exposure to certain number of ALD cycles, possibly, when the
organic cation is sufficiently eliminated from the perovskite surface by adequate TMA
exposure, which could then lead to the availability of sufficient -OH surface sites
necessary to promote the linear growth behavior of Al 2O3.

3.4 Conclusions
In summary, the bulk and surface chemical modifications in the CH3NH3PbI3-xClx
perovskite upon growth of ALD Al2O3 have been investigated by combining in situ IR
spectroscopy study and ex situ XPS analysis. The ALD precursors do not diffuse into the
bulk of the perovskite. However, with increasing number of Al2O3 cycles, abstraction of
NH3 or CH3NH2 from the perovskite surface is witnessed. Meanwhile, XPS analysis
confirms the effusion of CH3NH2 from the perovskite surface, with no oxidation of the
inorganic framework. In addition, TMA doses on top of perovskite are found to be more
detrimental than H2O doses in our employed ALD Al2O3 recipe. A plausible growth
mechanism of ALD Al2O3 on top of perovskite is discussed, where TMA reacts with the
perovskite surface by interacting with the CH3NH3+ cation. This reaction releases
CH3NH2 and CH4 as byproducts, and leaves behind an adduct comprising of PbI 3Al(CH3)2 to react with the H2O molecule during the subsequent half-cycle of H2O dosage,
and generate the –OH surface sites necessary to promote the growth of Al2O3.. An
attenuated growth of Al2O3 is observed on top of perovskite during the first 75 cycles (~5
nm) of exposure, and, only thereafter, it follows the classical linear behavior that is
conventionally seen on top of c-Si substrate. We believe that the insights achieved by in
situ IR and XPS studies in this work will contribute to the advancement in engineering of
ALD metal oxides directly on perovskite.
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Figure A3.1: Schematic illustration of the approach followed for calculating the
absorbance on perovskite, which is deposited on one side of the double-side polished Si
wafer.

534072-L-bw-Koushik
Processed on: 1-8-2019

PDF page: 72

Chapter 3

67

3
Figure A3.2: Surface XPS spectra of Al2p peak before and after deposition of 25 cycles of
ALD Al2O3 (corresponding to < 1nm) on top of the perovskite film.

Figure A3.3: Surface XPS spectra of C1s peak before and after deposition of 25 cycles of
ALD Al2O3 (corresponding to < 1nm) on top of c-Si substrate.
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Figure A3.4: Measured surface XPS spectra of (a) Pb4f and (b) I3d peaks with increasing
cycles of ALD Al2O3 on top of the perovskite film.
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3

Figure A3.5͗ Normalized integrated areas of (a) Si2p and (b) Al2p as a function of number of
Al2O3 cycles on top of c-Si substrate. The dashed lines show predictions assuming a layer-bylayer growth mechanism.
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Figure A3.6: Surface XPS spectra of C1s peak before and after (a) 200 TMA doses and (b) 200
H2O vapor doses on top of the perovskite film.
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Figure A3.7: Surface XPS spectra of O1s peak measured for the perovskite film before and
after 200 H2O vapor doses on top.

Figure A3.8: Surface XPS spectra of N1s peak before and after deposition of 15 cycles of
ALD Al2O3 on top of the perovskite film.
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Figure A3.9: Surface XPS spectra of N1s peak after deposition of (a) 75 and (b) 100 cycles of
ALD Al2O3 on top of the perovskite film.
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Figure A3.10: Surface XPS spectra of Al2p peak before and after deposition of 50, 75 and
150 cycles of ALD Al2O3 on top of the perovskite film.
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Figure A3.11: XPS survey spectra before and after deposition of 50 and 100 cycles of ALD
Al2O3 on top of the perovskite film.

534072-L-bw-Koushik
Processed on: 1-8-2019

PDF page: 80

Chapter 3

75

a)

3
b)

c)

Figure A3.12: Surface XPS spectra of (a) N1s (b) C1s and (c) I3d peaks of the perovskite film
before and after 48 hours of exposure to vacuum conditions (10-9 mbar).
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Figure A3.13: Change in the N-H stretching mode of the ~300 nm thick perovskite after
exposure to 80 °C for 5 hours inside the ALD chamber (at 10-6 mbar).

Figure A3.14: Change in the N-H stretching mode of the ~300 nm thick perovskite upon
continuous exposure to 200 H2O vapor doses.
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Figure A3.15͗ Individual EDX elemental mapping images of (a) Al, (b) O, (c) I, (d) Pb, (e) C
and (f) N in the perovskite/ALD Al2O3 /Spiro-OMeTAD sample.
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On the Effect of Atomic Layer Deposited
Al2O3 on the Environmental Degradation
of Hybrid Perovskite Probed by Positron
Annihilation Spectroscopy
Abstract: The degradation of hybrid perovskite films when exposed to ambient air is a
major challenge for the development of perovskite-based photovoltaics at large scale. At
present, little is known about the environmental degradation of perovskite films
associated with the development of structural defects or open volumes (such as, atomic
vacancies, voids, crystallographic defects and grain boundary defects) in the lattice, and
about the depth dependence of the structural degradation. Therefore, in this work, we use
Doppler broadening-positron annihilation spectroscopy (DB-PAS) depth-profiling to
gain insight into the structural degradation of CH3NH3PbI3-xClx perovskite when exposed
to ambient air. In parallel, we investigate the effect of ultrathin (<1 nm) atomic layer
deposited (ALD) Al2O3 processed directly on top of the perovskite as a means to suppress
the degradation process. Specifically, we infer that the perovskite degradation involves
changes in open volumes in its crystal lattice. This could be caused by the ingress of H 2O
molecules into the cation vacancies. In parallel, chemical changes in the perovskite films
upon decomposition are observed, accompanied by a decrease in the film thickness as a
function of air exposure time. When the perovskite films are decorated with ALD Al 2O3,
the latter delays the thickness reduction of the perovskite layer during air exposure and
also suppresses the changes in its open volumes and chemical transformations. Our
findings illustrate that an improved understanding of the perovskite degradation process
can be obtained using DB-PAS, especially when combined with other thin film
characterization techniques, such as X-ray diffraction and X-ray photoelectron
spectroscopy.
Published as: D. Koushik*, F. Naziris*, J. Melskens, A. Nusteling, V. Zardetto, H. Schut,
W.M.M. Kessels, S.W.H. Eijt, and M.Creatore, J. Mater. Chem. C 2019, 7 (18), 5275-5284.
*Equal contribution
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4.1 Introduction
The impressive power conversion efficiencies (PCE) achieved over the past years 1 have
placed the hybrid perovskite technology at the forefront of photovoltaic (PV) research.
Organo-metal halide perovskites possess unique attributes, such as tunable bandgap, high
absorption coefficient, steep absorption edge, and long charge carrier diffusion length.2-5
Methylammonium lead iodide (CH3NH3PbI3) perovskite has been extensively
implemented as a photo-absorber layer to yield high-efficiency solar cells. However,
despite the remarkable initial performance, the material gradually decomposes into PbI 2
over time when exposed to ambient air because of the interaction with infiltrating water
and oxygen molecules.6, 7 To suppress or limit its degradation, notable efforts have been
made either to synthesize stable perovskite chemical compositions, 8, 9 and/or engineer
interfaces between the passivation, charge transport, and perovskite layers in the solar
cell architectures.10-13
In the case of interface engineering, the implementation of atomic layer deposited
(ALD) metal oxides in perovskite device architectures has been proven to be one of the
successful strategies in enhancing its environmental stability.14, 15 Our previous work
showed that ALD Al2O3 (< 1nm) deposited directly on top of CH3NH3PbI3-xClx
perovskite16, 17 prolongs the humidity-stability of the solar cells for over 60 days in
comparison to the Al2O3-free cell (when exposed to a relative humidity of 40 -70% at
room temperature).16 Kim et al. demonstrated the implementation of ALD Al2O3 to
stabilize CH3NH3PbI3 perovskite films under a relative humidity of 85% for over 210
hours.18 Kot et al. incorporated room-temperature ALD Al2O3 on top of CH3NH3PbI3
perovskite to improve both the power conversion efficiency (PCE) and the ambient air
stability of the devices for 355 days.19, 20 In the meantime, other ALD metal oxides (such
as, TiO2,21 SnO2,22-24 ZrO2,25 Al-doped ZnO26) in combination with a [6,6]-Phenyl-C61
butyric acid methyl ester (PCBM) layer have been demonstrated to provide excellent
moisture and thermal-stress stability to the perovskite solar cells (PSCs).
Despite these impressive advancements, the degradation process of hybrid
perovskites in general, and the enhanced stability of the perovskite films when decorated
with ultrathin ALD metal oxides (in particular, Al2O3) is not fully understood yet.
Techniques such as X-ray diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS) have been commonly employed to extract information on the bulk perovskite (in
terms of change in crystal structure) or on its surface (in terms of change in chemical
bonding), respectively. However, these techniques are not suited to gain understanding
on the structural defects (open volumes) that are present in the hybrid organic-inorganic
perovskite materials, such as crystallographic defects, grain boundary defects, voids,
ionic defects (methylammonium, iodine and lead vacancies),27-34 when the perovskite
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films are exposed to the ambient environment. In addition, little is known about how the
degradation evolves as a function of depth within the perovskite layer. It has been clearly
demonstrated by experimental and theoretical studies that structural defects can promote
the ingress of oxygen or moisture, leading to the degradation of the perovskite films and
the solar cells.31-33 Thus, it is relevant to investigate whether the presence of ALD metal
oxides on top of the perovskite is helpful in suppressing the evolution of the structural
defects (or open volumes) in the perovskite lattice under exposure to the ambient
environment.
To address this matter, we employ Doppler broadening-positron annihilation
spectroscopy (DB-PAS)35 in this work. DB-PAS is an established nuclear solid state
technique that has been widely used to study open volumes in a variety of materials (such
as, inorganic semiconductors,36-44 transparent conductive oxides,45 and polymers46) with
an exceptional level of sensitivity, even enabling the detection of monovacancies. The
review of Schultz et al. provides detailed information on the DB-PAS technique.35 Highly
energetic positrons generated by the beta decay of a solid 22Na source are targeted at a

4

tungsten foil to narrow their energies down to the order of a few eV. Subsequently, the
positrons are accelerated by electrostatic fields to form a low-energy positron beam with
kinetic energies typically on the order of 0.1-25 keV such that a thin film can be probed.
Finally, the positrons are implanted into the studied material with a gradually increasing
energy, resulting in increasingly larger mean implantation depths. As they thermalize
(energy 25 meV) in the material within 1 to 3 ps, it is possible to resolve a positron
implantation depth profile coming from the film. Being the antiparticles of electrons,
positrons annihilate with electrons present in the material by typically emitting two 511
NH9JDPPD Ȗ UD\VLQRSSRVLWHGLUHFWLRQV'XHWRWKHILQLWHNLQHWLFHQHUJ\ PRPHQWXP 
of the electrons with which the positrons annihilate, Doppler shifts of WKHNH9Ȗ-ray
annihilation photons are observed. Two parameters, S and W, are conventionally adopted
to characterize the spectrum of the annihilation radiation. Physically, S represents the
fraction of annihilation events with low-momentum electrons (small energy shift from
511 keV), which are valence electrons of atoms in the studied material, typically
associated with covalent or ionic bonds.40 Due to the expansion of the wave functions of
valence electrons into any structural defects present in the probed material, the Sparameter provides sensitivity to the presence of positron trapping structural defects in
the material. Furthermore, the S-parameter is sensitive to the electronic structure of the
chemical phases involved. The W-parameter corresponds to annihilation events with
high-momentum electrons (larger energy shift from 511 keV), which are core shell
electrons of atoms in the material.40 The W-parameter provides information on the local
chemical environment of the annihilation site. The mechanism of DB-PAS is
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schematically illustrated in Figure 4.1 which shows for simplicity, the case of positron
annihilation in an atomic vacancy in a crystalline material.

Figure 4.1: Schematic showing the principle of DB-PAS illustrated for a positron annihilating
in a monovacancy in a crystalline material.

With regard to hybrid organic-inorganic halide perovskites, the potential of the DBPAS technique has been identified only recently. Dhar et al. utilised Positron Annihilation
Lifetime Spectroscopy (PALS) and (Coincidence) Dopper Broadening ((C)DB) methods
to investigate the origin of ionic conductivity47 and the temperature-dependent electrical
properties in CH3NH3PbI3 perovskite.48 A correlation was observed between open
volumes present in the perovskite, identified as methylammonium vacancies (VMA) and
possibly involving also iodine vacancies (VI), and its measured conductivity. Dhar et al.
showed that both open volumes and conductivity of the perovskite increase with
increasing temperature, and attributed the changes in its electrical response at higher
temperatures to defect-mediated enhanced ionic motion.48 Another study by Eijt et al.
applied DB-PAS to monitor the ambient stability of CsPbBr 3-based perovskite for 5
months in the dark, in which no significant changes in the open volumes were observed. 49
This was in accordance with the well-known fact that CsPbBr3 perovskite is
comparatively more stable than the conventional CH3NH3PbI3 perovskite in ambient
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conditions, primarily because of the absence of the CH 3NH3+ component in its lattice
structure.50
In the present work, we use DB-PAS to gain insights into the behavior of the
structural degradation of CH3NH3PbI3-xClx perovskite films under exposure to ambient
air (relative humidity of 40 to 55%) at room temperature, in particular in view of the
evolution of structural defects (open volumes) and chemical changes in the perovskite
films. Following up with our previous works,16, 17 we aim to understand the role of
ultrathin ALD Al2O3 (< 1 nm) processed directly on top of CH3NH3PbI3-xClx in
suppressing its environmental degradation. Furthermore, relationship of the
environmental degradation with the development of open volumes in the perovskite
lattice, and the changes in its chemical composition during the degradation process are
discussed.

4.2 Experimental Section

4

CH3NH3PbI3-xClx perovskite sample preparation
ITO coated glass substrates are ultrasonically cleaned for 10 minutes in detergent
(ExtranMA01), deionized water and iso-propanol. The compact TiO2 layer is deposited
by e-beam deposition (O2 flow of 12 sccm, pressure of 4.7*10 -4 mbar) at a rate of 0.05
nm s-1.51 The perovskite precursor solution is made by mixing lead acetate (PbAc2), lead
chloride (PbCl2) and methylammonium iodide (MAI) in dimethylformamide (DMF) as
previously reported.52 The precursor solution is spincoated inside a N2 filled glovebox on
top of the TiO2 layer at 3000 rpm for 60 s, and then annealed at 130 °C for 10 min to form
the perovskite layer.

Atomic layer deposition (ALD) process of Al2O3
Thermal ALD Al2O3 is deposited on top of the perovskite at 100 °C in a FlexAL ALD
reactor from Oxford Instruments. The reaction chamber is equipped with a
turbomolecular pump which makes it possible to reach a base pressure of ~10 -6 Torr. Each
ALD cycle consists of a trimethylaluminium (Al(CH3)3) dose of 0.04 s, followed by a
purge of 15.0 s, then a H2O vapor dose of 0.25 s, followed by a purge of 15.0 s. The
thickness of the ALD Al2O3 layer on a c-Si substrate is characterized by in situ
spectroscopic ellipsometry (SE) and the growth per cycle (GPC) is determined to be 0.06
nm.
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Doppler Broadening-Positron Annihilation Spectroscopy (DB-PAS)
To execute the DB-PAS measurements, a variable energy positron beam (VEP) with an
intensity of 105 e+/s and a diameter of 8 mm at the position of the sample is obtained via
moderation of positrons, which are emitted through a tungsten foil from a 22Na source.53

Model for Fitting DB-PAS Data
In order to perform a quantitative analysis of the DB-PAS S and W depth profiles, the
software package VEPFIT is used.54 The depth profiles are fitted using model 5 of the
VEPFIT package which assumes that the samples have a layered structure and each layer
has a constant S- and W-parameter. In order to fit the PAS data, the following assumptions
are made. First, it is assumed that during the decomposition process the thickness of the
perovskite layer does not remain constant, since volatile reaction products can effuse from
the layer. Cross-sectional SEM measurements performed on the layer stacks comprising
of glass/ ITO/ TiO2/ perovskite and glass/ ITO/ TiO2/ perovskite/ALD Al2O3 showed that
during the degradation process, the perovskite layer experiences a clear reduction in its
thickness (from ~270 nm to ~210 nm after 22 days of air exposure), validating our above
assumption. The corresponding SEM images can be found in Figure A4.1. Therefore,
during the fitting procedure both the S- and W- parameters of the perovskite layer, and
the thickness of the perovskite layer as a function of the air exposure time are considered
to be "free" parameters. The fit model assumes that the perovskite can be fitted as a single
layer. Meanwhile, little is known about the positron diffusion length in the perovskite
layer. Based on our SEM analysis, which show that the initial layer thickness of the
perovskite layer on day 0 is approximately 270 nm, we have used this thickness as a fixed
parameter in the fit to determine the positron diffusion length in the perovskite layer. The
value of the positron diffusion length which fits the data in the most accurate way is 50
nm. This value is subsequently kept constant during the fitting process of the depthprofiles at various stages of the degradation process. A perovskite density of 4.0 g/cm3 is
used for the analysis. During the fit process, the TiO2 and ITO layers are treated as one
effective layer due to the fact that the TiO2 layer is much thinner than the ITO layer (50
nm and 150 nm, respectively). In addition, these layers are present underneath the ~270
nm perovskite in the investigated layer stack, making it hard to resolve the two distinct
layers in the positron experiments. The thickness of the TiO2/ITO effective layer is
assumed to remain constant during the degradation process at a value of 200 nm, as is
confirmed by the SEM analysis. Previous positron depth profile measurements on bare
TiO2 and ITO showed that the positron diffusion length for such materials is in the range
of few nm.55, 56 Thus, for the present study, the diffusion length in the TiO2/ITO layer is
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fixed at 5 nm. A weighted average density value of 6.41 g/cm3 is used for the combined
TiO2/ITO layers taking into account the density and the thickness of each layer. During
the fit process, the S- and W-parameters of the effective TiO2/ITO layer that were
determined to be equal to 0.511 and 0.061, respectively, are used. These values are
acquired from the DB-PAS depth-profiles measured on a sample containing only the
TiO2/ITO layer deposited on glass substrate (Figure A4.2). For the glass substrate the Sparameter and W-parameter are also kept fixed at a value of 0.530 and 0.0549,
respectively, during the VEPFIT analysis. A density of 2.4 g/cm3 and a positron diffusion
length of 20 nm are used for the glass substrate. All the DB-PAS data are fitted by using
a three-layer fit model. This model consisting of the perovskite layer, the TiO 2/ITO
effective layer, and the glass substrate with an infinite depth range, is a simple
representation of the sample configuration which is investigated in this work. The surface
annihilation parameters Ssurf and Wsurf are assumed to include the characteristics of
positron annihilation associated with the ultrathin (<1 nm) ALD Al 2O3 top layer.

4

X-ray diffraction (XRD)
XRD analysis is carried out using a PANalytical X’Pert Pro MRD X-ray diffractometer
XVLQJ&X.ĮUDGLDWLRQ Ȝ c LQWKHșUDQJHWRDWDVFDQQLQJUDWHRI
1.5° min-1.

X-ray photoelectron spectroscopy (XPS)
XPS measurements are carried out in a Thermo Scientific K-Alpha system, equipped with
an Al X-UD\ VRXUFH .Į  H9  ZLWK D SKRWRHOHFWURQ WDNH-off angle (ș) of 90°,
without any pre-sputtering. Such experimental conditions enable an investigation of the
perovskite depth within ~10 nm below its surface.19, 57 Binding energy is corrected with
respect to adventitious carbon (C1s) at 284.8 eV.

4.3 Results and Discussion
First, the bulk and surface stability of the perovskite films are investigated with and
without ALD Al2O3. The layer stack employed in this work consists of glass/150 nm Sn
doped indium oxide (ITO) / ~50 nm compact TiO2 / ~300 nm CH3NH3PbI3-xClx perovskite
/ 18 cycles of ALD Al2O3 (thickness <1 nm). Figure 4.2a presents the XRD spectra of
the pristine perovskite and perovskite/ALD Al2O3 films at day 0. No change in
crystallinity of the bulk perovskite is recorded after ALD processing, which is in good
agreement with our previous studies.16, 17 Figure 4.2b presents the XRD spectra of the
perovskite and perovskite/ALD Al2O3 films after 22 days of exposure to ambient air
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Figure 4.2: XRD spectra of the pristine perovskite and perovskite/ALD Al2O3 film (a) at day
0 and (b) after 22 days of exposure to ambient air (relative humidity of 40-55%) at room
temperature.

(relative humidity in the range of 40-55%) at room temperature. The degradation of the
perovskite film is clearly evident from the appearance of a high intensity signature peak
at 12.6°, assigned to the (001) diffraction peak of PbI 2, which results from the
decomposition of CH3NH3PbI3 when exposed to oxygen and moisture. In parallel, the
intensity of the characteristic peak at 14.1°, which corresponds to the (110) plane of
tetragonal CH3NH3PbI3, experiences a significant decrease. On the contrary, in the
perovskite film decorated with ALD Al2O3, the 14.1° CH3NH3PbI3 (110) peak is clearly

534072-L-bw-Koushik
Processed on: 1-8-2019

PDF page: 92

Chapter 4

87

demonstrated to have a higher intensity than the 12.6° PbI2 peak, indicating that the
presence of Al2O3 suppresses the bulk degradation of the perovskite under exposure to
ambient air.
In order to gain insight into the changes in perovskite chemical composition, XPS
analysis is carried out on both the investigated samples at day 0 and after 22 days of
exposure to ambient air, with a photoelectron take-off angle (ș) of 90°, enabling a
sampling depth down to ~10 nm.19, 57 The presence of ALD Al2O3 is confirmed by the
characteristic Al2p peak at 74.6 eV as shown in Figure A4.3. Figure 4.3a presents the
N1s core level spectra for the pristine perovskite before and after 22 days of ambient air
exposure (relative humidity of 40-55%) at room temperature. The peak at binding energy
(B.E.) of 402.7 eV, representative of the N-C bonds in the perovskite, disappears upon
air exposure. A similar behavior is observed in the C1s spectra shown in Figure 4.3c,
where the disappearance of the characteristic C-N B.E. peak at 286.6 eV is evident. These
two observations confirm the decomposition of the perovskite, led by the effusion of
CH3NH2. Meanwhile, comparatively higher surface stability of the perovskite/ALD

4

Al2O3 film is witnessed, marked by the persistence of the characteristic N-C and C-N
B.E. peaks even after 22 days of exposure to ambient air (Figure 4.3b,d), indicating
reduced CH3NH2 effusion from the perovskite surface. In parallel, the appearance of a
new peak at B.E. of 399.5 eV in the N1s spectra of the perovskite/ALD Al2O3 film
(Figure 4.3b) is attributed to the formation of primary or secondary amines as a result of
the perovskite degradation process.58 At the same time, the increase in the area of the CC B.E. peak at 284.8 eV and the formation of the O-C=O B.E. peak at 288.4eV in both
the investigated samples (Figure 4.3c,d) is ascribed to the contamination of adventitious
carbon when exposed to ambient air. When comparing the I3d spectra of the two
investigated films after 22 days of air exposure (Figure 4.3e and 4.3f), the decrease of
the peak areas is evident only in case of the pristine perovskite. This indicates that in the
absence of ALD Al2O3, effusion of iodine (in the form of HI or I 2) occurs from the
perovskite surface.
Having confirmed the effect of Al2O3 on the bulk and surface stability of the
perovskite, the modification of the perovskite morphological structure is further
investigated by employing the DB-PAS technique. The S-parameter and W-parameter
collected as a function of positron implantation energy (Epositron) are analyzed using the
VEPFIT program,54 assuming a three layered structure consisting of the perovskite layer,
the TiO2/ITO layer, and the glass substrate. Since the ALD Al2O3 is ultrathin (<1 nm), it
cannot be accurately resolved as an individual layer in DB-PAS. Therefore, it is
reasonable to include the positron annihilation associated with the ALD Al 2O3 as a
contribution to the surface annihilation represented by Ssurf and Wsurf in the model.
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Figure 4.3: Surface XPS spectra of (a), (b) N1s, (c), (d) C1s and (e), (f) I3d peaks of the
pristine perovskite and perovskite/ALD Al2O3 films at day 0 and after 22 days of exposure to
ambientair (relative humidity of 40-55%) at room temperature. Open circles, solid lines and
dashed lines are measured data, peak fits and cumulative fits, respectively.
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Figure 4.4 presents the Doppler broadening depth-profiles, S(E) and W(E), of the pristine
and Al2O3 decorated perovskite. The fitted curves are in good agreement with the acquired
depth-profiles, indicating that the model used in the VEPFIT program is an acceptable
approximation of the layer stack studied in this work. Three regions can be identified in
Figure 4.4: the surface annihilation characterized by the surface parameter (Ssurf) which
dominates the lowest positron energies <0.5 keV (blue region), the S value in the range
of 0.5-5 keV which represents annihilation of positrons in the perovskite film (yellow
region), and the decrease in the S-parameter beyond 5 keV due to increasingly larger
fractions of the positrons annihilating in the TiO2/ITO underlayers and the glass substrate
(grey region). When comparing the depth-profiles of the pristine perovskite and
perovskite/ALD Al2O3 (day 0), it can be concluded that the differences are negligible
compared to the typical shifts in the S- and W-parameters obtained upon development of
cation vacancies (for example, Zn monovacancies,59, 60 divacancies and multivacancies
in hydrogenated Si37,61). Hence, these very minor shifts in the S(E) and W(E) plots (Figure
4.4) confirm that the processing of ALD Al2O3 (<1 nm) directly on top of CH3NH3PbI3-

4

xClx perovskite does not lead

to any significant changes in the perovskite layer. The results
are in agreement with our recent work, where we showed via infrared spectroscopy and
XRD studies that the bulk degradation of the perovskite during the growth of ALD Al2O3
is negligible under the very low relative humidity conditions (maximum of 0.1%) which
we adopted in the ALD recipe.62
Subsequently, both the samples are investigated by monitoring the evolution of the
Doppler depth profiles over a period of 22 days under exposure to ambient air (40 -55%

relative humidity) at room temperature. In Figure 4.5a, the S(E) and W(E) plots
experience a shift towards lower Epositron as a function of air exposure time. This indicates
a decrease in the thickness of the perovskite layer, as it is evident from the increasingly
lower implantation energies required for the positrons to reach and annihilate in the
underlying TiO2/ITO substrate. This points to a loss of mass in the perovskite layer that
arises from the effusion of volatile decomposition products (CH 3NH2, HI, I2) and the
formation of PbI2 upon exposure to humid air. When the DB-PAS depth profiles of the
pristine perovskite (Figure 4.5a) and perovskite/ALD Al2O3 (Figure 4.5b) are compared,
it can be observed that the shifts in the S(E) and W(E) plots occur only after a longer air
exposure time in case of the Al2O3 capped sample, indicating that the presence of Al2O3
delays the decrease in perovskite film thickness under exposure to ambient air. As
obtained from VEPFIT modelling, the thickness of the pristine perovskite at day 0 is
271±1 nm, at day 12 is 235±1 nm and at day 22 is 212±1 nm. For the perovskite films
capped with ALD Al2O3, the thickness of the perovskite at day 0 is 277±1 nm, at day 12
is 266±1 nm and at day 22 is 216±1 nm, which points out a delay in the thickness
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reduction over time. The thickness of the perovskite derived from VEPFIT modelling is
in agreement with the thickness determined from the cross-sectional SEM images
performed on both pristine perovskite and perovskite/Al2O3 stacks as shown in Figure
A4.1, demonstrating a thickness decrease from ~270 nm at day 0 to ~210 nm at day 22.

Figure 4.4: DB-PAS depth-profiles of S- and W-parameters of the pristine perovskite and
perovskite/ALD Al2O3 film at day 0. Full lines are fit curves obtained by VEPFIT analysis. The
blue region is dominated by positron annihilation at the surface, the yellow region by positron
annihilation in the perovskite film, and the grey region by increasingly larger fractions of the
positrons annihilating in the TiO2/ITO underlayers and the glass substrate.
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Figure 4.5: DB-PAS depth-profiles of S- and W-parameters of (a) pristine perovskite and
(b) perovskite/ALD Al2O3 film at day 0 and after 3, 6, 12 and 22 days of air exposure (relative
humidity of 40-55%) at room temperature. The time evolution is indicated by the direction of
the arrow. Full lines are fit curves obtained by VEPFIT. The blue region is dominated by
positron annihilation at the surface, the yellow region by positron annihilation in the perovskite
film, and the grey region by increasingly larger fractions of the positrons annihilating in the
TiO2/ITO underlayers and the glass substrate.

In addition to the shifts in the S(E) and W(E) plots in Figures 4.5(a,b) indicating a
decrease in the thickness of the perovskite layer, subtle changes in the S and W-parameters
are also evident in the range of 0.5-5 keV (representing annihilation of positrons in the
perovskite film). A decrease in the S-parameter is observed which is complemented by
an increase in the W-parameter, indicating changes in open volumes and chemical
composition in the perovskite. In order to quantify these subtle changes in the S- and Wparameters, VEPFIT modelling is used. The changes in the fitted S-parameter (ǻ660)
over time defined as (Sday x – Sday 0)/ Sday 0, and the changes in the fitted W-parameter
(ǻ::0) over time defined as (Wday x – Wday 0)/ Wday 0 are investigated for both pristine and
perovskite/Al2O3 samples. Figure 4.6a shows that ǻ660 is negative and the magnitude
increases as a function of air exposure time. It is known from previous studies that
positron annihilation is very sensitive to the detection of methylammonium vacancies in
CH3NH3PbI3-xClx perovskite.47, 48 At the same time, theoretical and experimental reports
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have shown that also other types of ionic vacancies, including lead and iodine vacancies
could initiate the environmental degradation process in the hybrid perovskite films.31-33
The negative ǻ660 suggests a decrease in the open volumes in the CH3NH3PbI3-xClx
lattice when exposed to air, which could be caused by the ingress of H 2O molecules into
its cation vacancies (such as, methylammonium vacancies). Furthermore, chemical
transformation of the perovskite film upon exposure to humid air, involving the formation
of a relatively dense PbI2 phase and possibly also the formation of a perovskite hydrate
(CH3NH3PbI3·H2O) phase at relative humidity of 40%,63 are expected to contribute to the
observed decrease in S- parameter.

Figure 4.6: (a) -ǻ660, (b) ǻ::0 and (c) S-W plots of the pristine perovskite and perovskite/
ALD Al2O3 film as a function of number of days of ambient air exposure (relative humidity
of 40-55%) at room temperature. (d) –ǻ660 and ǻ::0 of the perovskite/ALD Al2O3 film on
day 22 as a function of number of Al2O3 cycles deposited on top of the perovskite. S0 and W0
are the Doppler parameters of the as-deposited perovskite film. Dashed lines are guidesto the
eye.
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Monitoring the changes in W-parameter in Figure 4.6b, it is seen that ǻ::0 is
positive and the magnitude increases as a function of air exposure time. This could be
attributed to chemical changes in the perovskite involving the formation of a relatively
dense PbI2 layer upon exposure to ambient air. Indeed, the XRD data of Figure 4.1b
clearly show the formation of PbI2 upon air exposure, and the increased contribution of
positron annihilation with Pb5d electrons will lead to an increase in the W-parameter, and
the more dense nature of PbI2 compared to CH3NH3PbI3 may induce a complementary
decrease in the S-parameter. When both the investigated layer stacks are compared, it is
clear that the changes in the open volumes and chemical composition are significantly
reduced in the perovskite film decorated with ALD Al2O3, which is ascribed to less filling
of the open volumes (primarily the cation vacancies) by the infiltrating H 2O molecules,
complemented with a smaller change in chemical composition because of reduced
decomposition of the perovskite.
S-W plots are commonly utilized in PAS research community to provide a more
convenient overview about phase transformations and/or variation in the size or

4

concentration of vacancy-related open volumes in the material. To present the
effectiveness of the Al2O3 capping layer as a means to mitigate the degradation of the
perovskite, S-W maps of both the investigated samples are shown in Figure 4.6c. It is
evident that after 22 days of air exposure, the final S-W point of the perovskite/Al2O3
sample deviates much less from its initial S-W point, when compared to the pristine
perovskite sample. This again confirms that the changes in chemical composition and
open volumes in the perovskite are significantly less when it is capped with ALD Al 2O3.
Finally, the number of ALD cycles is varied to assess the effect of the Al2O3 thickness on
the perovskite stability. As seen in Figure 4.6d, after 22 days of exposure to ambient air,
the perovskite sample capped with the thickest Al2O3 layer experiences the smallest
changes in -ǻS/S0 DQGǻW/W0, and hence, an enhanced environmental stability (in the
studied range of ALD cycles), suggesting that thicker ALD Al2O3 is more effective in
suppressing the occupation of H2O molecules into the open volumes of the perovskite
and the subsequent chemical transformations in the layer.

4.4 Conclusions
DB-PAS is utilized to investigate the structural degradation of CH 3NH3PbI3-xClx
perovskite films, associated with the development of structural defects (or open volumes)
and chemical transformations under exposure to ambient air (relative humidity 40-55%)
for a period of 22 days at room temperature. The DB-PAS depth profiles, i.e., S(E) and
W(E) plots shift towards lower implantation energies as a function of air exposure time,
indicating a decrease in the thickness of the perovskite layer. This is corroborated by XPS
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analysis of the perovskite films showing the effusion of volatile decomposition products
(CH3NH2, HI, I2) under exposure to ambient air. In addition, a decrease in the S-parameter
is observed over time, suggesting the ingress of H2O molecules into the open volumes
present in the CH3NH3PbI3-xClx lattice. The S-parameter is furthermore affected by the
chemical transformations of the perovskite layer. This is complemented by an increase in
the W-parameter indicating changes in the chemical composition of the films due to the
formation of a relatively dense PbI2 layer (corroborated by XRD). Meanwhile, the
changes in the S- and W-parameters are significantly smaller when the perovskite film is
capped with ALD Al2O3 (<1 nm). The DB-PAS results demonstrate that the presence of
ALD Al2O3 on top of the perovskite suppresses the ingress of H2O molecules into the
open volumes, while delaying the reduction of the perovskite film thickness resulting
from its chemical transformations when exposed to the ambient environment. Our study
indicates that the use of DB-PAS in connection with other conventional characterization
techniques, such as XRD and XPS, may substantially help in gaining further
understanding of the degradation mechanism of different state-of-the-art perovskite
chemical compositions.
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Figure A4.1: Cross-sectional SEM images of the stacks comprising of (a), (b) glass/ ITO/
TiO2/perovskite and (c), (d) glass/ ITO/ TiO2/ perovskite/ALD Al2O3 (< 1 nm) taken at (a),
(c) dayDQG E  G DIWHUGD\VRIDLUH[SRVXUH UHODWLYHhumidity of 40-55%) at room
temperature. The images clearly show a reduction in the thickness of the perovskite layer upon
air exposure.
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4

Figure A4.2: DB-PAS depth-profiles of S- and W-parameter of the 50 nm TiO2 film on top of
an ITO-coated glass substrate. Full lines are fit curves obtained by VEPFIT analysis.
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Figure A4.3: Surface XPS spectrum of Al2p peak of the perovskite/ALD Al2O3 film at day 0.
Open circles and the solid line are measured data and peak fit, respectively.
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Figure A4.4: DB-PAS depth-profiles of S- and W-parameters of perovskite/ALD Al2O3 (15
cycles) film at day 0 and after 3, 6, 12 and 22 days of air exposure. Full lines are fit curves
obtained by VEPFIT analysis. Blue region represents positron annihilation at the surface,
yellow region represents positron annihilation in the perovskite film, and grey region represents
increasingly larger fractions of the positrons annihilating in the TiO2/ITO underlayers and the
glass substrate.
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Chapter 5
High-Efficiency Humidity-Stable
Planar Perovskite Solar Cells Based
On Atomic Layer Architecture
Abstract: Perovskite materials are drawing tremendous interest for photovoltaic solar
cell applications, but are hampered by the intrinsic material and device instability issues.
Such issues can arise from the environmental influence as well as from the chemical
incompatibility of the perovskite layer with charge transport layers and electrodes used
in the device stack. Several attempts have been made to address the instability issue,
mostly concentrating on the substitution of the organic cations in the perovskite lattice,
and on alternatives for the organic charge extraction layers, without laying much
emphasis on stabilising the existing, conventional high efficiency methylammonium lead
iodide/spiro-OMeTAD based devices. To address the latter issue, we employ atomic layer
deposition (ALD) as a straightforward and soft deposition process to conformally deposit
Al2O3 on top of the perovskite absorber. An ultra-thin ALD Al2O3 film effectively protects
the perovskite layer while it is sufficiently thin to provide a tunnel contact. The fabricated
perovskite solar cells (PSCs) exhibit superior device performance with a stabilised power
conversion efficiency (PCE) of 18%, a significant reduction in the hysteresis loss, and an
enhanced long-term stability (beyond 60 days) as a function of the unencapsulated
storage time in ambient air, under humidity conditions ranging from 40 to 70% at room
temperature. PCE measurements after 70 days of humidity exposure show that the
devices incorporating 10 cycles of ALD Al2O3 could significantly retard the humidityinduced degradation thereby retaining about 60-70% of the initial PCE, while that of the
reference devices drop to a remaining 12% of its initial PCE. This work successfully
addresses and tackles the problem of the instability of hybrid organic-inorganic IV-halide
perovskite solar cells in humid environment, and the key findings pave the way for the
upscaling of these devices.
Published as: D. Koushik, W.J.H. Verhees, Y. Kuang, S. Veenstra, D. Zhang, M.A. Verheijen,
M. Creatore, and R.E.I. Schropp, Energy Environ. Sci. 2017, 10 (1), 91í100.
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5.1 Introduction
Solar cells based on organic-inorganic hybrid perovskites have recently achieved an
astounding power conversion efficiency (PCE) of 22.1%1 placing themselves at the forefront of many of the current global photovoltaic (PV) technologies. Due to their tunable,
wide band gap range, Eg =1.55-2.3 eV,2 low-cost simple fabrication processes,3-6 high
charge carrier mobility,7 in combination with the short predicted energy payback time (in
the order of months),8 the perovskite solar cell (PSC) technology emerges as a serious
contender for application amongst the other existing 20%+ technologies. However, in
order to scale-up the perovskite PV technology, the issue regarding the device lifetime
needs to be addressed, which is a hurdle towards its successful commercialisation.
Lewis bases such as water (H2O) have been identified as one of the key sources for
the irreversible degradation of the perovskite films and the related devices. 9-11 The most
conventional and widely used perovskite, the methylammonium lead iodide
(CH3NH3PbI3) is highly unstable in oxygen and moisture due to the presence of the weak
Pb-I ionic bonds and the volatile CH3NH3I component in its lattice structure. Previous
work by Frost et al. has shown that a single H2O molecule is capable to trigger the
decomposition of a stoichiometric unit of CH3NH3PbI3 into CH3NH3I and PbI2.12
Furthermore, this PbI2 product which is sparingly soluble in water13 presents a
toxicological issue which can again hamper the outdoor applications of PSCs.
In order to circumvent this humidity-induced degradation, several efforts have been
made to fabricate stable PSCs. The pioneering work of Kim et al. on solid-state
mesoscopic heterojunction PSCs has shown the stability of unencapsulated devices stored
for over 500 h in air at room temperature.14 The focus has been recently shifted primarily
towards tuning the perovskite composition in view of obtaining a more stable active
layer.2, 15-18 The triple cation based PSCs by Saliba et al.18 has demonstrated stability for
250 h under nitrogen atmosphere, but the stability in the presence of humidity still
remains unknown. Other works have demonstrated the use of hydrophobic hole-transport
layers (HTLs)19-21 and a thick carbon based electrode in a HTL- free PSC,22 both of which
could significantly prevent the moisture ingress, but with sacrificing the overall PCE of
the devices. Several investigations exist that have adopted an interface modification
method for enhancing the stability of the PSCs, but mainly focus on retarding the
formation of trap states in the TiO2 layer upon irradiation23-24 and on preventing the metalatom migration into the underlying layers upon aging, 25-27 without addressing the
humidity instability issue.
In this work, we present an interface engineering approach using an ultra-thin atomic
layer deposited (ALD) Al2O3 layer, deposited directly on the CH3NH3PbI3-įClį (x=į 
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perovskite films. This layer substantially seals off the underlying sensitive perovskite to
humidity conditions and also provides protection from the other cell components during
their respective depositions on top, and against moisture exposure28, thus preventing
premature device failure, and enabling enhanced stability against humidity. In addition,
it does not preclude the formation of a low-resistance contact to the perovskite layer.
Having Eg ~ 6.4 eV,29 Al2O3 could be efficiently utilised in the layer stack of a solar cell
only when applied as an extremely thin layer. ALD is hence well-suited to apply such a
thin layer as the thickness can be precisely controlled at the Angstrom level by simply
varying the number of ALD cycles.
Although “state-of-the-art” PSCs with 22% PCE have been recently demonstrated,
for the present study we have chosen cells based on CH3NH3PbI3-įClį perovskite with a
more modest and reproducible PCE of 15% that could be achieved without any complex
processing conditions,30 and do not opt for the mixed cation mixed anion PSC approach.
However, with the incorporation and optimization of the ALD Al 2O3 into the device
stack, the PCE of these cells significantly increases to a stabilized 18%. The hysteresis in
the cells is clearly reduced and the stability of the cells against humidity is
unprecedentedly enhanced.

5.2 Results and Discussion

5

First, the presence of the ultra-thin ALD Al2O3 is investigated on top of the individual
thin films of perovskite on glass via X-ray photoelectron spectroscopy (XPS). Figure
5.1a presents the Al 2p peak centred at a binding energy of 74.6 eV, confirming the
composition of Al2O3 obtained for 10 ALD cycles. The O 1s peak shown in Figure 5.1b
is centered at a binding energy of 531.5 eV pertaining to the characteristic formation of
Al-O bonds on the perovskite film.11, 31. The peak with the binding energy at 402.7 eV is
ascribed to the N element in the perovskite, indicating no consumption of CH 3NH3+
during the ALD process. Further, the absence of peak at 139.1 eV (binding energy of Pb–
I) confirms that there is no formation of PbI2 degradation product32 in the pristine
perovskite film attributing the stability of the same towards the employed ALD deposition
conditions. Meanwhile, there is no observance of Cl 2p peak which confirms that even
though PbCl2 is used as one of the initial precursors for the formation of the CH3NH3PbI32+
and 2Cl ¯ and the chlorine is
įClį perovskite, most of it is dissociated into Pb
substantially removed during the perovskite film formation (XPS spectra of Pb, I, N, C
and Cl are shown in Figure A5.1 in the Supporting Information). Figure 5.1c shows the
X-ray diffraction (XRD) spectra of the perovskite films before and after the successive
depositions of 10 and 20 cycles of ALD Al2O3 on top. There is no change in the crystalline
structure of the perovskite film before and after the deposition, as confirmed by the
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perovskite characteristic peaks at 14.1°, 28.4°, 30.9°, 35.1° and 43.2°, that can be
assigned to the (110), (220), (213), (312) and (330) reflections of CH 3NH3PbI3,
respectively,9, 33 and the absence of signatures of other phases. Previous work by Dong et
al. used trimethylaluminium (TMA) and ozone (O3) to apply an ALD Al2O3 capping layer
RQ WRS RI WKH SHURYVNLWH DW D WHPSHUDWXUH RI  & GXH WR WKH KLJK VHQVLWLYLW\ RI WKH
perovskites to H2O and temperature. But, even with this dedicated recipe, just 1 cycle of
ALD Al2O3 on top was sufficient to degrade the perovskite which was confirmed by the
appearance of a small intensity PbI2 peak at 12.6° in the XRD spectra9. In contrast, our
ALD Al2O3 process, using TMA and H2O vapor as the aluminium and oxygen precursors
resSHFWLYHO\DW&ZLWKDVLPLODUJURZWKSHUF\FOH *3& RIDERXWQPDSSHDUVWR
be far less detrimental to the underlying perovskite layer. It is speculated that the use of
H2O, which is less oxidizing than O3, makes it possible to deposit ALD Al2O3 directly on
these sensitive perovskite layers, even at a comparatively higher temperature.

Figure 5.1: Surface XPS spectra of (a) Al 2p and (b) O 1s peak of a 10 cycle ALD Al2O3 layer
on top of the perovskite film. (c) XRD spectra of the parent perovskite film before and after the
successive depositions of ALD Al2O3.
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Having proven the crystallographic stability of the perovskite films upon application
of the chosen ALD Al2O3 process, the effect of Al2O3 layer thickness is addressed by
fabricating a series of complete solar cells with increasing number of cycles of ALD
Al2O3 (varied between 2 to 20 cycles) introduced at the perovskite/HTL interface. Figure
5.2a shows a bright field transmission electron microscopy (TEM) image of the crosssection of a complete planar perovskite solar cell. A 150 nm thick tin doped indium oxide
(ITO)/ glass layer has been used as the front electrode (cathode). As the electron transport
layer (ETL), a 50 nm thick compact titanium dioxide (c-TiO2) is deposited on top of the
ITO. CH3NH3PbI3-įClį with a thickness of 300 nm is used as the photoactive layer. An
ultra-thin ALD Al2O3 layer (20 ALD cycles, corresponding to ~2 nm) covers the top of
WKH SHURYVNLWH OD\HU $  QP ƍƍ-tetrakis(N,N-di-pmethoxyphenyl-DPLQH ƍspirobifluorene (Spiro-OMeTAD) and 100 nm Au serve as the HTL and the back
electrode (anode), respectively. The detailed fabrication procedure of the perovskite and
other associated layers in the device stack can be found in the experimental section. The
cross-section TEM image in Figure 5.2a does not present an explicit view of this ultrathin ALD layer since the perovskite-HTL interface is inclined to the cross-section of the
TEM sample hindering its distinct visibility. A top-view scanning electron microscopy
(SEM) image of the perovskite film is shown in the supplemental information as Figure
A5.2. As represented, the synthesized perovskite films are characterized by large

5

micrometer sized grains rendering an expected reduced bulk defect density in the film
together with suppressed charge trapping during device operation. 34
The photocurrent density–voltage (J–V) characteristics of these cells are shown in
Figure 5.2b. A typical device without Al2O3 layer produces a short-circuit current density
Jsc of 21.3 mA/cm2, an open-circuit voltage Voc of 1.03 V and a fill factor FF of 0.69
yielding a PCE of 15.1%. In equivalent devices incorporating the thin ALD Al2O3 layer,
considerable improvement in all the PV parameters, especially FF, is observed. This is
attributed to the suppressed recombination at or near the HTL due to the incorporation of
the ALD Al2O3 layer on top of the perovskite. Thus, the Al2O3 layer could be acting as a
passivation layer on top of the perovskite surface, as was also shown by Adhyaksa et al.
using carrier diffusion length measurements in single layers. 35 In addition, previously
reported results using porous Al2O3 nanoparticles at the perovskite/Spiro-OMeTAD
interface,27 Al3+ ions doping in the perovskite layer,36 and pulsing ALD TMA vapor on
perovskite nanocrystals,37 could also be related to this passivation effect. The best ALDtreated perovskite device is achieved with 10 cycles of Al2O3 resulting in a Jsc of 21.7
mA/cm2, Voc of 1.08 V, FF of 0.77 and PCE of 18%, enabling a 3% efficiency
enhancement with respect to the reference device. The high FF indicates that a low
resistive contact, or a tunnelling contact, is maintained between the perovskite and the
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Sprio-OMeTAD HTL. However, the range between 10-15 cycles of ALD Al2O3 seem to
be the optimum range in terms of efficient perovskite PV devices. For 2-8 cycles of ALD
Al2O3, the I-V results are sub optimal. This is thought to be due to incomplete coverage
of the ALD layer so that the initial exposure to H2O vapor still has a dominant deleterious
effect. Increasing the number of cycles beyond 15, on the other hand, also significantly
deteriorates the Jsc and the FF. This can be attributed to the thickness of the ALD Al2O3
beyond a suitable tunnelling thickness, and concomitantly, the reduction of hole injection
and transport from the perovskite layer to the HTL due to the increasing number of ALD
cycles leading to relatively thick ALD Al2O3 insulating layer. The J-V parameters of the
pristine and all the ALD Al2O3 incorporating perovskite devices are summarised in Table
5.1. The statistical box plots of the PV parameters (Jsc, Voc, FF, and PCE) of the devices
incorporating different numbers of ALD Al2O3 cycles can be found in Figure A5.3.

Figure 5.2: (a) Bright field TEM cross-sectional image of the complete planar perovskite
device incorporating the ALD Al2O3 at the perovskite/HTL interface. (b) J-V curves of the best
perovskite devices employing different numbers of ALD Al2O3 cycles.
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Table 5.1: J-V parameters of the best perovskite solar cells employing different numbers of
ALD Al2O3 cycles.

Configuration

V

oc

J

sc
2

FF

PCE
(%)

(V)

(mA/cm )

Pristine

1.03

21.3

0.69

15.1

Al2O3, 2 cycles

1.04

21.3

0.61

13.5

Al2O3, 4 cycles

1.06

21.9

0.69

16.0

Al2O3, 8 cycles

1.07

20.8

0.78

17.4

Al2O3, 10 cycles

1.08

21.7

0.77

18.0

Al2O3, 15 cycles

1.07

21.7

0.77

17.9

Al2O3, 18 cycles

1.02

19.5

0.69

13.7

Al2O3, 20 cycles

0.96

16.0

0.63

9.7

In order to further study the presence and conformality of this ultra-thin ALD Al2O3
layer at the perovskite/HTL interface, energy dispersive x-ray (EDX) elemental mapping
are acquired on several perovskite/HTL interface regions. A more detailed High Angle

5

Annular Dark Field (HAADF) scanning TEM image of the perovskite/ HTL interface is
shown in Figure 5.3a. An ultra-thin interfacial layer is distinctly visible which marks the
presence of ALD Al2O3. This is in accordance with the corresponding elemental maps of
Al and O in Figure 5.3c,d respectively. The other associated elements C, N, Pb and I
present in the perovskite and the HTL are shown in Figure 5.3e-h. The overlapped
elemental mapping image shown in Figure 5.3b demonstrates the ALD Al2O3 layer
covering the perovskite surface. Note that the elemental mapping analysis was carried out
at three different perovskite/HTL cross-sectional locations and similar distribution maps
have been obtained as shown in Figure A5.4 and Figure A5.6. The EDX line scan profile
in Figure 5.3i depicts the two strong intensity peaks of Al and O present at the
perovskite/HTL interface. This is clear and unambiguous evidence of the presence of this
ultra-thin layer in the actual solar cell device stack.
The perovskite device architecture plays an important role towards its hysteretic
response,38-41 which is one of the vital issues curbing the development of the PSCs in spite
of its rapidly increasing high efficiencies. PSCs based on a mesoporous structure and
organic charge extraction layers tend to exhibit lower hysteresis as compared to cells
based on a planar configuration where the perovskite is crystallized on top of a compact
ETL layer, and is considered to originate at the perovskite/metal oxide interface (in our
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a)

Spiro-OMeTAD

b)

ALD Al2O3
CH3NH3PbI3-įClį
c)

d)

e)

f)

g)

h)

j)

i)
i)

j)

50 nm

,0* IUDPH

Figure 5.3: (a) High angle annular dark field (HAADF) scanning TEM image of the enlarged
perovskite/ALD Al2O3/Spiro-OMeTAD interface. (b) Corresponding overlapped elemental
mapping image. (c-h) Individual elemental maps of Al, O, Pb, I, C and N. (i) Compositional
profiles at the perovskite/ALD Al2O3/Spiro-OMeTAD interface, constructed from a 2dimensional EDX map by averaging over the area indicated by the cyan box in the
corresponding perovskite/ HTL interface (j).
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case TiO2). To further explicate the effect of our ultra-thin ALD Al2O3 towards the J-V
hysteresis, both the reference and Al2O3 incorporated devices were measured at a scan
rate of 10 mV/s in forward and backward directions under simulated AM1.5 radiation of
1000 W/m2. It is worth to mention that with regards to the J-V measurements, 10 cycles
of ALD Al2O3 is considered to be the optimum in our case (Table 1), and hence, this
Al2O3 coverage is employed in our further studies (unless mentioned otherwise). As
shown in Figure 5.4a, the cells based on ALD Al2O3 are seen to experience a significant
reduction in the J-V hysteresis as compared to the ones without. This can be ascribed to
the reduction of the electronic defects at the perovskite surface when the ultra-thin ALD
Al2O3 layer is deposited on top. This reduction aids in suppressing the trap–assisted
recombination which is speculated to be one of the causes of the origin of the hysteresis
behavior in the PSCs,40, 42 other than ion migration40, 43-44 and ferroelectricity40, 44. A
similar reduction of hysteresis has been recently reported by Wang et al. while doping
the perovskite with Al3+ ions.36 Figure 5.4b shows the stabilized maximum power point
(MPP) tracking results of the best perovskite devices with and without the ALD Al 2O3
interfacial layer. A steady-state PCE of 18% is measured for the Al2O3 incorporated cells
and PCE of 15% for the reference cells, both of which are in agreement with the
efficiencies obtained from the respective J-V curves. The external quantum efficiency
(EQE) of both the cell types are shown in Figure 5.4c. The enhanced blue response in

5

the EQE spectra of the ALD Al2O3 layer incorporating device seems to be correlated with
an optical absorptance improvement that we also see for short wavelengths in individual
perovskite absorber layers with Al2O3 coating after 70 days of humidity exposure (see
Figure A5.10). It is not clear what causes the enhanced absorptance, but changes in
optical properties have been found earlier in PSCs accommodating different cell
designs,31, 45 and also upon ageing.46 The Jsc calculated from the integration of the EQE
over the AM1.5 solar spectrum at 1000 W/m2 is also represented in Figure 5.4c, and is
measured to be 20.3 mA/cm2 for the reference device and 20.7 mA/cm2 for the ALD
based device. There is ~1 mA/cm2 error between the Jsc obtained from the J-V
measurements and that from the EQE measurements under simulated sunlight. This is
quite common for thin film solar cells on glass and has been attributed to the difference
in small spot measurements in EQE and complete flooding of the cell in light in J-V
measurements.47 The J-V parameters of the forward and backward scans are presented in
Table 5.2.
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Figure 5.4: (a) Forward and backward scanned J-V curves of the champion perovskite devices
with and without the ALD Al2O3 (10 cycles) interfacial layer. The J-V curves are measured at
-1

a scan rate of 10 mV s in forward (-0.2 to 1.2 V) and backward (1.2 to -0.2 V) directions under
-2

simulated AM 1.5 radiation of 1000 Wm . (b) MPP tracking for 30 mins to obtain the steadystate PCE. (c) Comparative EQE spectra of both the devices along with their respective
integrated Jsc curves.

Table 5.2: J-V parameters of the best perovskite devices with and without the ALD Al2O3.

Configuration

Scan
Direction

Without ALD Al O
2

With ALD Al O
2

(10 cycles)

3

3

Forward
Backward
Forward
Backward

V

J

PCE
(%)

1.0

(mA/cm )
20.8

FF
0.48

9.9

1.03

21.3

0.69

15.1

1.02

21.4

0.76

16.6

1.08

21.7

0.77

18.0

oc

(V)

sc
2
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a)
PbI

2

CH NH PbI
3

3

3

b)

CH NH PbI
3

3

3

5

Figure 5.5: XRD of the perovskite films before and after exposure to varied humidity
conditions. a) pristine. b) with ALD Al2O3.

In view of the role of the perovskite contacting ALD Al2O3 layer as a protection layer
against humidity,48 an aging study of the perovskite films and the devices is performed
under various humidity conditions. First, the structural integrity and photovoltaic
performance of the PSCs (with and without the ALD layer) is monitored under N 2
atmosphere for several weeks prior to exposure to humidity. This is done to discern
between the effect of humidity and the instabilities related to the employed organic HTL,
towards the degradation of the PSCs. Then, the devices are exposed to 40% humidity
conditions (for 15 days), then to 60% humidity (10 more days) and finally, to ambient
laboratory humidity conditions which is between 50-70% (the average ambient humidity
range in the Netherlands during the study period) for 30 more days. XRD measurements
are performed over time to monitor the comparative structural stability of the films. The
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parent perovskite film starts to degrade after being exposed to 60% humidity for 10 days
as is evident from the appearance of a new signature peak at 12.6°in the XRD spectra 9, 11
as shown in Figure 5.5a. This peak is assigned to the (001) diffraction peak of PbI 2 which
is formed as a result of the decomposition of the CH3NH3PbI3 when exposed to oxygen
and moisture. On the contrary, this peak is not detected in the case of the Al2O3/perovskite
samples as shown in Figure 5.5b, thus pointing out to the role of Al2O3 towards
circumventing humidity induced perovskite degradation.

Figure 5.6: Normalized PV parameters (a) 9RF, (b) -VF, (c) )), and (d) PCE of the champion
perovskite devices with and without ALD Al2O3 as a function of storage time under varied
humidity conditions.

The PV parameters of the unencapsulated PSCs acquired during the course of the
humidity aging study are depicted in Figure 5.6. The J-V measurements of these cells
have been performed at room temperature in ambient air every alternate day, and the
devices have been kept in the dark in-between successive measurements. Comparing the
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performance of the PSCs with and without the ALD Al2O3, it is evident that the PCE of
the reference device starts to decrease just after 15 days although kept under N 2
atmosphere, while the Al2O3 incorporated ones are not much affected. Carrying forward
our study for a course of 70 days with a stepwise increase in humidity conditions (from
40% to 50-70%), it is observed that the ALD Al2O3 significantly delays the humidityinduced degradation thereby retaining about 70% of the initial PCE, while the pristine
devices reached nearly a dead point with only 12% of its initial PCE remaining. The same
conclusion can be drawn from the MPP tracking which is performed on the best devices
of both the configurations after 70 days of aging (Figure 5.7a). The PV parameters at the
start and at the end of the aging study are summarised in Table 5.3. Also, the J-V curves
of the parent and ALD Al2O3 incorporated cells (both 4 and 10 cycles) are shown in
Figure A5.7, A5.8, and A5.9 respectively. The histogram of the PCE statistics of 25 ALD
Al2O3/PSCs is shown in Figure 5.7b. It is worth mentioning that, as perceptible from
Figure 5.6d, oxygen and moisture apparently deteriorate both configurations with and
without Al2O3, but the ALD Al2O3 devices show distinctly stable behaviour of Jsc and
Voc, attributed to significantly better shielding against the penetration of the moisture into
the sensitive perovskite layer under the applied humidity conditions. The ALD Al2O3
layer directly on the perovskite chemically passivates surface defects present on the
perovskite, therefore inducing more stability towards H 2O and O2 induced defects.

5

Furthermore, its hydrophobicity49 may impede the permeation of H2O.

Table 5.3: J-V parameters of the champion perovskite devices before and after 70 days of
humidity aging study.

V

Configuration

oc

Without ALD Al O
2

With ALD Al O
2

(10 cycles)

3

3

J

sc
2

FF

PCE
(%)

(V)

(mA/cm )

Fresh

1.03

21.3

0.69

15.1

After 70
days

0.86

6.8

0.31

1.8

Fresh

1.08

21.7

0.77

18.0

After 70
days

1.05

21.3

0.56

13.0
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a)

b)

Figure 5.7: (a) MPP tracking of the best devices. (b) Histogram of the PCE of 25 perovskite/
ALD Al2O3 devices after 70 days of humidity aging study.

We propose the extension of the implementation of the ALD Al 2O3 layer into the
less hydrophilic cation (formamidium, cesium) based, bromide or mixed halide based or
the mixed cation mixed anion based PSCs where the active perovskite layer is
comparatively more stable than the perovskite used in our work, where it could
remarkably contribute and add to the extended device stability which otherwise is solely
derived from the intrinsic stability of the absorber and the employed charge extraction
layers. Also, it is expected that apart from protecting against humidity during the lifetime
of the solar cell, this layer may be effective in protecting the perovskite layer during
successive depositions of a wider range of electron selective or hole selective contact
layers.
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5.3 Conclusions
An ultrathin ALD Al2O3 layer is inserted into the conventional thin film n-i-p architecture
of CH3NH3PbI3-įClį PSCs in order to reduce the hysteresis loss and at the same time
stabilise the devices against humid conditions. An absolute 3% increase in the PCE is
observed in the best perovskite/ALD Al2O3 device exhibiting a PCE of 18% along with
a significant reduction in the hysteresis loss. The unencapsulated Al2O3 incorporating
devices exhibit a remarkable stability against ambient humidity retaining 60-70% of the
initial PCE after 70 days, while the reference cells without the Al 2O3 layer experience a
drastic fall to 12% of its initial PCE during the study period. Our work is a manifestation
towards preventing humidity induced degradation via interface engineering in PSCs with
ALD Al2O3, and could be implemented in other contemporary PSC embodiments
including the state-of-the-art devices with 22% PCE. It could bring us one step ahead in
realizing the commercialization of high efficiency and humidity stable PSCs.

5.4 Experimental Section
Materials
Pb(CHCO2)2ǜ+2O (PbAc2, Aldrich, 99.999%), PbCl2 (Alpha Aesar 99.999%), CH3NH3I
(MAI, Dyesol), Spiro-OMeTAD (Lumtec), lithium bis(trifluoromethanesulfonyl) imide
(LitFSI, Aldrich 99.95%), 4-tert-butylpyridine (tBP, Aldrich 96%).

5

Solar Cell Fabrication
ITO coated glass substrates (Naranjo substrates) are ultrasonically cleaned for 10 minutes
in detergent (Extran MA01), deionized water and iso-propanol. The dense TiO2 layer is
deposited by e-beam deposition (O2 flow of 12 sccm, pressure of 4.7*10 -4 mbar,
deposition rate of 0.05 nm/s).50 The perovskite precursor solution is made by mixing
PbAc2, PbCl2 and MAI in dimethylformamide (DMF) as reported elsewhere. 30 The
precursor solution is spincoated on top of the TiO2 layer in a N2 filled glovebox at 3000
rpm for 60 s. The perovskite layer is formed by annealing at 130 °C for 10 min. ALD
Al2O3 is deposited on top of the perovskite/TiO2/ITO glass in an Oxford Instrument
OpALTM reactor. Each ALD cycle consists of trimethylaluminium (Al(CH3)3) dose of
0.02 s, followed by a purge of 3.5 s, then a H 2O vapor dose of 0.1 s, followed by a purge
of 3.5 s. The thickness of the ALD Al2O3 layers is characterized by in-situ spectroscopic
ellipsometry. SpiroOMeTAD solution is spincoated at 2000 rpm (80 mg/ml in
FKORUREHQ]HQHGRSHGZLWKȝOW%3DQGȝORIDPJPOVROXWLRQRI/LW)6,LQ
acetonitrile). The devices are exposed to air overnight for O2 doping of the
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SpiroOMeTAD and then finally finished with 100 nm thick gold contacts deposited on
top via thermal evaporation.
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Characterization
XRD, XPS, SEM and UV-Vis-NIR Spectroscopy
XRD analysis is carried out on the samples with an architecture of ALD
Al2O3/perovskite/TiO2/ITO/glass (top to bottom) using a PANalytical X’Pert Pro MRD
x-ray diffractometer using Cu KĮUDGLDWLRQ Ȝ Å LQWKHșUDQJH° to 60° at
a scanning rate of 1.5° min-1. XPS measurements are carried out in a Thermo Scienti¿c
K-Alpha system, equipped with an Al x-UD\VRXUFH .ĮH9 ZLWKRXWDQ\SUHsputtering. Binding energy is corrected with respect to C 1s at 284.5 eV. SEM images are
obtained using a FEI MK2 Helios Nanolab 600 system. The optical reflection spectra of
the completed cells are measured by a Agilent Cary 5000 UV-VIS-NIR spectrometer
equipped with an integrating sphere.

TEM and Elemental Mapping
Cross-sectional TEM samples of the stacks are prepared using a standard Focused Ion
Beam lift-out procedure. In the transfer step, the samples are mounted on molybdenum
support grids upon which the final thinning is performed. Mo grids are deliberately
chosen, as inferior results were obtained when using copper support grids. In the latter
case, Cu is redeposited on the sidewalls of the TEM lamella, leading to the formation of
CuI crystals on the TEM sample surfaces and, as a result of that, void formation in the
perovskite layer. The subsequent TEM studies are performed using a JEOL ARM 200
probe corrected TEM, operated at 200 kV, and equipped with a 100mm 2 Centurio SDD
EDX detector. EDX mappings of 256*256 full spectra are acquired using a 0.1 ms dwell
time, summing up over 37, 128 and 105 full frame acquisitions in Figure 3, S4 and S6,
respectively. Quantification of the EDX maps is performed using standard k-factors.

J-V and EQE measurements
A white light halogen lamp source in combination with interference filters is used to
illuminate the perovskite solar cells. The J-V characteristics were measured using a
Keithley 2400 source measuring unit at a scanning rate of 10 mV/s from -1.2 to 1 V. A
stainless steel mask with openings matching the cell area (0.16 cm2) is used to limit the
active area of the device (0.09 cm2). Before each measurement, the exact light intensity
is determined using a calibrated Si reference diode. All characterizations are done in a
nitrogen filled glove box (0.1 ppm O2 and 0.1 ppm H2O) without exposure to ambient
atmosphere. For the hysteresis measurements, the J-V curves are measured at a scan rate
of 10 mV/s in forward (-0.2 to 1.2V) and backward (1.2 to -0.2 V) directions. During the
aging study, the J-V characteristics are determined with a WACOM dual beam solar
simulator under AM1.5 illumination using the same mask and measured using a Keithley
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2400 source measuring unit at a scanning rate of 10 mV/s from 1.2 to -0.2 V. EQE under
short circuit conditions is measured in air with an Optosolar (SR300) setup equipped with
a 250 W xenon lamp and a Jobin Yvon iHR320 monochromator without bias
illumination.

5

Figure A5.1: XPS spectra of C, Pb, I, N and Cl elements after the deposition of ALD Al2O3 on
top of the perovskite film.
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Figure A5.2: Top view SEM image of the perovskite film.
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5

Figure A5.3: Box plot showing the PV parameters of the perovskite devices employing
different cycles of ALD Al2O3 at the perovskite/HTL interface.
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Figure A5.4: High angle annular dark field (HAADF) scanning TEM image of the device layer
stack and the corresponding individual and overlapped elemental maps of Al, O, Pb, I, C, N, Ti
and In and Au.
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5

Figure A5.5: Reflectance spectra of the perovskite devices with and without the ALD Al2O3.

534072-L-bw-Koushik
Processed on: 1-8-2019

PDF page: 139

134

Chapter 5

Spiro-OMeTAD

CH3NH3PbI3-įClį
c-TiO2
ITO
Glass

Figure A5.6: High angle annular dark field (HAADF) scanning TEM image of the device layer
stack and the corresponding individual and overlapped elemental maps of Al, O, Pb, I, C, Ti
and In.
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Figure A5.7: J-V curves of the perovskite device before and after exposure to varied humidity
conditions.
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Figure A5.8: J-V curves of the perovskite/ ALD Al2O3 (4 cycles) device before and after
exposure to varied humidity conditions.
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Figure A5.9: J-V curves of the perovskite/ ALD Al2O3 (10 cycles) device before and after
exposure to varied humidity conditions.
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Figure A5.10: Absorbance spectra of the perovskite films with and without ALD Al2O3 at
day 0 and after 70 days of humidity aging.
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Chapter 6
Atomic Layer Deposition Enabled
Perovskite/PEDOT Solar Cells in a
Regular n-i-p Architectural Design

Abstract: Perovskite solar cells employing PEDOT as hole transport layer on top of
methylammonium lead halide are reported, yielding a power conversion efficiency of
11%, and a 6% stabilized power output. An atomic layer deposition assisted interface
architectural approach is adopted to fabricate the n-i-p perovskite/PEDOT devices. The
results present a promising next step towards efficient low-cost perovskite based
photovoltaic technology.

Published as: D. Koushik, W.J.H. Verhees, D. Zhang, Y. Kuang, S. Veenstra, M. Creatore,
and R.E.I. Schropp, Adv. Mater. Interfaces 2017, 4 (18), 1700043.
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6.1 Introduction
Hybrid organic-inorganic perovskite cells are widely regarded as one of the propitious
candidates towards the next-generation photovoltaic (PV) technology, owing to their
significant and impactful attributes, which include low-cost processing,[1-4] tunable band
gap,[5, 6] and long charge carrier diffusion lengths.[7, 8] Also, the energy payback time for
perovskite PV technology has been predicted to be in the order of months, [9] adding
another appealing feature to the use of these organometal halides. Over the recent years,
the perovskite solar cell (PSC) technology has been lured towards matching, or even
surpassing the efficiency of the mainstream crystalline silicon (c-Si) technology, and in
view of that, several perovskite compositions[1, 6, 10] and device configurations (n-i-p, p-in, p-i-metal, n-i-metal)[11] have been investigated, including the recently emerged
perovskite tandem architectures.[12] However, very little attention has been paid towards
the material costs incurred while employing these layers into an actual perovskite device
stack, which on the other hand play a critical role when it comes to commercializing this
technology.
The pioneering works of Kim et al.[13] and Lee et al.,[4] had reported the use of
ƍƍ-tetrakis(N,N-di-pmethoxyphenyl-DPLQH ƍ-spirobifluorene (Spiro-OMeTAD)
as a hole transport layer (HTL) in solid-state heterojunction PSCs. Since then, most of
the impressive efficiency strides made in PSCs have been accompanied by the
incorporation of Spiro-OMeTAD into the device stack. However, this HTL molecule
comes along with its time-consuming multi-step synthesis and purification protocols. In
addition, its high-cost spirobifluorene core,[14] which is reported to be 10 times more
costly than that of gold and platinum at research scale,[15] contributes a major fraction to
the total PSC manufacturing expenditure. The limited thermal stability of the doped
Spiro-OMeTAD is another drawback. In order to circumvent these issues, several works
have focused on fabricating HTL-free devices,[16] but these suffer from a lower open
circuit voltage (Voc) and fill factor (FF), thereby ending up with poor efficiencies in
comparison to their HTL-incorporated counterparts. Also, the charge recombination
losses become more pronounced when the photoactive perovskite layer is in direct contact
with the metal electrode than to the HTL.[17] In addition, tailoring the interfaces,[18] and
engineering new HTL materials[19] have been other approaches; yet, the fabrication of
cost-effective and at the same time efficient PSCs represents the core target of the current
PV research, and therefore, has started gaining paramount attention in the PV community.
Poly(3,4 ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) has been the
most widely used HTL in inverted (p-i-n) PSC structures, owing to its high and stable
work function,[20] in combination with high transparency and high conductivity.[21] Other
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key advantages of this HTL include, its flexibility,[22,

23]

low-cost production, and

compatibility with the inexpensive and industrially scalable solution-based deposition
techniques such as slot die coating, gravure printing, slide coating, knife-over-edge
coating, and spray coating.[23, 24] Moreover, previous work has shown that the embedded
energy and production cost of PEDOT:PSS are an order of magnitude lower than its metal
or oxide-based counterparts.[25]
In an inverted (p-i-n) PSC structure, the PEDOT:PSS layer is deposited first, and
then the perovskite layer is deposited on top of it. Perovskite cells in this architecture
have reached a power conversion efficiency (PCE) of up to 18%. [3, 26] However, to the
best of our knowledge, there have been very few reports demonstrating the potential
applicability of PEDOT:PSS as p-type charge extraction layer in a ‘regular’ n-i-p
perovskite device configuration.[27, 28] We speculate this to be related to the acidic and
hygroscopic characteristics of PEDOT:PSS,[29] that might lead to the degradation of the
intrinsic perovskite films when it is deposited on top, resulting in reduced device stability.
The recent work by Liu et al.[27] reported the implementation of a toluene-dispersed
PEDOT ink into the perovskite device stack in the n-i-p architecture, showing an initial
efficiency of 14.5%, and with a stabilized power output (SPO) of 6.6%. In these cells, a
spin-coated iodopentafluorobenzene (IPFB) buffer layer was employed at the
perovskite/PEDOT interface, to passivate the hole trapping states present at the
perovskite surface via supramolecular halogen bonding.[30]
Atomic layer deposition (ALD) has been a widely adopted technique to facilitate the
deposition of high quality conformal, continuous, and pin hole free layers. However, the
integration of a metal oxide deposited via ALD directly on top of the perovskite layer is
challenging due to the instability of the perovskite at high temperatures, and also (with
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increasing sensitivity) under H2O, O2, O3 and plasma exposure.[31] Most recently, we have
demonstrated that H2O as an oxidant in the ALD environment is not detrimental to the
perovskite layer, and that an ultrathin, thermal ALD aluminium oxide (Al 2O3) layer
deposited on top of the CH3NH3PbI3-įClį (x=į SHURYVNite film substantially protects it
against humidity conditions, and also during the deposition of other cell components on
top, circumventing premature device failure.[32]
In this work, we demonstrate the incorporation of a specially formulated toluene
based PEDOT dispersion (Clevios HTL Solar 3 SEJ 493, Heraeus Deutschland GmbH &
Co. KG), which is based on a PEDOT and PSS- block-co-polymer complex (conductivity
of approximately 0.1 S/cm), as HTL in a regular n-i-p structured planar PSC using our
recently developed ultrathin ALD Al2O3 protection layer. The ALD Al2O3 layer is
deposited by pulsing TMA and H2O vapour onto the perovskite surface to protect and
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passivate it, prior to the deposition of the PEDOT layer on top. The best fabricated devices
yield a PCE of over 11%, and a 6% SPO.

Figure 6.1: a) Schematic of the perovskite device stack. b) Corresponding energy-level
diagram showing the valence and conduction band levels of the employed layers of the cell.

6.2 Results and Discussion
The schematic in Figure 6.1a shows the planar perovskite device structure implemented
in this work. The corresponding energy-level diagram is presented in Figure 6.1b. A 150
nm thick tin-doped indium oxide (ITO) / glass layer is used as front electrode. The
electron transport layer (ETL) is a 50 nm thick film of compact titanium dioxide (TiO 2).
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A 300 nm thick perovskite (CH3NH3PbI3-įClį ) is used as photoactive layer. The
perovskite layer is then exposed to a number of alternated short pulses of
trimethylaluminium (TMA) and water (H2O) YDSRUDW୲&LQVLGHDQ $/'UHDFWRU
The resulting ultrathin Al2O3 film generates a passivation effect on top of the perovskite
surface,[8] leading towards suppressed charge recombination at the perovskite/HTL
interface, and thereby improving the PV performance of the devices, together with its
stability. This has been shown in one of our most recent works, [32] and also in some
previous reports by other groups.[33] In this study, the number of ALD cycles to deposit
Al2O3 ranges from 2 to 20. It is worth to note that the optimum number of Al2O3
deposition cycles for the employed perovskite/Al2O3/PEDOT based interface stack is
derived to be 3, as inferred from the PV results obtained from the two investigated solar
cell batches.The variation in the PCE of the PSCs with respect to the number of cycles of
ALD Al2O3 deposited at the perovskite/PEDOT interface is shown in Figure A6.1. A 160
nm PEDOT film is deposited on top of the sub-nanometer thick Al2O3 layer to serve as
the HTL. Reference devices have the PEDOT film deposited directly on the perovskite
layer, without prior Al2O3 protective interface. The devices are completed with 80 nm Au
to serve as the back electrode contact. The detailed fabrication procedure of all the layers
incorporated in the device stack can be found in the experimental section of the
Supporting Information.
The uniformity and coverage of the charge extraction layers on top of the perovskite
play a key role in determining the overall device performance. Hence, the surface
morphology of the deposited PEDOT films on top of the perovskite/Al 2O3 surface is first
elucidated using scanning electron microscopy (SEM). As shown in Figure 6.2, the
deposited PEDOT films exhibit compact morphology[34] presenting adequate surface

6

coverage on top of the perovskite. Probing towards higher resolution, a similar and
compact grain size distribution becomes clearly evident in the films. The perovskite film
prior to the deposition of ALD Al2O3 on top, and the perovskite/Al2O3 film prior to the
deposition of the PEDOT layer on top are also characterized. The corresponding SEM
images are shown in the Supporting Information (Figure A6.2). As evident from the SEM
images, and also as shown in our previous work,[32] the employed thermal ALD method
to deposit Al2O3 does not cause morphological and crystallographic changes to the
perovskite film.
X-ray photoelectron spectroscopy (XPS) is performed to investigate the surface
composition of the PEDOT layer on top of the perovskite/Al 2O3 film. The S2p peaks are
presented in Figure 6.3a centered at the binding energies of 164 eV and 168 eV. The
peak corresponding to 164 eV is attributed to the sulphur atoms in the PEDOT, while the
peak centered at a higher binding energy of 168 eV is ascribed to the sulphur atoms
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present in the PSS. The C1s peaks shown in Figure 6.3b are centered at binding energies
of 284.6 eV and 286 eV pertaining to the characteristic C-C and C-O-C bonds
respectively, of the deposited PEDOT film. The O1s peaks shown in Figure 6.3c are
centered at binding energies of 531.1 eV and 533 eV. The higher binding energy peak at
533 eV is attributed to the hydroxyl oxygen atoms, and seems to be comparatively
broadened, which can be ascribed to the hydrogen bonds associated to these hydroxyl
groups. Meanwhile, the lower binding energy peak at 531.1 eV is slightly shifted (~ 0.9
eV) with respect to the characteristic O-S bond peak of the sulfonic groups of PSS-H (at
532 eV). The shifting of this signature peak to lower binding energy is speculated to be
due to the loss of hydrogen from PSS-H to form PSSí.[34] The obtained XPS results are
indicative of the composition of the self-organized PEDOT chains on the surface of the
perovskite film, and are also in agreement with the previous reports on photoelectron
microscopy studies of PEDOT based thin films.[34-36]

Figure 6.2: Top view SEM images of the PEDOT film deposited on top of the
perovskite/ALD Al2O3 layer taken at different magnifications. a) 2,000X, b) 5,000X, c)
8,000X, and d) 25,000X.
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Figure 6.3: Surface XPS spectra of (a) S2p, (b) C1s, and (c) O1s peaks of PEDOT layer
deposited on top of the perovskite film.
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Optical simulations provide an effective means to model, construct and determine
the best architecture for the solar cell. The selection of effective ETLs and HTLs, and
then the incorporation and optimization of the same in a device stack with respect to the
individual layer thicknesses can be effectively investigated. This allows quick
determination of the favorable optical designs for PSCs before going forward towards
actual device fabrication. To visualize the optical quality, the complete cell reflectance
and the absorbance of each layer are simulated for the planar perovskite device stack
employed in this work, and is shown in Figure 6.4. The optical properties of the isolated
PEDOT films are characterized via UV-Vis-NIR spectroscopy and shown in Figure
A6.3. The wavelength-dependent optical constants are adopted from previous works[37,
38]

assuming that these do not vary sensitively with respect to the nature of the interfaces.
The refractive indices of the layers in the PSC do not diverge much, leading to a low

reflection loss. Furthermore, the compact TiO2 and the PEDOT layers cause only a small
parasitic absorption loss of 0.45 mA/cm2 and 0.65 mA/cm2 respectively. The ALD Al2O3
layer (Eg ~ 6.4 eV)[39] does not contribute to any parasitic absorption (with 0.00 mA/cm2)
and hence, it is not illustrated in Figure 6.4. With the incorporation of PEDOT into the
device stack as the HTL, the simulation results deliver a Jsc of 19.65 mA/cm2 with respect
to the perovskite layer thickness of 300 nm. A similar simulation study has been
previously reported by Zhang et al. employing Spiro-OMeTAD as the HTL into the
perovskite device stack.[37] The optical losses incurred in the respective layers of the PSC
stacks incorporating PEDOT and Spiro-OMeTAD as HTL respectively, are also
simulated in this work, and shown in Figure A6.4 and A6.5 respectively.

Figure 6.4: Simulated reflectance and absorbance spectra of the employed perovskite device
stack. The simulated current density within individual layers is listed in the inset.
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In regard to the promising simulation results, the performance of PEDOT as HTL in
a n-i-p structured PSC is demonstrated by photocurrent density–voltage (J–V)
measurements of the unencapsulated fabricated devices. As shown in Figure 6.5a, a
typical device without Al2O3 interfacial layer produces a short-circuit current density Jsc
of 19.1 mA/cm2, an open-circuit voltage Voc of 0.85 V and a fill factor FF of 0.59 yielding
a PCE of 9.6%. In equivalent devices incorporating the thin ALD Al 2O3 layer,
considerable improvement in the PV parameters, especially Voc and FF, is observed. The
champion ALD-treated perovskite device exhibits a Jsc of 19 mA/cm2, Voc of 0.91 V, and
FF of 0.65, yielding a PCE of 11.2% (Table 6.1). It is seen that the presence of the
ultrathin Al2O3 at the perovskite/PEDOT interface helps in suppressing the charge
recombination at or near the HTL, delivering a passivation effect, and hence, improving
the Voc and FF leading to an enhancement in the overall PCE of the devices. In addition,
it has been previously demonstrated that balancing under-coordinated excess charges in
the perovskite surface with a molecule of an opposite charge is a promising surface
passivation strategy.[40] In our case, we hypothesize that the presence of fixed negative
charges in the ALD Al2O3 layer[39] could contribute to the formation of a dative-covalent
bond with the excess Pb2+ ions present in the perovskite surface, thus reducing the surface
trap states in the perovskite film, allowing better charge extraction characteristics.
However, it is observed that the devices with both the configurations exhibit a
reduction in the stabilized power output (SPO) when the PCE is tracked for 5 mins, as
shown in Figure 6.5b. The SPO of the devices without Al2O3 drops to 4%, and the ones
with the Al2O3 incorporated drops to 6%. The reduction in the SPO in comparison to the
J-V scanned PCE may be attributed to the light induced photo-oxidation of the conjugated
PEDOT chains in the unencapsulated layer, leading to a reduction in its electrical
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conductivity.[41] Photo-oxidation leads to shorter conjugation lengths in the PEDOT chain
mainly due to the formation of sulfone group, accompanied by the addition of
carbonyl/carboxyl groups. Another reason could be the segregation of PSS- at the surface
of the PEDOT. While the enrichment of this PSS- layer at the surface of the PEDOT film
helps in the prevention of the formation of sp3 defects and the subsequent breaking of the
PEDOT conjugation,[36] but at the same time, this PSS- layer acts as an insulating layer
between the metal and the PEDOT. Also, the PSS- insulating layer could accumulate
charges at the PEDOT/metal interface under illumination conditions along with the
generation of a dipole at that interface.[42] This could significantly lead towards interfacial
degradation in the solar cell. In addition, it is also speculated that the any unreacted
CH3NH3I that may remain at the perovskite surface might react with this PSS-, thus
effectively de-doping the PEDOT and increasing the resistivity in the PEDOT film. We
propose that reducing the doping level, and adding a positive defect-free dopant to the
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PEDOT could result in improved charge injection characteristics. It is worth mentioning
that, as perceptible from Figure 6.5b, the SPO of both the device configurations
deteriorate over time, but the ones with the ALD Al2O3 demonstrate distinctly stable
behaviour under identical testing conditions, attributed to the chemical passivation of the
surface defects present on the perovskite by the Al2O3 interface architecture.

Figure 6.5: a) J-V curves of the champion perovskite devices with and without the ALD Al2O3
layer at the perovskite/PEDOT interface. b) Stabilized power output measurements (SPO) of
the respective devices.
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Table 6.1: J-V parameters of the best perovskite devices with and without the ALD Al2O3
layer.

V

Configuration

oc

Without ALD Al O
2

With ALD Al O
2

3

3

J

sc
2

FF

PCE
(%)

(V)

(mA/cm )

0.85

19.1

0.59

9.60

0.91

19.0

0.65

11.2

The histogram of the J-V scanned PCE and SPO of the best performing ALD tuned
cells are shown in Figure 6.6a,b. Significant variations in the device performances are
observed within the three batches of 30 tested solar cells, the average PCE being about
8%, and with two best devices delivering PCE of above 11%. Histogram of the J-V
scanned PCE of the reference perovskite/ PEDOT devices is shown in Figure A6.6. It is
to be noted that the devices are measured without any encapsulation, delivering
encouraging results although leaving much scope for improvements. Importantly, the
PEDOT layer has been deposited on top of the moisture sensitive methylammonium lead
halide based perovskite films. Additional tuning of the PEDOT and the organometal
halide layer composition, along with optimized deposition techniques may be required to
further improve and stabilize the photovoltaic (PV) parameters, so as to bring them at par
with the most conventional n-i-p PSCs using Spiro-OMeTAD as the HTL. However, the
thermal stability of PEDOT in comparison to Spiro-OMeTAD[27] makes our employed
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device structure more suitable aiming towards long-term commercialization of PSCs.

6.3 Conclusions
In summary, PEDOT is successfully implemented as HTL on top of the perovskite by
adopting an ALD assisted interface architectural approach. The fabricated planar PSCs
achieve PCE of over 11%, and 6% SPO. The optical design presented here provides a
guideline to further enhance the device design of this perovskite/PEDOT n-i-p stack. We
believe that there is no fundamental obstacle of using PEDOT in a n-i-p configuration in
PSCs. However, advanced understanding of the perovskite/PEDOT interface and the
associated degradation mechanisms is required to further improve the performance of the
associated devices. The ultrathin ALD Al2O3 employed in this work aids in passivating
the perovskite layer prior to the PEDOT deposition, and then the Al 2O3/PEDOT
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combination allows for the replacement of the costly Spiro-OMeTAD counterpart, in
view towards future low-cost photovoltaics. The results represent a paradigm shift being
not only limited to the field of photovoltaics, but extends in general towards application
of PEDOT in antistatic coatings, battery components, capacitors, light emitting devices,
electrochromic displays and field effect transistors.

Figure 6.6: a) Histogram of the PCEs of perovskite/ ALDAl2O3/ PEDOT devices for three
batches comprising of 30 cells. b) Histogram of the SPOs of the best 16 cells.
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Experimental
Materials
CH3NH3 I (MAI, Dyesol), Pb(CHCO2 )2ǜ+2O (PbAc 2, Aldrich, 99.999%), PbCl 2 (Alpha
Aesar 99.999%), PEDOT (Clevios HTL Solar 3 SEJ 493, Heraeus Deutschland GmbH
& Co. KG). The specially formulated PEDOT dispersion available from Heraeus contains
less than 0.5% water and is based on a PEDOT and PSS- block-co-polymer complex. It
forms transparent conductive films with a conductivity of approximately 0.1 S/cm.

Solar Cell Fabrication
ITO coated glass substrates (Naranjo substrates) were ultrasonically cleaned in detergent
(Extran MA01), deionized water and isopropanol for 10 min. The dense TiO 2 layer was
deposited by e-beam deposition (O2 flow of 12 sccm, pressure of 4.7*10-4 mbar, and
deposition rate of 0.05 nm/s).[1] The perovskite precursor solution was made by mixing
PbAc2, PbCl2 and MAI in dimethylformamide (DMF) as previously reported. [2] The
precursor solution was spincoated on top of the TiO 2 layer in a N2 filled glovebox at 3000
rpm for 60 s. The perovskite layer was formed by annealing at 130 °C for 10 min. ALD
Al2 O3 was deposited at 100 oC on top of the perovskite/TiO2 /ITO glass in an Oxford
Instrument OpALT M reactor. Each ALD cycle consisted of trimethylaluminium
(Al(CH3 )3) dose of 0.02 s, followed by a purge of 3.5 s, then a H 2O vapor dose of 0.1 s,
followed by a purge of 3.5 s. The growth per cycle (GPC) is estimated to be ~0.1
nm/cycle. The thickness of the ALD Al 2O3 layers was characterized by in-situ
spectroscopic ellipsometry. The PEDOT dispersion was then spincoated on top at 800
rpm for 60 s. A two-step sequential annealing process was carried out to anneal the asdeposited PEDOT film; at 120 °C for 10 min and then at 130 °C for another 10 min. The
devices were finished with 80 nm thick gold contacts deposited on top via thermal
evaporation. The thickness of each layer in the devices have been obtained by

performing transmission electron microscopy (TEM) of the cross-section of a
complete planar perovskite solar cell. This method has been illustrated in our
previous work. [3]
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Characterization
X-ray Photoelectron Spectroscopy (XPS)
XPS measurements were carried out in a Thermo Scientific K-Alpha system, equipped
with an Al x-UD\VRXUFH .ĮH9 ZLWKRXWDQ\SUH-sputtering. Binding energy was
corrected with respect to C1s at 284.5 eV.

Scanning Electron Microscopy (SEM) and UV-Vis-NIR Spectroscopy
SEM images were obtained using a FEI MK2 Helios Nanolab 600 system. The optical
reflection spectra of the completed cells were measured by an Agilent Cary 5000 UVVIS-NIR spectrometer equipped with an integrating sphere.

Current Density- Voltage (J-V) measurements
A tungsten halogen lamp source in combination with interference filters was used to
illuminate the perovskite solar cells. The J-V characteristics were measured using a
Keithley 2400 source measuring unit at a scanning rate of 10 mV/s from -1.2 to 1 V. A
stainless steel mask was used to limit the active area of the device to 0.09 cm 2. Before
each measurement, the exact light intensity was determined using a calibrated Si
reference diode. The samples underwent light soaking for 1 min prior to the J-V
measurements. All the cells were characterized without any encapsulation in a nitrogen
filled glove box (0.1 ppm O2 and 0.1 ppm H2 O).

6

Optical Simulation
The optical simulations were carried out with Advanced Semiconductor Analysis (ASA)
software developed at Delft University of Technology.[4] Both wave and geometrical
optics were included. Optical properties of each material were used as the input. To
evaluate the current output of solar cells, the photocurrent density corresponding to
absorption (either photocurrent gain or loss) (Ja ) of the active layer was assumed to be
equal to the short-circuit current (Jsc) of the solar cell. Since reflection losses of the cell
structure and parasitic absorption losses from layers other than the active layer is taken
into account, this assumption is acceptable for estimating Jsc, if the thickness of the active
layer is smaller than the carrier collection length in the thin film cells.
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6
Figure A6.1: Variation in the PCE of the PSCs with respect to the number of cycles of ALD
Al2O3 deposited at the perovskite/PEDOT interface. Zero cycle infers that no ALD Al2O3 layer
was applied; this device is the reference PSC.
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Figure A6.2: Top view SEM images of the pristine perovskite film prior to the deposition of
ALD AlO on top, at different magnifications: a) 6,500X b) 20,000X and perovskite/ALD
2

3

Al O film prior to the deposition of PEDOT on top, at different magnifications: c) 3,500X d)
2

3

20,000X.
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6
Figure A6.3: Absorbance and transmission spectra of a PEDOT film with a thickness of
160 nm deposited on top of corning glass.
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Figure A6.4: Simulated optical loss analysis of the employed perovskite/PEDOT based n-i-p
solar cell.
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6
Figure A6.5: Simulated optical loss analysis of perovskite/Spiro-OMeTAD based n-i-p solar
cell.

534072-L-bw-Koushik
Processed on: 1-8-2019

PDF page: 171

166

Chapter 6

Figure A6.6: Histogram of the PCEs of perovskite/ PEDOT devices for three batches
comprising of 16 cells.
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6
Figure A6.7: Absorbance spectra of the complete perovskite/PEDOT based n-i-p device.
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Chapter 7
Plasma-Assisted Atomic Layer Deposition
of Nickel Oxide as Hole Transport Layer
for Hybrid Perovskite Solar Cells

Abstract: Low-temperature atomic layer deposition (ALD) offers significant merits in
terms of processing uniform, conformal and pinhole-free thin films, with sub-nanometer
thickness control. In this work, plasma-assisted atomic layer deposition (ALD) of nickel
oxide (NiO) is carried out by adopting bis-methylcyclopentadienyl-nickel (Ni(MeCp)2) as
precursor and O2 plasma as co-reactant, over a wide table temperature range of 50-300
°C. A growth rate of 0.32 Å per cycle is obtained for films deposited at 150 °C with an
excellent thickness uniformity on a 4 inch silicon wafer. Bulk characteristics of the NiO
film together with its interfacial properties with a triple cation hybrid perovskite sunlight absorber layer are comprehensively investigated, with the aim of integrating NiO
as hole transport layer (HTL) in a p-i-n perovskite solar cell (PSC) architecture. It is
observed that “key” to efficient solar cell performance is the post-annealing treatment of
the ALD NiO films in air, prior to perovskite synthesis. Post-annealing leads to better
wettability of the perovskite layer and increased conductivity and mobility of the NiO
films, delivering an increase in short-circuit current density (Jsc) and fill factor (FF) in
the fabricated devices. Overall, a superior 17.07% PCE is achieved in the post-annealed
NiO-based PSC when compared to the 13.98% PCE derived from the one with pristine
NiO.

D. Koushik, M. Jošt, A. Ducinskas, C. Burgess, V. Zardetto, C. Weijtens, M.A. Verheijen,
W.M.M. Kessels, S. Albrecht, and M. Creatore, submitted (2019).
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7.1 Introduction
The bloom of hybrid organic-inorganic perovskite solar cells (PSCs) with outstanding
power conversion efficiencies (PCEs)1 has captured great interest in the photovoltaic
(PV) community. Over the last years, novel interfacial designing approaches have been
introduced and efficient charge transport layers (CTLs) have been developed to foster the
advancement of this PV technology. It has been demonstrated that the quality of the
perovskite/ CTL interface plays a vital role in determining how efficiently the charges
can be extracted, influencing the overall operation of the fabricated solar cells. 2-3
Recently, the inverted PSC (p-i-n) configuration has received tremendous attention
owing to its advantages over the conventional n-i-p configuration, such as simple, lowprocessing temperature,4 negligible hysteresis effect,4-5 and its potential in tandem solar
cells.6-8 Replacing the conventional organic hole transport layers (HTLs) with inorganic
alternatives is crucial to improve device robustness, reduce parasitic absorption losses
and tackle scalable processing challenges.9-10 In case of p-i-n perovskite-based tandems,
solution-based deposition of organic HTL (spiro-TTB) on random-pyramid textured Si
solar cells was recently demonstrated to result in poor surface coverage, leading to
recombination centers and potential shunting in the devices. 11 A similar effect can be
expected when processing organic HTLs on CIGSe solar cells, which have a typical
surface root-mean-square roughness in the range of 50-200 nm, with lateral feature sizes
typically in the order of 500 nm to 1 μm. 12
Nickel oxide (NiO) as an inorganic HTL is a potential candidate,13 as it can
chemically withstand most of the solvents used in PSCs. In addition, it has a high
broadband optical transparency and a high work function, which delivers a good energy
alignment with several perovskite compositions.9 To date, several reports have
demonstrated PSCs with NiO fabricated by low-temperature solution-processes and
vacuum-based deposition techniques.9 However, NiO films deposited by lowtemperature solution processing usually contain defects and uncontrolled incorporation
of impurities which hamper light transmission and carrier transport properties.14 When
adopting vacuum-based deposition techniques, such as sputtering and pulsed-laser
deposition, NiO films as thick as 15-50 nm are implemented in the device, in order to
prevent any potential shunting pathways, which eventually leads to undesirable parasitic
absorption losses in the cells.15-18 This motivates to adopt deposition techniques that can
guarantee the preparation of ultrathin, pinhole-free, low-temperature processed NiO films
with excellent conformality that can be grown on both flat and textured surfaces.
From this perspective, atomic layer deposition (ALD) is the ideal deposition
method.19-20 The application of ALD NiO films as HTL has notably contributed to
achieving efficient performance in both perovskite-based single-junction and tandem
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solar cells.21-23 Our very recent work showed the implementation of a conformal ALD
NiO HTL on top of a rough CIGSe surface for obtaining a monolithic perovskite/CIGSe
tandem device with 21.6% PCE. It was highlighted that a 10 nm plasma-assisted ALD
NiO layer processed directly on top of the ITO front contact of the rough CIGSe bottom
cell helped in preventing any potential shunting in the fabricated tandem device. 8 Seo et
al demonstrated the implementation of thermal ALD NiO films with thickness in the
range of 6-7.5 nm in CH3NH3PbI3 and Cs0.05 MA0.95PbI3-based p-i-n PSCs.22-23 PCE
values of 16.4% and 17.22% were achieved for the CH 3NH3PbI3 and Cs0.05 MA0.95PbI3based devices, respectively.22-23
In order to stimulate the development of ALD processes for NiO, earlier studies
employed Ni precursors such as, acetyl acetonate (Ni(acac) 2), nickel cyclopentadienyl
(Ni(Cp)2) and nickel ethylcyclopentadienyl (Ni(EtCp)2). Owing to the low reactivity of
these compounds toward water, ozone was typically used as the co-reactant in these
studies.22, 24-29 As alternatives, NiO processes with nickel bis(alkylamidinate)
(Ni(AMD)), nickel(II) 1-dimethylamino-2-methyl-2-butoxide (Ni(dmamb)2, nickel
bis(N,N'-di-tert-butylacetamidinate) [Ni(tBu-MeAMD)2] and nickel 1-dimethylamino-2methyl-2-propanolate (Ni(dmamp)2) precursors were developed, which showed
reactivity toward H2O at temperatures below 200 °C.30-34 However, the cost of (Ni(amd)2)
precursor was shown to be higher than Ni(Cp)235, and hence, developing ALD NiO
processes with cost-effective, volatile Ni precursors together with a highly reactive
oxidizing co-reactant (such as O2 plasma) started gaining attention. To this end, a couple
of works demonstrated plasma-assisted ALD36 of NiO employing NiCp2 and (Ni(EtCp)2)
as precursors and O2 plasma as co-reactant, delivering growth per cycle (GPC) values of
0.037 nm (100-325 °C) and 0.042 nm (250 °C), respectively.35, 37 To the best of our
knowledge, there is only one plasma-assisted ALD process of NiO with bismethylcyclopentadienyl-nickel (Ni(MeCp)2) as precursor, however being demonstrated
only on metallic substrates, such as Pt, Ru and W.38 The ALD temperature window was

7

defined between 150 and 250 °C, and GPC values of 0.048, 0.058 and 0.084 nm were
obtained at 250 °C on top of Pt, Ru and W, respectively. An overview of the ALD
processes of NiO is presented in Table 7.1.
In this work, we develop a plasma-assisted ALD process of NiO employing
Ni(MeCp)2 as precursor and O2 plasma as co-reactant within a temperature range of 50300 °C . The implementation of ultrathin (10 nm) conformal ALD NiO is then
demonstrated in a triple cation-based p-i-n PSC. The bulk properties of the fabricated
ALD NiO film together with its interfacial properties with the perovskite absorber layer
are investigated comprehensively (ranging from structural, chemical to opto-electrical
properties), with the aim of identifying the key attributes required for ALD NiO to
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dedicate as an efficient HTL in PSCs. Improved interfacial and electrical properties are
achieved by post-annealing the NiO films in air, resulting in an increase in PCE of the
corresponding devices when compared to the ones fabricated with pristine NiO.
Table 7.1: Thermal and plasma-assisted ALD processes for NiO with different
precursors and co-reactants.

Precursor

Coreactant

GPC
(nm)

Substrate

Ni(Cp)2

O3

0.092

Si

Ni(Cp)2

O3

0.32-0.08

Si

Ni(Cp)2

O3

0.063

Si

Ni(EtCp)2

O3

0.09-0.05

Si

Ni(dmamb)2
Ni(acac)2(TMEDA)
Ni(dmamb)2
Ni(AMD)
Ni(tBu-MeAMD)2
Ni(dmamp)2

O3
O3
H2O
H2O
H2O
H2O
O2
plasma
O2
plasma

0.34
0.02
ௗ
0.075
0.039
0.080

Ni(Cp)2
Ni(EtCp)2
Ni(MeCp)2

O2
plasma

Tsubstrate
(°C)

Ref.

230
150300

27

275

26
29

Si
Si
Si
Si
Si
Si

150300
200
250
140
175
200
120

22
24
30
32
33
34

0.042

Si

250

35

0.037

Si

100325

37

0.048
0.058
0.084

Pt
Ru
W

250

38

26

7.2 Experimental Section
7.2.1 Atomic layer deposition (ALD) process of NiO
NiO is deposited in a home-built ALD reactor, which is a high-vacuum system coupled
with a rotary and a turbomolecular pump reaching a base pressure of 10í6 mbar. The
system has been extensively described in our previous work. 39 Prior to deposition, the
reactor walls were pre-conditioned with 500 cycles of ALD Al2O3. For the development
of plasma-assisted ALD NiO process, all the depositions are performed on c-Si substrates
having a thin native oxide layer (~1.5 nm), unless mentioned otherwise. Depositions are
performed at a table temperature ranging from 50-300 °C. After an O2 plasma treatment
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(100 W) of 15 min, ALD NiO is deposited using (Ni(MeCp)2 (97%, Sigma-Aldrich) as
the precursor and O2 plasma as the co-reactant. The Ni(MeCp)2 bubbler is kept at 55 °C
to ensure adequate vapor pressure and is dosed using Ar carrier gas through a delivery
line heated to 75 °C. Each ALD cycle consists of 3 s Ni(MeCp)2 dose, 4 s purge time, 3
s O2 plasma exposure (100 W) and 1 s purge time, as represented schematically in Figure
7.1.

Figure 7.1: Schematic of the standard recipe used for plasma-assisted ALD of NiO.

7.2.2 Material Characterization
The crystallinity of the ALD NiO samples is investigated by grazing incidence x-ray
diffraction (GI-XRD) using a 3$1DO\WLFDO ;¶3HUW 3UR 05' V\VWHP XWLOL]LQJ &X .Į

7

UDGLDWLRQ Ȝ c LQWKHșUDQJHRIWRZLWKDstep size of 0.05°.
The thickness and optical properties of ALD NiO films deposited on c-Si substrates are
determined by spectroscopic ellipsometry (SE) (NIR Ellipsometer M2000, J.A. Woollam
Co.). Two Tauc–Lorentz oscillators are adopted to model the NiO films, as reported in
the previous work by Lu et al..28
The thickness non-uniformity measurement is carried out on a Woollam ellipsometer
0DQGLVGHWHUPLQHGE\ GLYLGLQJWKHVWDQGDUGGHYLDWLRQ ı E\WKHDYHUDJH PHDQ
NiO thickness.
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Angle-resolved x-ray photoelectron spectroscopy (AR-XPS) is performed to investigate
the chemical composition of the ALD NiO films using a Thermo Scientific KA1066
spectrometer. Monochromatic Al KĮ x-rays having an energy of 1486.6 eV is utilized
and the measurements are performed without any pre-sputtering.
Ultraviolet photoelectron spectroscopy (UPS) measurements are performed in a
multichamber VG EscaLab II system (Thermo Fisher Scientific Inc.) with a base pressure
of 10í8 Pa, using HeíI radiation (21.2 eV) generated in a differentially pumped
discharge lamp while applying Ǧ6V bias to the sample. More details on UPS data analysis
can be found in the supporting information.
Contact angle is measured with Dataphysics OCA 15plus and analyzed with its software.
Scanning electron microscopy (SEM) is performed with a Hitachi SEM.S-4100 at 5kV
and 30000x magnification. Transmission electron microscopy (TEM) studies are
performed using a JEOL ARM 200 probe corrected TEM operated at 200 kV. The system
is equipped with a 100 mm2 Centurio SDD EDX detector. Cross-sectional TEM samples
of the PSC are prepared using a standard Focused Ion Beam (FIB) lift-out procedure.
Molybdenum support grids are used to mount the samples in the transfer step, upon which
the final thinning is performed.
Time-resolved photoluminescence (TRPL) measurements are performed using an inhouse built system. A 635 nm pulsed laser operating at 5 MHz is used, which incidents
from the glass side of the perovskite/ALD NiO/ITO/glass samples.
For the electrochemical impedance spectroscopy (EIS) measurements, 10 nm films of
ALD NiO deposited on fluorine doped tin oxide (FTO)/glass substrates are used as the
working electrode, along with a Ag/AgCl reference electrode and a platinum mesh
counter electrode.22 The electrolyte solution is aqueous 1 M Na2SO4, 0.1 M monobasic
sodium phosphate, and is adjusted to pH 12 by dropwise addition of NaOH solution. The
area of NiO in contact with the solution is 0.86 cm2. During the measurements, a
sinusoidal 10 mV perturbation of selected frequencies is applied at each bias voltage.

Perovskite Solar Cell Fabrication
The fabricated PSCs have an inverted (p-i-n) planar structure and a layer configuration
of glass substrate/ ITO/ ALD NiO/ Perovskite (Cs0.05(MA0.17FA0.83)Pb1.1(I0.83Br0.17)3)/
C60/ BCP (bathocuproine)/ Cu. 10 nm ALD NiO layers are deposited on top of the ITO
coated glass substrates. Thereafter, the NiO coated ITO substrates are annealed in air at
300 °C for 20 min. All the perovskite layer deposition steps are carried out in N2
atmosphere. The perovskite layer is spincoated using a one-step solution process (4000
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rpm for 35 s) following the triple cation procedure. 25 s after the start of spinning, the
ethyl acetate anti-solvent drop (400 μl) is utilized. The films are annealed at 100 °C for
1h. Afterwards, 23 nm C60 (Sigma Aldrich, purity = 99.9%) is thermally evaporated at a
rate of 0.15 Å/sat 400 °C. The evaporation of C60 is followed by evaporation of 8 nm
BCP. The cells are finished by evaporating 100 nm Cu through a shadow mask. The final
active area is 0.16 cm2.

Perovskite Solar Cell Characterization
The current density–voltage (J-V) measurements are performed under standard test
FRQGLWLRQV ௗ&/('VXQVLPXODWRU:DYHODEVFODVV$$$ DGMXVWHGZLWKDFDOLEUDWHG
Si reference cell (Fraunhofer ISE). The scan rate is 0.25 V s-1 with a voltage step of
0.02 V. The external quantum efficiency (EQE) is measured as a function of wavelength
from 300 to 850 nm with a step of 10 QP XVLQJ2ULHO,QVWUXPHQW¶V4(396,-b system
with 300 W xenon arc lamp, controlled by TracQ-Basic software.

7.3 Results and Discussion
7.3.1 ALD NiO Film Growth
Figures 2(a-d) show the saturation curves for the dose and purge steps of the Ni(MeCp) 2
and O2 plasma, employed as the precursor and co-reactant, respectively in the ALD NiO
recipe. The self-limiting saturated growth behavior is confirmed for the ALD NiO process
at a deposition temperature of 150 °C. For the precursor saturation curve (Figure 7.2a),
the O2 plasma exposure time is fixed at 3 s while varying the precursor dosing time. For
the O2 plasma saturation curve (Figure 7.2c), the precursor dosing time is fixed at 3 s
while varying the O2 plasma exposure. ALD saturating behavior is observed for both
precursor and O2 plasma half-cycles at an exposure time of 3 s. Meanwhile, negligible

7

variation in GPC is observed with the precursor and O 2 plasma purging times (Figure
7.2b, d). Figure 7.2e shows the thickness of NiO films as a function of number of ALD
cycles, as-determined by in situ SE. As seen, the thickness increases linearly with the
number of ALD cycles without experiencing any nucleation delay. The GPC in terms of
thickness of the ALD NiO films for the investigated deposition temperatures of 50, 100,
150, 200, and 300 °C is shown in Figure 7.2f. It is evident that the GPC decreases
significantly from ~0.44 Å at 50 °C to at ~0.32Å at 150 °C, and then it stabilizes at ~0.32Å
for higher temperatures. The decrease in GPC with increasing deposition temperature
could be attributed to reduced adsorption of Ni(MeCp)2 precursor per cycle, as a
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consequence of thermally activated dehydroxylation reaction of –OH surface reactive
sites at higher deposition temperatures.40-43
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Figure 7.2: Saturation curves: GPC as a function of (a) precursor Ni(MeCp)2 dosing, (b)
Ni(MeCp)2 purge, (c) O2 plasma exposure, and (d) O2 plasma purge for deposition temperature
of 150 °C. The dashed lines serve as guide to the eye. (e) NiO film thickness as a function of
number of ALD cycles. (f) GPC of NiO in terms of thickness for the investigated deposition
temperatures.
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Figure 7.3 shows the thickness uniformity of the ALD NiO film on a 4 in. (100mm)
c-Si wafer, evaluated by mapping its thickness over the whole wafer area by SE at room
temperature. 700 ALD cycles are performed at 150 °C on the c-Si wafer with a
corresponding GPC of ~0.32 Å. The thickness non-uniformity is deduced to be less than
0.16%. A good thickness uniformity points out that the plasma-assisted ALD NiO process
developed in this work could be utilized for growing these films on large area substrates.

Figure 7.3: Thickness uniformity of the ALD NiO film deposited at 150 °C on a 4 in.
(100 mm) c-Si wafer, as-determined by room temperature SE mapping.

7.3.2 Structural and Optical Characterization of ALD NiO
To characterize the degree of crystallinity of the as-deposited ALD NiO films, surface-

7

sensitive GI-XRD measurement is performed, and the spectrum is shown in Figure 7.4a.
A face-centered cubic structure is demonstrated by the ALD NiO films as evidenced by
the diffraction peaks located at 37.18°, 43.23°, 62.92°, 75.15°, which can be assigned to
the (111), (200), (220) and (311) planes, respectively. The diffraction peaks ascribed to
pure crystalline nickel, Ni(OH)2, and Ni2O3 phases are absent in the XRD spectrum of
Figure 7.4a.44-45 The XRD results are in agreement with the earlier reports for NiO films
deposited via solution processes,44 sputtering,16 electron-beam-evaporation,45 and by
ALD (for processes employing different precursor and co-reactant).22, 35
The refractive index (n) and extinction coefficient (k) values of 23 nm pristine ALD
NiO films extracted from SE are presented in Figure 7.4b. The energy dependence of n
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and k is in agreement with those reported for NiO single crystal 46 and films.28, 47 The
absorption coefficient (Į) is presented in Figure 7.4c, demonstrating that the deposited
NiO film is highly transparent in the investigated spectral range. Considering a direct
optical transition in NiO as per literature,16, 35, 45 i.e., r=2 in the Tauc relation ĮKȣ) = A
Kȣ- Eg)1/r, the variation of (ĮKȣ)2 versus Kȣ is plotted in Figure 7.4d. The band gap (Eg)
value is determined from the energy intercept by extrapolating the linear portion of the
SORW WR Į  7KH Eg for ALD NiO film is extracted to be 3.75 eV, which is in good
agreement with the values reported in the literature.21, 28, 35, 45, 48-49
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Figure 7.4: (a) GI-XRD spectrum of an as-deposited 10 nm ALD NiO film, (b) refractive index
(n)and extinction coefficient (k) spectra, (c) absorption coefficient (Į) spectrum and
(d)plot of (ĮKȣ)2 vs Kȣfor a 23 nm ALD NiO film deposited on a Si substrate.
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7.3.3 ALD NiO as HTL in PSCs
Having analyzed the structural and optical properties of the fabricated ALD films, the
work then focusses on the implementation of NiO as HTL in PSCs. Figure 7.5a presents
a high-angle annular dark field (HAADF) STEM image of the cross-section of the
complete

planar

PSC

which

consists

of

glass/ITO/pristine

ALD

NiO/Perovskite/C60/BCP/Cu. In this stack, ITO serves as front electrode, ALD NiO as
HTL, a “triple cation” Cs0.05(MA0.17FA0.83)Pb1.1(I0.83Br0.17)3 perovskite as photo-absorber
layer, C60 and BCP together as electron transport layers and Cu as the back electrode. A
high-resolution cross-sectional TEM image displaying the ITO/NiO/perovskite interface
is shown in Figure 7.5b, where a 10 nm conformal NiO layer with excellent thickness
homogeneity is clearly distinguishable from the adjacent ITO and perovskite layer. In
addition, EDX elemental mappings are acquired at the PSC region depicted in Figure
7.5c and the associated elements comprising of Ni (Figure 7.5d) and I, Br, Pb, In, O and
Cu are shown in Figure A7.2(a–f).

a)

b)

10 nm

c)

d)

1L

7

Figure 7.5: Cross-sectional high angle annular dark field (HAADF) scanning TEM images (a)
of the perovskite device stack, (b) of the perovskite/ALD NiO/ITO interface.(d) Elemental map
of Ni acquired at the PSC region depicted in (c).
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Figure 7.6a presents the J-V scans of the PSCs with ALD NiO as HTL. It is observed
that “key” to efficient solar cell performance is the post-annealing treatment of the ALD
NiO films in air at 300 °C for 20 min, prior to perovskite synthesis. A superior 17.07%
PCE is demonstrated in the post-annealed NiO-based device when compared to the
13.98% PCE for the case of pristine NiO. This enhancement arises from an improved Jsc
and FF, which indicates better light harvesting and hole extraction at the perovskite/postannealed NiO interface. The increase in Jsc is also corroborated by the EQE spectra
measured for both the investigated stacks (Figure A7.3). The stabilized maximum power
point (MPP) tracking results are shown in the inset of Figure 7.6a and the PV parameters
are summarized in Table 7.2. The performance of the PSCs has been reproduced for
seven tested batches and the statistics of the PV parameters is demonstrated in Figure
A7.4. It is observed that the slope of J-V curve at the Voc region becomes steeper in the
annealed NiO devices. It is well-known that solar cells with a lower series resistance (Rs)
exhibit J-V curves with a steeper slope at the Voc region. The tangents of the J-V curves
(in forward direction) of both the investigated devices at the Voc region are calculated. For
the cell with pristine NiO, the tangent value is 81 and for the post-annealed NiO device
it is 128. Following the relation: dJ/dV  ן1/Rs, the obtained tangent values suggest that
PSCs based on post-annealed NiO films have lower Rs.
The observed difference in Rs could arise due to different charge extraction at the
NiO/perovskite interface with respect to post-annealing, and can be analyzed by PL
measurements. TRPL spectra of the perovskite films deposited on ITO/pristine NiO and
ITO/post-annealed NiO substrates are presented in Figure 7.6b. Considering both
perovskite layers have the same thickness (as confirmed from TEM analysis), charge
collection can be differentiated based on the perovskite/NiO interface status. A
comparatively faster decay of the charge lifetime is observed for the perovskite deposited
on the post-annealed NiO when compared to its counterpart grown atop pristine NiO. It
is widely accepted that a faster decay of the carrier lifetime is an indication of a more
efficient charge extraction from the perovskite to the CTLs. The obtained PL results
strongly support the higher PCEs achieved in the post-annealed NiO devices. Alongside
the improvement in PCE, it is remarkable to see that the devices with post-annealed ALD
NiO experience a reduction in hysteresis (Figure 7.6a). This points out that the hysteresis
loss in PSCs can be mitigated by careful optimization of the interfaces in device
architectures. To date, the highest PCE of planar PSCs utilizing ALD NiO as HTL is
17.22%.23 The PCE obtained in this work is in range with the efficiencies that have been
demonstrated for planar p-i-n PSCs based on undoped NiO HTLs, either processed by
ALD21-23 or by other vacuum9, 16, 45 and solution-based techniques.9, 50-52
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Figure 7.6: (a) Forward and backward scanned J–V curves of the champion perovskite
devices with pristine and post-annealed ALD NiO as HTLs. Inset shows MPP tracking
for over 5 min of both the devices. (b) TRPL spectra of glass/ITO/ALD NiO/perovskite
samples comparing both the investigated NiO cases.

Table 7.2: PV parameters of the best PSCs employing pristine and post-annealed
ALD NiO as the HTL.
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7.3.4 ALD NiO and Perovskite Bulk Analysis
To understand why post-annealed NiO leads to better device performance, XRD is
performed to investigate whether any bulk change occur in NiO and NiO/perovskite
samples with respect to the annealing treatment. As seen in Figure 7.7a, no change in
crystallinity of ALD NiO is discerned by comparing the XRD spectrum of the films
before and after annealing. In parallel, XRD analysis reveals no change in the crystallinity
and morphology of the perovskite films grown on top of pristine and post-annealed NiO
substrates (Figure 7.7b). The results are corroborated by top-view SEM images of the
perovskite films, showing no variation in the obtained morphology and a good
crystallization quality on top of both the investigated NiO substrates (Figure 7.7c,d).
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Figure 7.7: (a) XRD spectra of the ALD NiO film before and after post-annealing at 300 °C
in air for 20 min. (b) XRD spectra and top-view SEM images of the perovskite films
deposited on top of (c) pristine and (d) post-annealed ALD NiO.
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7.3.5 ALD NiO /Perovskite Interface Analysis
Since the bulk properties of both NiO and perovskite films show no difference with
respect to the annealing treatment, we then proceed with the analysis of the interface
between the perovskite and the ALD NiO layer. First, AR-XPS measurements are
performed on pristine NiO films with photoelectron take-off angles (ș) of 90° and 15° to
confirm that the concentration of hydroxyl species is higher at the surface of NiO (Figure
A7.5). Next, any subtle changes incurred after post-annealing the NiO films are detected
by performing XPS with ș of 15°. Figure 7.8a,b presents the Ni 2p3/2 and O 1s XPS
spectra with pristine (bottom frame) and post-annealed (top frame) ALD NiO films,
respectively. We acknowledge that the exact assignment of the Ni 2p 3/2 spectra to specific
chemical environments is non-trivial, as it is well-known that XPS analysis for the first
row transition metals and their oxides and hydroxides is quite challenging due to the
complexity of their 2p spectra, primarily arising from peak asymmetries, complex
multiplet splitting, overlapping binding energies and shake-up process.22, 29, 53 However,
following the assignments reported in literature,22, 29, 54-57 , the peak at 854 eV (Figure
7.8a) is ascribed to the oxidation state of Ni2+, which corresponds to NiO6 octahedral
bonding in the cubic rock-salt NiO structure. The second peak at 855.8 eV is attributed
to Ni3+ comprising of NiOOH. The broad peaks located at 860 eV and 864 eV are related
to shakeup processes (satellites) of NiO. Upon annealing the NiO films, the integrated
area of Ni3+ peak decreases, indicating a decrease in the concentration of NiOOH species.
The binding energy of the O 1s spectra (Figure 7.8b) is mainly resolved into three oxygen
states.22, 29, 54 The peak at 529.4 eV is ascribed to O bonded as Ni-O-Ni. The peaks at
531.1 eV and 532.9 eV are assigned to O bonded as Ni-OH and adsorbed water,
respectively. When comparing the O 1s spectra of pristine and post-annealed films, it can
be concluded that post-annealing leads to the elimination of hydroxyl groups and
adsorbed water from the surface of ALD NiO. The Ni-OH/NiO ratio changes from 1.13

7

in the pristine to 0.76 in the annealed film.
In order to gain insights into whether the reduction of surface hydroxyl groups and
adsorbed water has any influence on the perovskite /NiO interface quality, contact angle
measurements are performed by drop-casting the perovskite precursor solution on top of
the two investigated NiO surfaces. A reduction in the contact angle with respect to the
post-annealing treatment is clearly evident when comparing the images in Figure 7.9a,b,
indicating better wetting of perovskite precursor solution on top of post-annealed NiO in
comparison to the pristine film. The contact angle measurements confirm that postannealing indeed changes the surface chemistry of ALD NiO (which is in agreement with
our previous XPS analysis), leading to better interfacial properties with the adjacent
perovskite layer. We expect that better wetting of the perovskite precursor solution on
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top of post-annealed NiO could lead to improved performance in the fabricated solar
cells.
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Figure 7.8: XPS surface spectra of (a) Ni 2p3/2 and (b) O 1s of the pristine (bottom frame)
and post-annealed (top frame) ALD NiO films. Open circles, solid lines and dashed lines
are measured data, peak fits and cumulative fits, respectively.

a)

b)
ALD NiO pristine

ALD NiO post-annealed

Figure 7.9: Photographs of the contact angle measurements performed on the pristine and
post-annealed ALD NiO samples.
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Next, we analyze whether post-annealing effects the energy band alignment of ALD
NiO with the perovskite. UPS investigation allows to extract the valence band maximum
(VBM) and ionization energy (IE) values for the pristine, post-annealed NiO films and
also for the employed triple-cation perovskite layer. Figure 7.10(a,b) shows the UPS
spectra of the NiO films deposited on ITO substrates. A VBM of 0.68 eV and an IE of
5.46 eV are measured for the pristine ALD NiO sample. For the post-annealed NiO, a
VBM of 0.63 eV and an IE of 5.3 eV are obtained. The perovskite film shows an IE of
6.05 eV and VBM of 1.67 eV (Figure A7.6). The obtained values are in the range with
those reported for mixed-cation perovskite58-60 and also for NiO deposited by different
techniques.16, 22, 61-62 Based on UPS analysis, energy band diagram of ALD NiO is
sketched in Figure 7.10c. The band gap value of NiO which is obtained from SE is used
to rebuild the energy band diagram. It is interesting that both pristine and post-annealed
NiO show similar values of IE and VBM. This indicates that Voc in the two investigated
devices should hardly be influenced, which is in good agreement with our obtained J-V
results (Table 7.2).
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Figure 7.10: (a,b) UPS spectra of 10 nm ALD NiO film (pristine and post-annealed).
(c) Corresponding energy band diagram (in eV).
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A decrease in resistivity of the NiO films from 8.7 x10 2 ȍācm to 1.7 x102 ȍācm is
observed after post-annealing which can explain the decrease in Rs comparing the
corresponding PSCs. Resistivity is dependent on both carrier concentration and mobility
of the films. Therefore, to assess whether there is a change in carrier concentration of the
ALD NiO films after post-annealing, EIS is performed. Figure 7.11 shows the MottSchottky plots of the two investigated NiO samples. The results reveal that post-annealing
reduces the NiO carrier concentration in the films, from a pristine density of (1.2±0.3) x
20

-3

19

-3

10 cm to (3.5±0.5) x 10 cm . This decrease in carrier concentration is accompanied
by an increase in mobility of the NiO films from 6.0 x10 -5 cm2/Vs to 1.0 x10-3 cm2/Vs,
an effect that has been previously reported in the literature .63 The mobility and resistivity
of our post-annealed films are in good agreement with the values obtained for spatialALD NiO in the recent work of Zhao et al., where these films were utilized as HTL in
PSCs.21 Our data analysis supports the evidence of higher Jsc and FF in the post- annealed
ALD NiO-based devices, and thereby, higher PCEs in comparison to the cells with
pristine NiO.

Pristine NiO
Post-annealed NiO

C-2 (F-2)

2x1011

1x1011

0

NA= 1.2 x1020 cm-3
μ= 6.0 x10-5 cm2/Vs

NA= 3.5 x1019 cm -3
μ= 1.0 x10-3 cm2/Vs
ρ= 1.7 x102 ȍāFP

ρ= 8.7 x102 ȍāFP

0.4

0.6

0.8

1.0

1.2

1.4

Potential vs. RHE (V)
Figure 7.11: Mott-Schottky plots of pristine and post-annealed ALD NiO samples, at 14 kHz
applied frequency. The legend shows the carrier concentration (NA) determined from the slope
of the curve using the MottíSchottky equation, resistivity (ȡ) from four point probe
measurements, and hole mobility ȝ from 1ȡ = qȝNA, where q is the elementary charge.
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7.4 Conclusions
In summary, a plasma-assisted ALD process capable of producing high-quality thin films
of NiO has been developed using Ni(MeCp)2 as the precursor and O2 plasma as the coreactant within a table temperature range of 50-300 °C. A linear growth behavior with a
growth rate of 0.32 Å per cycle is obtained at 150 °C. The formation of polycrystalline,
cubic NiO films with a Eg of 3.75 eV is demonstrated, with excellent thickness uniformity
on a 4 inch c-Si wafer. By implementing 10 nm conformal ALD NiO as HTL, efficient
p-i-n PSCs are achieved based on triple cation perovskite. It is seen that post-annealing
the ALD NiO layers at 300 °C in air for 20 min delivers a superior PSC performance with
17.07% PCE when compared to the pristine NiO-based device with 13.98% PCE. In
particular, the enhancement in PCE arises from an improved Jsc and FF in the postannealed NiO devices. The higher Jsc and FF are the result of better hole extraction at the
post-annealed HTL/perovskite interface, attributed to better wetting of the perovskite
layer atop and increased conductivity and mobility of the NiO films after annealing.
Meanwhile, both the investigated devices deliver similar Voc as confirmed by UPS
analysis, showing negligible change in IE of the NiO films with respect to the annealing
treatment. Our work elucidates that superior bulk properties of the ALD-grown CTLs are
“necessary but not sufficient” to yield efficient performance in PSCs. A high-quality
perovskite/ALD CTL interface is equally critical. The choice of adopting ALD as a
processing technique can aid in maximizing the surface coverage of the grown CTLs
(especially on rough surfaces), thereby mitigating the shunting pathways as well as
parasitic absorption losses in PSCs. In addition, suitability of ALD for large-area
processing can contribute toward upscaling of perovskite PV technology.

Acknowledgements

7

We acknowledge Dr. Beatriz Barcones Campo for the FIB preparation of the TEM
sample, Kseniia Korzun for the PL measurements, Yi Shu from Oxford Instruments for
thickness uniformity measurements, Cristian van Helvoirt, Caspar van Bommel and
Jeroen van Gerwen for the technical assistance. We are thankful to Dr. Yinghuan Kuang,
Valerio Di Palma and Dr. Anna Todinova for the scientific discussions. Solliance is
acknowledged for funding the TEM facility. We are grateful to the financial support from
the Light Management in New Photovoltaic Materials (LMPV) research program of the
Netherlands Organization for Scientific Research (NWO), Dutch Ministry of Economic
Affairs, via The Top-consortia Knowledge and Innovation (TKI) Program “HighEfficiency Hybrid Tandem Solar Cells” (HIEFF) (TEZ0214010), “High-Efficiency Si

534072-L-bw-Koushik
Processed on: 1-8-2019

PDF page: 193

188

Chapter 7

Perovskite Tandem Solar Cells (HIPER)” (TEUE116193) and “ALD for hybrid
perovskite solar cells (ALD4PSC)” (TKITOE1409105). M. Jošt and S. Albrecht
acknowledge the funding by the German Federal Ministry of Education and Research
(BMBF) via program “Materialforschung fuer die Energiewende” (grant no. 03SF0540).

References
(1)

NREL.

Best

Research-Cell

Efficiencies

http://www.nrel.gov/ncpv/images/efficiency_chart.jpg (accessed May 13, 2019).
(2) Fakharuddin, A.; Schmidt-Mende, L.; Garcia-Belmonte, G.; Jose, R.; Mora-Sero, I.
Interfaces in Perovskite Solar Cells. Advanced Energy Materials 2017, 7 (22), 1700623.
(3) Schulz, P.; Cahen, D.; Kahn, A. Halide Perovskites: Is It All about the Interfaces?
Chemical Reviews 2019, 119 (5), 3349-3417.
(4) Wu, C.-G.; Chiang, C.-H.; Tseng, Z.-L.; Nazeeruddin, M. K.; Hagfeldt, A.; Grätzel,
M. High efficiency stable inverted perovskite solar cells without current hysteresis.
Energy & Environmental Science 2015, 8 (9), 2725-2733.
(5) Liu, T.; Chen, K.; Hu, Q.; Zhu, R.; Gong, Q. Inverted Perovskite Solar Cells:
Progresses and Perspectives. Advanced Energy Materials 2016, 6 (17), 1600457.
(6) Chen, B.; Bai, Y.; Yu, Z.; Li, T.; Zheng, X.; Dong, Q.; Shen, L.; Boccard, M.;
Gruverman, A.; Holman, Z.; Huang, J. Efficient Semitransparent Perovskite Solar Cells
for 23.0%-Efficiency Perovskite/Silicon Four-Terminal Tandem Cells. Advanced Energy
Materials 2016, 6 (19), 1601128.
(7) Bush, K. A.; Palmstrom, A. F.; Yu, Z. J.; Boccard, M.; Cheacharoen, R.; Mailoa, J.
P.; McMeekin, D. P.; Hoye, R. L. Z.; Bailie, C. D.; Leijtens, T.; Peters, I. M.; Minichetti,
M. C.; Rolston, N.; Prasanna, R.; Sofia, S.; Harwood, D.; Ma, W.; Moghadam, F.; Snaith,
H. J.; Buonassisi, T.; Holman, Z. C.; Bent, S. F.; McGehee, M. D. 23.6%-efficient
monolithic perovskite/silicon tandem solar cells with improved stability. Nature Energy
2017, 2, 17009.
(8) Jošt, M.; Bertram, T.; Koushik, D.; Marquez, J. A.; Verheijen, M. A.; Heinemann, M.
D.; Köhnen, E.; Al-Ashouri, A.; Braunger, S.; Lang, F.; Rech, B.; Unold, T.; Creatore,
M.; Lauermann, I.; Kaufmann, C. A.; Schlatmann, R.; Albrecht, S. 21.6%-Efficient
Monolithic Perovskite/Cu(In,Ga)Se2 Tandem Solar Cells with Thin Conformal Hole
Transport Layers for Integration on Rough Bottom Cell Surfaces. ACS Energy Letters
2019, 4 (2), 583-590.
(9) Chen, J.; Park, N.-G. Inorganic Hole Transporting Materials for Stable and High
Efficiency Perovskite Solar Cells. The Journal of Physical Chemistry C 2018, 122 (25),
14039-14063.

534072-L-bw-Koushik
Processed on: 1-8-2019

PDF page: 194

Chapter 7

189

(10) Wang, Y.; Wenisch, R.; Schlatmann, R.; Lauermann, I. Inorganic Materials as Hole
Selective Contacts and Intermediate Tunnel Junction Layer for Monolithic PerovskiteCIGSe Tandem Solar Cells. Advanced Energy Materials 2018, 8 (30), 1801692.
(11) Sahli, F.; Werner, J.; Kamino, B. A.; Bräuninger, M.; Monnard, R.; Paviet-Salomon,
B.; Barraud, L.; Ding, L.; Diaz Leon, J. J.; Sacchetto, D.; Cattaneo, G.; Despeisse, M.;
Boccard, M.; Nicolay, S.; Jeangros, Q.; Niesen, B.; Ballif, C. Fully textured monolithic
perovskite/silicon tandem solar cells with 25.2% power conversion efficiency. Nature
Materials 2018, 17 (9), 820-826.
(12) Jehl, Z.; Bouttemy, M.; Lincot, D.; Guillemoles, J. F.; Gerard, I.; Etcheberry, A.;
Voorwinden, G.; Powalla, M.; Naghavi, N. Insights on the influence of surface roughness
on photovoltaic properties of state of the art copper indium gallium diselenide thin films
solar cells. Journal of Applied Physics 2012, 111 (11), 114509.
(13) Sajid, S.; Elseman, A. M.; Huang, H.; Ji, J.; Dou, S.; Jiang, H.; Liu, X.; Wei, D.;
Cui, P.; Li, M. Breakthroughs in NiOx-HTMs towards stable, low-cost and efficient
perovskite solar cells. Nano Energy 2018, 51, 408-424.
(14) Burschka, J.; Pellet, N.; Moon, S.-J.; Humphry-Baker, R.; Gao, P.; Nazeeruddin, M.
K.; Grätzel, M. Sequential deposition as a route to high-performance perovskitesensitized solar cells. Nature 2013, 499, 316.
(15) Qiu, Z.; Gong, H.; Zheng, G.; Yuan, S.; Zhang, H.; Zhu, X.; Zhou, H.; Cao, B.
Enhanced physical properties of pulsed laser deposited NiO films via annealing and
lithium doping for improving perovskite solar cell efficiency. Journal of Materials
Chemistry C 2017, 5 (28), 7084-7094.
(16) Aydin, E.; Troughton, J.; De Bastiani, M.; Ugur, E.; Sajjad, M.; Alzahrani, A.;
Neophytou, M.; Schwingenschlögl, U.; Laquai, F.; Baran, D.; De Wolf, S. RoomTemperature-Sputtered Nanocrystalline Nickel Oxide as Hole Transport Layer for p–i–n
Perovskite Solar Cells. ACS Applied Energy Materials 2018, 1 (11), 6227-6233.
(17) Cui, J.; Meng, F.; Zhang, H.; Cao, K.; Yuan, H.; Cheng, Y.; Huang, F.; Wang, M.

7

CH3NH3PbI3-Based Planar Solar Cells with Magnetron-Sputtered Nickel Oxide. ACS
Applied Materials & Interfaces 2014, 6 (24), 22862-22870.
(18) Chen, W.; Wu, Y.; Liu, J.; Qin, C.; Yang, X.; Islam, A.; Cheng, Y.-B.; Han, L.
Hybrid interfacial layer leads to solid performance improvement of inverted perovskite
solar cells. Energy & Environmental Science 2015, 8 (2), 629-640.
(19) George, S. M. Atomic Layer Deposition: An Overview. Chemical Reviews 2010,
110 (1), 111-131.
(20) H. C. M. Knoops, S. E. P., A. A. Bol, and W. M. M. Kessels, Handbook of Crystal
Growth, 2nd ed. (Elsevier, New York, 2015), pp. 1101–1134.

534072-L-bw-Koushik
Processed on: 1-8-2019

PDF page: 195

190

Chapter 7

(21) Zhao, B.; Lee, L. C.; Yang, L.; Pearson, A. J.; Lu, H.; She, X.-J.; Cui, L.; Zhang, K.
H. L.; Hoye, R. L. Z.; Karani, A.; Xu, P.; Sadhanala, A.; Greenham, N. C.; Friend, R. H.;
MacManus-Driscoll, J. L.; Di, D. In Situ Atmospheric Deposition of Ultrasmooth Nickel
Oxide for Efficient Perovskite Solar Cells. ACS Applied Materials & Interfaces 2018, 10
(49), 41849-41854.
(22) Seo, S.; Park, I. J.; Kim, M.; Lee, S.; Bae, C.; Jung, H. S.; Park, N.-G.; Kim, J. Y.;
Shin, H. An ultra-thin, un-doped NiO hole transporting layer of highly efficient (16.4%)
organic–inorganic hybrid perovskite solar cells. Nanoscale 2016, 8 (22), 11403-11412.
(23) Seo, S.; Jeong, S.; Bae, C.; Park, N.-G.; Shin, H. Perovskite Solar Cells with
Inorganic Electron- and Hole-Transport Layers Exhibiting Long-7HUP §K 6WDELOLW\
at 85 °C under Continuous 1 Sun Illumination in Ambient Air. Advanced Materials 2018,
30 (29), 1801010.
(24) Zhang, Y.; Du, L.; Liu, X.; Ding, Y. A high growth rate atomic layer deposition
process for nickel oxide film preparation using a combination of nickel(II) diketonate–
diamine and ozone. Applied Surface Science 2019, 481, 138-143.
(25) Guan, C.; Wang, Y.; Hu, Y.; Liu, J.; Ho, K. H.; Zhao, W.; Fan, Z.; Shen, Z.; Zhang,
H.; Wang, J. Conformally deposited NiO on a hierarchical carbon support for high-power
and durable asymmetric supercapacitors. Journal of Materials Chemistry A 2015, 3 (46),
23283-23288.
(26) Lu, H. L.; Scarel, G.; Wiemer, C.; Perego, M.; Spiga, S.; Fanciulli, M.; Pavia, G.
Atomic Layer Deposition of NiO Films on Si(100) Using Cyclopentadienyl-Type
Compounds and Ozone as Precursors. Journal of The Electrochemical Society 2008, 155
(10), H807-H811.
(27) Bachmann, J.; Zolotaryov, A.; Albrecht, O.; Goetze, S.; Berger, A.; Hesse, D.;
Novikov, D.; Nielsch, K. Stoichiometry of Nickel Oxide Films Prepared by ALD.
Chemical Vapor Deposition 2011, 17 (7Ǧ9), 177-180.
(28) Lu, H. L.; Scarel, G.; Alia, M.; Fanciulli, M.; Ding, S.-J.; Zhang, D. W.
Spectroscopic ellipsometry study of thin NiO films grown on Si (100) by atomic layer
deposition. Applied Physics Letters 2008, 92 (22), 222907.
(29) Nardi, K. L.; Yang, N.; Dickens, C. F.; Strickler, A. L.; Bent, S. F. Creating Highly
Active Atomic Layer Deposited NiO Electrocatalysts for the Oxygen Evolution Reaction.
Advanced Energy Materials 2015, 5 (17), 1500412.
(30) Ko, M.-H.; Shong, B.; Hwang, J.-H. Low temperature atomic layer deposition of
nickel sulfide and nickel oxide thin films using Ni(dmamb)2 as Ni precursor. Ceramics
International 2018, 44 (14), 16342-16351.

534072-L-bw-Koushik
Processed on: 1-8-2019

PDF page: 196

Chapter 7

191

(31) Young, K. M. H.; Hamann, T. W. Enhanced photocatalytic water oxidation
HIILFLHQF\ ZLWK 1L 2+  FDWDO\VWV GHSRVLWHG RQ Į-Fe2O3via ALD. Chemical
Communications 2014, 50 (63), 8727-8730.
(32) Thimsen, E.; Martinson, A. B. F.; Elam, J. W.; Pellin, M. J. Energy Levels,
Electronic Properties, and Rectification in Ultrathin p-NiO Films Synthesized by Atomic
Layer Deposition. The Journal of Physical Chemistry C 2012, 116 (32), 16830-16840.
(33) Hsu, C.-C.; Su, H.-W.; Hou, C.-H.; Shyue, J.-J.; Tsai, F.-Y. Atomic layer deposition
of NiO hole-transporting layers for polymer solar cells. Nanotechnology 2015, 26 (38),
385201.
(34) Yang, T. S.; Cho, W.; Kim, M.; An, K.-S.; Chung, T.-M.; Kim, C. G.; Kim, Y.
Atomic layer deposition of nickel oxide films using Ni(dmamp)2 and water. Journal of
Vacuum Science & Technology A 2005, 23 (4), 1238-1243.
(35) Hufnagel, A. G.; Henß, A.-K.; Hoffmann, R.; Zeman, O. E. O.; Häringer, S.;
Fattakhova-Rohlfing, D.; Bein, T. Electron-Blocking and Oxygen Evolution Catalyst
Layers by Plasma-Enhanced Atomic Layer Deposition of Nickel Oxide. Advanced
Materials Interfaces 2018, 5 (16), 1701531.
(36) Knoops, H. C. M.; Faraz, T.; Arts, K.; Kessels, W. M. M. Status and prospects of
plasma-assisted atomic layer deposition. Journal of Vacuum Science & Technology A
2019, 37 (3), 030902.
(37) Ji, S.-H.; Jang, W.-S.; Son, J.-W.; Kim, D.-H. Characteristics of NiO films prepared
by atomic layer deposition using bis(ethylcyclopentadienyl)-Ni and O2 plasma. Korean
Journal of Chemical Engineering 2018, 35 (12), 2474-2479.
(38) Song, S. J.; Lee, S. W.; Kim, G. H.; Seok, J. Y.; Yoon, K. J.; Yoon, J. H.; Hwang,
C. S.; Gatineau, J.; Ko, C. Substrate Dependent Growth Behaviors of Plasma-Enhanced
Atomic Layer Deposited Nickel Oxide Films for Resistive Switching Application.
Chemistry of Materials 2012, 24 (24), 4675-4685.
(39) Heil, S. B. S.; Langereis, E.; Roozeboom, F.; van de Sanden, M. C. M.; Kessels, W.

7

M. M. Low-Temperature Deposition of TiN by Plasma-Assisted Atomic Layer
Deposition. Journal of The Electrochemical Society 2006, 153 (11), G956-G965.
(40) Langereis, E.; Keijmel, J.; van de Sanden, M. C. M.; Kessels, W. M. M. Surface
chemistry of plasma-assisted atomic layer deposition of Al2O3 studied by infrared
spectroscopy. Applied Physics Letters 2008, 92 (23), 231904.
(41) Potts, S. E.; Keuning, W.; Langereis, E.; Dingemans, G.; van de Sanden, M. C. M.;
Kessels, W. M. M. Low Temperature Plasma-Enhanced Atomic Layer Deposition of
Metal Oxide Thin Films. Journal of The Electrochemical Society 2010, 157 (7), P66-P74.

534072-L-bw-Koushik
Processed on: 1-8-2019

PDF page: 197

192

Chapter 7

(42) Dingemans, G.; van de Sanden, M. C. M.; Kessels, W. M. M. Influence of the
Deposition Temperature on the c-Si Surface Passivation by Al2O3 Films Synthesized by
ALD and PECVD. Electrochemical and Solid-State Letters 2010, 13 (3), H76-H79.
(43) Dingemans, G.; van Helvoirt, C. A. A.; Pierreux, D.; Keuning, W.; Kessels, W. M.
M. Plasma-Assisted ALD for the Conformal Deposition of SiO2: Process, Material and
Electronic Properties. Journal of The Electrochemical Society 2012, 159 (3), H277-H285.
(44) Yin, X.; Chen, P.; Que, M.; Xing, Y.; Que, W.; Niu, C.; Shao, J. Highly Efficient
Flexible Perovskite Solar Cells Using Solution-Derived NiOx Hole Contacts. ACS Nano
2016, 10 (3), 3630-3636.
(45) Abzieher, T.; Moghadamzadeh, S.; Schackmar, F.; Eggers, H.; Sutterlüti, F.; Farooq,
A.; Kojda, D.; Habicht, K.; Schmager, R.; Mertens, A.; Azmi, R.; Klohr, L.; Schwenzer,
J. A.; Hetterich, M.; Lemmer, U.; Richards, B. S.; Powalla, M.; Paetzold, U. W. ElectronBeam-Evaporated Nickel Oxide Hole Transport Layers for Perovskite-Based
Photovoltaics. Advanced Energy Materials 2019, 9 (12), 1802995.
(46) Powell, R. J.; Spicer, W. E. Optical Properties of NiO and CoO. Physical Review B
1970, 2 (6), 2182-2193.
(47) López-Beltrán, A. M.; Mendoza-Galván, A. The oxidation kinetics of nickel thin
films studied by spectroscopic ellipsometry. Thin Solid Films 2006, 503 (1), 40-44.
(48) Adler, D.; Feinleib, J. Electrical and Optical Properties of Narrow-Band Materials.
Physical Review B 1970, 2 (8), 3112-3134.
(49) Kamal, H.; Elmaghraby, E. K.; Ali, S. A.; Abdel-Hady, K. Characterization of nickel
oxide films deposited at different substrate temperatures using spray pyrolysis. Journal
of Crystal Growth 2004, 262 (1), 424-434.
(50) Scheideler, W. J.; Rolston, N.; Zhao, O.; Zhang, J.; Dauskardt, R. H. Rapid Aqueous
Spray Fabrication of Robust NiOx: A Simple and Scalable Platform for Efficient
Perovskite Solar Cells. Advanced Energy Materials 2019, 0 (0), 1803600.
(51) Wang, T.; Ding, D.; Zheng, H.; Wang, X.; Wang, J.; Liu, H.; Shen, W. Efficient
Inverted Planar Perovskite Solar Cells Using Ultraviolet/Ozone-Treated NiOx as the Hole
Transport Layer. Solar RRL 2019, 0 (0), 1900045.
(52) Zhao, X.; Chen, J.; Park, N.-G. Importance of Oxygen Partial Pressure in Annealing
NiO Film for High Efficiency Inverted Perovskite Solar Cells. Solar RRL 2019, 3 (4),
1800339.
(53) Marrani, A. G.; Novelli, V.; Sheehan, S.; Dowling, D. P.; Dini, D. Probing the Redox
States at the Surface of Electroactive Nanoporous NiO Thin Films. ACS Applied
Materials & Interfaces 2014, 6 (1), 143-152.

534072-L-bw-Koushik
Processed on: 1-8-2019

PDF page: 198

Chapter 7

193

(54) Shim, J. W.; Fuentes-Hernandez, C.; Dindar, A.; Zhou, Y.; Khan, T. M.; Kippelen,
B. Polymer solar cells with NiO hole-collecting interlayers processed by atomic layer
deposition. Organic Electronics 2013, 14 (11), 2802-2808.
(55) Greiner, M. T.; Helander, M. G.; Wang, Z.-B.; Tang, W.-M.; Lu, Z.-H. Effects of
Processing Conditions on the Work Function and Energy-Level Alignment of NiO Thin
Films. The Journal of Physical Chemistry C 2010, 114 (46), 19777-19781.
(56) Grosvenor, A. P.; Biesinger, M. C.; Smart, R. S. C.; McIntyre, N. S. New
interpretations of XPS spectra of nickel metal and oxides. Surface Science 2006, 600 (9),
1771-1779.
(57) Soriano, L.; Preda, I.; Gutiérrez, A.; Palacín, S.; Abbate, M.; Vollmer, A. Surface
effects in the Ni $2p$ x-ray photoemission spectra of NiO. Physical Review B 2007, 75
(23), 233417.
(58) Tan, H.; Jain, A.; Voznyy, O.; Lan, X.; García de Arquer, F. P.; Fan, J. Z.; QuinteroBermudez, R.; Yuan, M.; Zhang, B.; Zhao, Y.; Fan, F.; Li, P.; Quan, L. N.; Zhao, Y.; Lu,
Z.-H.; Yang, Z.; Hoogland, S.; Sargent, E. H. Efficient and stable solution-processed
planar perovskite solar cells via contact passivation. Science 2017, 355 (6326), 722.
(59) Kuang, Y.; Zardetto, V.; van Gils, R.; Karwal, S.; Koushik, D.; Verheijen, M. A.;
Black, L. E.; Weijtens, C.; Veenstra, S.; Andriessen, R.; Kessels, W. M. M.; Creatore, M.
Low-Temperature Plasma-Assisted Atomic-Layer-Deposited SnO2 as an Electron
Transport Layer in Planar Perovskite Solar Cells. ACS Applied Materials & Interfaces
2018, 10 (36), 30367-30378.
(60) Correa Baena, J. P.; Steier, L.; Tress, W.; Saliba, M.; Neutzner, S.; Matsui, T.;
Giordano, F.; Jacobsson, T. J.; Srimath Kandada, A. R.; Zakeeruddin, S. M.; Petrozza,
A.; Abate, A.; Nazeeruddin, M. K.; Grätzel, M.; Hagfeldt, A. Highly efficient planar
perovskite solar cells through band alignment engineering. Energy & Environmental
Science 2015, 8 (10), 2928-2934.
(61) Yue, S.; Liu, K.; Xu, R.; Li, M.; Azam, M.; Ren, K.; Liu, J.; Sun, Y.; Wang, Z.; Cao,

7

D.; Yan, X.; Qu, S.; Lei, Y.; Wang, Z. Efficacious engineering on charge extraction for
realizing highly efficient perovskite solar cells. Energy & Environmental Science 2017,
10 (12), 2570-2578.
(62) Kim, J.; Park, H. J.; Grigoropoulos, C. P.; Lee, D.; Jang, J. Solution-processed nickel
oxide nanoparticles with NiOOH for hole injection layers of high-efficiency organic
light-emitting diodes. Nanoscale 2016, 8 (40), 17608-17615.
(63) Han, S.; Flewitt, A. J. Analysis of the Conduction Mechanism and Copper Vacancy
Density in p-type Cu2O Thin Films. Scientific Reports 2017, 7 (1), 5766.

534072-L-bw-Koushik
Processed on: 1-8-2019

PDF page: 199

194

Chapter 7

534072-L-bw-Koushik
Processed on: 1-8-2019

PDF page: 200

Appendix 7

D. Koushik, M. Jošt, A. Ducinskas, C. Burgess, V. Zardetto, C. Weijtens, M.A. Verheijen,
W.M.M. Kessels, S. Albrecht, and M. Creatore, submitted (2019).

195

534072-L-bw-Koushik
Processed on: 1-8-2019

PDF page: 201

196

Chapter 7

Data Analysis of UPS Spectrum
The typical UPS spectrum is presented in Figure A7.1. As it can be seen, the spectrum
has on-set and cut-off edges. The former one is formed by the electrons, which have the
weakest binding energy (valence band maximum). The cut-off or secondary electron edge
provide information about the slowest secondary electrons which are emitted with zero
kinetic energy. A negative bias is applied to the sample to enable detection of these
electrons.
For solid samples, the on-set and cut-off energies are found by extrapolating the tangent
through the point of inflection of the leading edges of the UPS spectrum to the
background level. Once the cut-off and on-set energies are determined (shown in the
energy band diagram presented in Figure A7.1), the work function (WF) and ionization
energy (IE) can be calculated using the formulas:
IE = hȣ- (Ecut-off – Eon-set)
WF = hȣ- (Ecut-off - EFermi)
where, hȣ is the photon energy (21.22 eV used in this work). The difference between the
IE and WF provides information about the position of valence band maximum (VBM)
with respect to Fermi level. The position of the Fermi level is determined separately using
a clean gold sample.
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Figure A7.1: Typical UPS spectrum.
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Figure A7.2: (a-f) TEM-EDX elemental maps of I, Br, Pb, In, O and Cu present in the
PSC layer stack.
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Figure A7.3: Comparative EQE spectra of PSCs with pristine and post-annealed NiO.
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Figure A7.4: Box plot showing the PV parameters of the PSCs employing pristine NiO and
post-annealed NiO (at 300 °C for 20 min in air).
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Figure A7.5: AR-XPS spectra of (a) Ni 2p3/2 and (b) O 1s of the pristine NiO film measured
with photoelectron take-off angles (ș) of 90° and 15° to show that the concentration of hydroxyl
species is higher at the surface. Open circles, solid lines and dashed lines are measured data,
peak fits and cumulative fits, respectively.
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Figure A7.6: UPS spectra of the employed triple cation-based perovskite absorber layer.
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Figure A7.7: Cross-sectional high angle annular dark field (HAADF) scanning TEM image
of the PSC with post-annealed ALD NiO.
.
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Figure A7.8: XPS spectra of C 1s of ALD NiO film (a) before and (b) after 10.3 seconds
of sputtering with Ar+ ions. The spectra indicate that C contamination is present only at
the surface of the NiO film and not in its bulk. Open circles, solid lines and dashed lines
are measured data, peak fits and cumulative fits, respectively.
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21.6%-Efficient Monolithic Perovskite/
Cu(In,Ga)Se2 Tandem Solar Cells with
Thin Conformal Hole Transport
Layers for Integration on Rough
Bottom Cell Surfaces
Abstract: Perovskite-based tandem solar cells can increase the power conversion
efficiency (PCE) of conventional single-junction photovoltaic devices. Here, we present
monolithic perovskite/CIGSe tandem solar cells with a perovskite top cell fabricated
directly on an as-grown, rough CIGSe bottom cell. To prevent potential shunting due to
the rough CIGSe surface, a thin NiOx layer is conformally deposited via atomic layer
deposition on the front contact of the CIGSe bottom cell. The performance is further
improved by an additional layer of the polymer PTAA at the NiO x/perovskite interface.
This hole transport bilayer enables a 21.6% stabilized PCE of the tandem device at 0.8
cm2 active area. We use TEM/EDX measurements to investigate the deposition uniformity
and conformality of the NiOx and PTAA layers. By absolute photoluminescence
measurements, the contribution of the individual subcells to the tandem V OC is
determined, revealing that further fine-tuning of the recombination layers might improve
the tandem VOC. Finally, on the basis of the obtained results, we give guidelines to
improve monolithic perovskite/CIGSe tandems toward predicted PCE estimates above
30%.

Published as: M. Jošt, T. Bertram, D. Koushik, J. Marquez, M. Verheijen, M. D. Heinemann, E.
Köhnen, A. Al-Ashouri, S. Braunger, F. Lang, B. Rech, T. Unold, M. Creatore, I. Lauermann, C.
A. Kaufmann, R. Schlatmann, and S. Albrecht, ACS Energy Lett. 2019, 4 (2), 583-590.
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8.1 Introduction
Perovskite solar cells have recently attracted much interest in the photovoltaic community
due to the ease of their fabrication and ability to tune their properties through composition
and interface engineering.í This resulted in a steep rise in power conversion efficiencies
(PCE) to over 23% in 2018.5 A further increase of PCE to >30% could be realized by
tandem devices utilizing perovskite as wide bandgap top cell in combination with existing
technologies, such as silicon, perovskites, or copper indium gallium diselenide
(Cu(In,Ga)Se2íCIGSe) as the low band gap bottom cell.í To implement a top cell that
is fabricated by wet chemical methods such as spin-coating in a monolithic (2-terminal)
stack, flat bottom cells are the substrates of choice for easy processing. Consequently, the
reported highest tandem PCEs in monolithic configuration have mostly been achieved
using perovskite combined with polished crystalline silicon as the bottom cell. í One
remaining challenge is the fabrication of perovskite top cells on textured surfaces, such
as pyramidal etched silicon12 or rough CIGSe, which is the focus of the study reported in
this paper.
CIGSe solar cells have a bandgap of around 1.1 eV, which is perfect for efficient
tandem performance when combined with a larger bandgap perovskite top cell. The best
CIGSe standalone single-junction solar cell devices reach a PCE of 22.9%. 5 Due to the
direct bandgap of CIGSe and the resulting significantly reduced absorber thicknesses, the
technology enables low material and energy consumption. A combination of perovskite
and CIGSe could enable a fully thin-film tandem technology with high PCE at low costs.
Furthermore, just like perovskite, chalcogenide compositions can be tuned to manipulate
the precise band gap to enable current matching in the tandem architecture.13 First tandem
solar cells with CIGSe bottom cells in a 4-terminal configuration have already been
presented in 2015.14,15 In this configuration, the perovskite standalone top cell is
mechanically stacked on top of the standalone CIGSe bottom cell. Fabricating both
subcells independently from each other has enabled the rise in PCE of tandem solar cells
in recent years, essentially by improving the performance of the perovskite cell. Fu et al.
have shown up to 22.1% PCE16 in 2015 by utilizing a less absorbing p-i-n configuration.
The current record for 4-terminal configuration of 23.9% was recently published by Shen
et al. and enabled by widening of the perovskite bandgap to 1.62 eV. 8
On the other hand, the fabrication of a monolithic perovskite/CIGSe tandem has
proven to be very challenging, and up to now only a few reports can be found. One of the
main reasons might lie in relatively rough CIGSe morphology. A surface root-meanVTXDUH ı506 URXJKQHVVRIDW\SLFDO&,*6HOD\HULVLQWKHUDQJHRIíQPZLWh
W\SLFDOODWHUDOIHDWXUHVL]HVLQWKHRUGHURIQPWRȝPGHSHQGLQJRQWKHGHWDLOVRI
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the processing.17,18 Consequently, depositing a perovskite top cell and especially its very
thin selective contacts from solution, which is to date the most common and efficient way
of perovskite fabrication,3,4,19 is not possible without a high probability of shunting the
top cell in the tandem device. The first monolithic perovskite/CIGSe tandem device
reported possessed a PCE of 11%,20 enabled by a thick PEDOT:PSS hole selective layer
between top and bottom cell. While a thicker PEDOT:PSS layer protected the top cell
from shunting, the overall tandem cell performance might have suffered from reduced
VOC due to the PEDOT:PSS/perovskite interface.21 Alternatively, to fabricate an efficient
monolithic device, new approaches of fabricating the bottom cells suitable for monolithic
tandem cells are needed. Fabricating copper indium diselenide (CIS) by electrodeposition
or spin-coating resulted in a smoother bottom cell surface and enabled monolithic tandem
solar cell PCEs of 11.0% and 8.55%, respectively.22,23 Recently, however, Han et al.
presented a new solution as used in perovskite/silicon devices, where the front surface of
the interconnection layers on top of the CIGSe bottom cell was polished to reduce
roughness. In this way, the spin-coating of perovskite and very thin contact layers can be
implemented without losses due to surface roughness. Consequently, a record PCE of
22.4% was obtained.24 Nevertheless, this approach of an additional polishing step might
not be favorable for industrial application on large areas and requires very thick
interconnection layers that induce losses due to parasitic absorption. Furthermore, the
rougher surface, if translated to the front of the device, might lead to beneficial light
trapping effects.
In this Letter, we present a monolithic perovskite/CIGSe tandem solar cell utilizing
a CIGSe bottom cell with the typical roughness mentioned above and without any posttreatment. Instead, we implement the hole contact of the perovskite top cell, grown
conformally on top of the front contact of the CIGSe bottom cell. This is achieved by a
10 nm thick NiOx layer deposited by atomic layer deposition (ALD), capable of
preventing shunting of the top cell. As the NiOx/perovskite interface is known to be
limiting the VOC by interface recombination more than, e.g., polymeric based charge
transport layers,4,25,3,26 the NiOx interface is further optimized by introducing an
additional layer of the polymer poly[bis(4- phenyl)(2,4,6-trimethylphenyl)amine]
(PTAA). Thus, a p-type selective contact bilayer is introduced, leading to a monolithic

8

perovskite/CIGSe tandem device with a stabilized PCE of 21.6% in maximum power
point tracking over 10 min. The bilayer-based tandem device shows a superior
performance as compared to a tandem cell with a NiOx-only hole transport layer, which
achieved 18% stabilized PCE. The conformal growth of the ALD NiOx is confirmed by
TEM and EDX measurements, highlighting elemental distribution. The absorber quality
of both subcells is investigated by means of absolute photoluminescence (PL). With the

534072-L-bw-Koushik
Processed on: 1-8-2019

PDF page: 213

208

Chapter 8

help of absolute PL measurements, the quasi-Fermi level splitting (QFLS) from each
subcell is determined and with that the contribution to the tandem VOC is quantified. A
difference of 100 mV between the QFLS and the tandem VOC points to the interconnecting
ZnO recombination layer as a component that allows further optimization. Following this,
we present a detailed loss analysis and guidelines for further possible improvements.

Figure 8.1: Schematic of a monolithic perovskite/CIGSe tandem superimposed on a
HAADF-STEM cross-section image with all the layers depicted. The inset displays the
perovskite top cell in more detail. Additional top cell STEM images with material
composition analysis from EDX measurements are shown in Figure 8.2.

8.2 Results and Discussion
The layout of the fabricated device is presented in Figure 8.1, superimposed on a high
angle annular dark field (HAADF) scanning transmission electron microscopy (STEM)
cross section image. The bottom cell is fabricated on glass in substrate configuration with
molybdenum as the back electrode. Then the CIGSe layer is deposited by a three stage
evaporation as described in ref 18, which results in rough films with a thickness in the
UDQJHRIȝP7KHERWWRPFHOOLVFRPSOHWHGLQDVWDQGDUGSURFHVVVHTXHQFHZLWKD&G6
buffer layer and an intrinsic/aluminum doped ZnO (i-ZnO/ZnO:Al) bilayer as
recombination contact for our tandem device. Such a stack was then used as a substrate
for the top cell fabrication. Due to the typical polarity of a CIGSe device, we select a pi-n (so-FDOOHG³LQYHUWHG´ SHURYVNLWHWRSFHOODUFKLWHFWXUH7\SLFDOhole transporting layers
(HTL) in perovskite p-i-n configurations are polymers, such as poly-TPD,27 PTAA,3,28
PEDOT:PSS,29 or metal oxides such as NiOx.26,30,31 These materials can be processed via
spin-coating utilizing a wet chemical process, yielding a final thickness in the order of
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several tens of nanometers. However, with this deposition process, such a thickness is not
HQRXJKWRXQLIRUPO\FRDWWKHURXJKERWWRPFHOOVXUIDFHZLWKDı506RI75 nm and thus
results in shunted devices. To produce a conformal HTL on top of the rough bottom cell
surface, we utilized NiOx that was fabricated via ALD.32,33 This resulted in a uniformly
covered surface, even on rough morphologies (see Figure 8.2), thus preventing a direct
contact between the perovskite and ZnO:Al. Our initial tests showed that for optimum
performance of NiOx deposited via ALD a post-annealing step of 300 °C is needed.
However, such high temperatures are not suitable for completed CIGSe devices due to
interdiffusion at the CIGSe/CdS interface. Therefore, the NiOx was adopted as a pristine
layer here without post annealing. Despite conformal coating of the substrates, the VOC
correlated to the perovskite subcell can be limited when only NiOx was used as HTL for
the perovskite top cell.25,26,30,33 Potentially, the VOC could be increased under light soaking
due to lattice expansion or defect passivation of the perovskite absorber. 26,34 However, in
our case we increased the VOC by spin-coating a thin layer of the p-type polymer PTAA
on top of the NiOx layer, probably due to a reduction of recombination at the
HTL/perovskite interface (see section below). This bilayer of ALD NiO x and PTAA
proved to be an elegant way for the fabrication of efficient tandem solar cells. For the
perovskite layer, a multiple cation, multiple halide (so-called “triple cation”)
composition, Cs0.05(MA0.17FA0.83)Pb1.1(I0.83Br0.17)3, where MA and FA are
methylammonium and formamidinium cations, was chosen. 35 This formulation can be
spin-coated on top of the rough surface as the obtained absorber layer thickness is larger
than the peak to valley distance of the bottom cell. The tandem device is finished by
utilizing a top contact that was developed and optimized for perovskite/silicon tandem
solar cells.11 The top contact stack is formed by depositing C60 by thermal evaporation,
tin oxide (SnO2) by ALD and indium zinc oxide (IZO) as a front contact by sputtering.
The tandem solar cell is finished by evaporating a silver frame around the active area,
slightly covering the IZO, and LiF as an antireflection coating. The top perovskite solar
cell then has a final layer configuration of NiOx/PTAA/perovskite/C60/SnO2/IZO/LiF, as
depicted in Figure 8.1. The detailed fabrication process can be found in the experimental
section of the Supporting Information.

8

Figure 8.1 highlights the zoomed-in cross sectional HAADF-STEM image of the
fabricated tandem solar cell. The obtained perovskite grains are in the range of a few 100
nm and are well defined, despite the rough surface base of the CIGSe layer that can clearly
EHREVHUYHG7KHı506RIWKH=Q2$OERWWRPFHOOVXUIDFHREWDLQHGIURPWKH$)0LV
75 nm, which is much higher than for typical ITO (3 nm) or FTO (15 nm) coated
glass substrate surfaces. Spin-coating on such a rough surface produces a highly
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Figure 8.2: Cross sectional HAADF-STEM images (a) and elemental maps (b)–(g)
deduced from EDX measurements of the fabricated tandem device with a focus on the
perovskite top cell. (a) STEM of a peak–valley-shaped region, where depletion and
agglomeration of PTAA is visible (see arrows), confirmed by an increased carbon signal in
the EDX image (d). Ni (violet), however, covers both the valley and the peak conformally.
Zinc is depicted by green, Ni in violet, carbon (PTAA) in red, cadmium in yellow, tin in
turquoise, and indium in cyan.

inhomogeneous layer thickness, as shown by TEM and EDX measurements of the cross
section (Figure 8.2). In Figure 8.2 we analyze in more detail a larger grain of the CIGSe
absorber, which sticks out of the surrounding, being a potential cause of a shunt when
spin-coating thin layers on top. Figure 8.2a shows the transmission electron microscopy
(TEM) image, while the energy-dispersive X-ray spectroscopy (EDX) maps in Figure
8.2(b)-(g) represent the elemental composition of the layers, trying to determine the
surface coverage of the thin layers. The figures were selected to highlight the properties
of the bilayer p-type contact utilized here. From Figure 8.2b, clearly a conformal coating
of the interconnecting ZnO layer is visible by the homogeneous zinc (Zn) distribution of
the ca. 150 nm thick ZnO layer, as expected for the sputter coating. From Figure 8.2c a
distinct, conformal, and homogeneous NiOx layer with ca. 10 nm thickness on top of the
interconnecting ZnO can be identified. This is rather important as only 10 nm NiO x
formed via ALD is enough to protect the perovskite from direct contact to the
interconnecting ZnO. Figure 8.2d shows the carbon signal to identify the polymeric
PTAA layer. Unfortunately, the carbon is not easily detectable by EDX due to the
detection limit of the microscope. However, as also visible in the TEM image Figure
8.2a (see darker areas in the valley, marked by arrows), this layer is not uniform in
WKLFNQHVV WKURXJKRXW WKH URXJK VXUIDFH 7\SLFDOO\ í QP 37$$ LV IRUPHG RQ IODW
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surfaces with the processing conditions applied here, however, on a rough surface the
thickness changes. A negligible thickness can be found on the peak while layer
agglomeration can be observed in the valley. To further emphasize this, we show in
Figure A8.1 an equivalent sample, where the bilayer was deposited on an even rougher
surface. There we focus on a distinct valley and peak areas. Again, the NiOx covers the
surface conformally, for both peak and valley areas. For PTAA, however, a negligible
thickness can be found close to the edges of the valley while up to 60 nm thickness can
be found at the bottom. On the peak, no distinct carbon signal was observed. Here, we
would also like to point out that the nonhomogeneous PTAA layer might contribute to
improved film formation conditions for perovskite crystallization due to slight flattening
of the surface. Our TEM results demonstrate that solely spin-coating is not suitable for
VXFKURXJKVXUIDFHV+RZHYHURWKHUGHSRVLWLRQWHFKQLTXHVVXFKDVVSXWWHULQJ =Qí=Q2
,Qí,=2 $/' 1Lí1L2x6Qí6Q22 DQGFKHPLFDOEDWKGHSRVLWLRQ &Gí&G6 FRYHUWKH
surface conformally.
Figure 8.3a shows the -í9 characteristics of the monolithic tandem solar cells under
AM1.5G illumination with three different HTLs: PTAA, NiOx, and NiOx/PTAA bilayer.
The active area of devices is 0.81 cm2, further masked to have an illuminated area of
0.778 cm2. First, the PTAA-only tandem device is characterized by a strongly limited
efficiency with indications for shunting, thus showing that spin-coating a thin layer of
PTAA is not suitable for rough CIGSe surfaces and confirming the need for a conformal
deposition of the HTL. Second, the NiOx-only device already performs well with 18.0%
PCE in maximum power point (MPP) tracking (Figure A8.2), fitting well with the value
obtained from the -í9 scan. Nevertheless, the device is limited by a low VOC  1.5 V and
FF  70%. Finally, a remarkable PCE of 21.6% is measured for the NiO x/PTAA HTL
bilayer, which, to the best of our knowledge, is the highest PCE reported for a perovskite/
CIGSe tandem solar cell with an area larger than 0.2 cm2 (0.778 cm2 for our device). The
high PCE was enabled by high short-circuit current density JSC of 18.0 mA cmí2 and
excellent FF, exceeding 75%. The open-circuit voltage VOC, at 1.59 V is still below the
values from perovskite/silicon tandem solar cells and a parameter for future
improvement. All the parameters have similar values independent of the scan direction
(reverse (VOC to JSC) and forward (JSC to VOC)), showing little to no hysteresis. The MPP

8

PCE is stable at 21.6% during the 10 min tracking (see inset in Figure 8.3a). The main
difference between the NiOx-only and NiOx/PTAA devices is in the lower VOC and FF of
the NiOx-only device, pointing to the limiting NiOx/perovskite interface, especially
considering that both devices were prepared in exactly the same way, except for the
additional PTAA layer. The issue will also be briefly discussed below. All the
performance parameters are summarized in Table 8.1.
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The photocurrent contribution from each subcell of a NiOx/PTAA bilayer tandem
device was further analyzed by external quantum efficiency (EQE) and reflectance
measurements (1-R depicted), as shown in Figure 8.3b. The EQE spectra of the
perovskite and CIGSe subcells were measured independently and the corresponding
photocurrent values, when AM1.5G illumination is assumed, are presented. The
photocurrents of the two subcells are strongly mismatched (2 mA cmí2), leaving some
room for the improvement by fine-tuning the perovskite bandgap or its thickness for
current matching. The 1-R spectrum shows that only 2.62 mA cmí2 are lost in the device
due to reflection. This is a rather low value and could be caused by rough interfaces in
the device, which improve the light management and consequently reduce total reflection,
as indicated in the introductory text. The small difference between EQE and 1-R spectra
reveals minimal losses due to parasitic absorption in the range between 400 and 1000 nm,
enabled by a highly transparent n-type top contact. In the UV and infrared region the
parasitic absorption is higher due to absorption in C60 and IZO, limited CIGSe absorption
near its bandgap, and free carrier absorption in ZnO. Nevertheless, all this indicates
already excellent optical performance of our tandem solar cell, which could be further
improved by reducing the current mismatch between the two subcells or by proper light
management from, e.g., textured foils as previously shown for perovskite single-junction
cells36 or perovskite/silicon tandem cells.11

Figure 8.3: (a) J–V characteristics under illumination of the monolithic perovskite/CIGSe
tandem solar cell. Solid line shows forward (JSC to VOC) scan and dashed line reversed
(VOC to JSC) scan direction. Three different HTLs are investigated, PTAA (black),
NiOx (blue), and NiOx/PTAA (red). The MPP tracking over 10 min of the NiOx/PTAA
device is shown as an inset. (b) EQE spectra of the NiOx/PTAA tandem device measured
for the individual subcells and the total reflection spectra depicted as 1-R. Perovskite,
CIGSe, and 1-R spectra are denoted with red, blue, and gray lines and areas. Integrated
photocurrents and reflection losses from EQE and 1-R spectra values are also shown.
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Despite the promising integration of the thin conformal p-type contact directly on
top of the rather rough CIGSe bottom cell, the tandem device performance is below
theoretical limits, especially when VOC is considered. To analyze this in more detail,
single-junction devices, corresponding to both subcells, were fabricated and tested.
Figure 8.4a shows the CIGSe reference cell, which was finished with a Ni/Al/Ni metal
grid as the front contact. The solar cell device reached a PCE of 16.3%. Further
improvements in PCE may be possible by alkali postdeposition treatment, in order to
improve the VOC, and by efficient light trapping (e.g., antireflection coating), to improve
the JSC. We have also measured the CIGSe single-junction device under reduced light
intensity, imitating the current that is generated in the tandem device. A significantly
reduced VOC (30 mV) was measured for the CIGSe device, showing that the low
intensity response needs to be analyzed in more detail.
The perovskite reference single-junction solar cells were fabricated in the superstrate
configuration on a planar, commercial ITO coated glass. Instead of a SnO 2/IZO top
contact as implemented in the tandem architecture, they were finished with opaque
BCP/Cu as a back electrode for higher reproducibility and comparison. 37 The
representative -í9 measurements are shown in Figure 8.4b. Three different hole contact
layers (HTL) are analyzed and compared: first, a single layer of PTAA; second, a single
layer of NiOx formed via ALD similarly as for the tandem solar cells; and third, a
NiOx/PTAA bilayer. Clearly, a single layer of PTAA outperforms the bare NiO x hole
contact. The PCE for PTAA based HTL is well above 17%, and with NiO x, 13% are
reached. The reason for such low performance of the NiO x grown via ALD is likely due
to a high interface recombination at the NiOx/perovskite interface, reducing the VOC.
Compared to NiOx-only, the NiOx/PTAA bilayer works surprisingly well, with only 1%
absolute efficiency loss compared to PTAA as a single HTL. The loss seems to be due to
the slightly reduced FF from increased series resistance induced by the additional NiOx.
Overall, the difference in VOC between NiOx-only and NiOx/PTAA bilayer is comparable
between single-junction and tandem devices. Interestingly, the FF of the NiOx-only
device is better in the tandem configuration as compared to the single junctions due to
the fact that CIGSe bottom cell is limiting the photocurrent and thus dictating the tandem

8

FF. The parameters from the -í9 characteristic from the corresponding subcells are also
shown in Table 8.1.
Finally, we analyze the measured VOC of the tandem cell in more detail by recording
an absolute hyperspectral photoluminescence (PL) image. This technique has recently
been demonstrated to be an effective way of estimating the losses determining the quasiFermi level splitting (QFLS) in single-junction solar cells.3 In the ideal case, the measured
QFLS directly translates into VOC (VOC = QFLS/q), revealing the voltage potential of a
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Figure 8.4: J–V characteristics of (a) CIGSe single-junction reference under AM1.5G and
reduced light intensity and (b) perovskite single-junction reference cell with different
HTLs: PTAA (black), NiOx (blue), and NiOx/PTAA (red) under AM1.5G. Solid lines show
forward (JSC to VOC) scan and dashed lines reverse (VOC to JSC) scan direction. The
performance parameters are stated in Table 8.1.

solar cell device. Here, for the first time, this method is applied for monolithic tandem
solar cells. When the monolithic tandem solar cell is measured, each of the subcells has
to be excited separately; thus, two independent measurements are required. In our case,
we excited the perovskite subcell with 450 nm light and the CIGSe subcell with light of
850 nm wavelength. By using an excitation wavelength of 850 nm, we can probe the
photoluminescence properties of the bottom cell as this wavelength will not be absorbed
by the top cell (see Figure 8.3b). The results in Figure 8.5a show that the QFLS of the
bottom cell is around 0.613 eV. This value fits well with the VOC of the CIGSe singlejunction device measured under reduced light intensity (0.62 V). The VOC of the reference
CIGSe single-junction (Figure 8.4a) solar cell is 35 mV larger, which, however, is also
fully consistent with the QFLS measurement on the tandem, when the higher illumination
level in the absence of the top cell is considered (see experimental section). This indicates
that quite a significant voltage loss is induced in the bottom absorber layer by its
incorporation into the tandem device architecture through being illuminated with lower
intensity. Figure 8.5b shows that the perovskite QFLS is 1.09 eV, which again fits well
with the VOC of the reference perovskite device. This indicates that no significant voltage
losses are added into the perovskite subcell by its implementation into the tandem
architecture either, despite a non-flat surface of the substrate for spin-coating. Both
subcells show great uniformity of the absorber layer over the active area of 0.8 cm2.
Translated to voltage, the VOC of the tandem should be as high as 1.70 V, which is 70 mV
lower than in the current world record perovskite/CIGSe monolithic tandem device.24 The
difference might lie in a different top contact system and/or subcell absorber quality
utilized here as compared to the work by Han et al.24 For our device, it means that in the
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actual -í9 measurement, 100 mV are lost in the tandem device as compared to the sum
of the QFLSs. This indicates a limiting recombination loss at the subcells’
interconnection/tunnel junction in the tandem or the transparent top contact. We propose
that this is most likely due to the non-optimized ZnO recombination contact. Only with
an efficient recombination contact with well aligned energy levels can we assume that
the QFLS of both subcells can be summed-up for the complete stack.
Table 8.1: Performance Parameters of the Monolithic Perovskite/CIGSe Tandem Solar
Cell, the Standalone CIGSe Reference Cell and Standalone Perovskite Reference Cell
with Different Hole Transporting Layersa

aThe J–V characteristics under illumination of the tandem cell are shown in Figure 8.3a,
while the J–V characteristics of the reference single-junction cells are shown in Figure 8.4.
For the reduced intensity measurement, the light intensity was attenuated until the CIGSe
single-junction device generated approximately the same current as the bottom cell in the
tandem device.

8

To reach the predicted tandem efficiency potential of over 30% for this purely thin
film tandem design, some improvements still need to be developed. First, the bilayer
champion device is still limited by the current mismatch between the individual subcells.
Detailed optical simulations, similar to those in perovskite/silicon tandem devices 6,11 are
needed to enable optimal current generation and possible light management schemes for
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perovskite/CIGSe tandem devices.38 Second, the presented tandem solar cells are limited
by VOC. In the tandem device the full VOC potential of the single junction device was not
reached, which indicates that the recombination layers could be limiting the VOC.
Moreover, improving the NiOx/perovskite interface, implementing proper interlayers3 or
another conformally grown hole transport layer, such as by self-assembled monolayers
(SAMs)39 could be alternative strategies to improve the VOC.

Figure 8.5: Quasi-Fermi level splitting (QFLS) maps and histogram obtained from absolute
PL mapping of the perovskite/CIGSe tandem device: (a) CIGSe bottom cell and (b)
perovskite top cell. From the histogram, the QFLS of 0.613 eV for CIGSe and (b) 1.086 eV
for the perovskite can be estimated.

8.3 Conclusions
In conclusion, a highly efficient monolithic perovskite/CIGSe tandem device with a
perovskite subcell deposited directly on top of a rough bottom CIGSe cell by
implementing a bilayer p-type contact was presented. This double hole transport layer is
formed by a conformally grown ALD NiOx layer and spin-coated PTAA film. The
conformal growth of NiOx was confirmed by TEM/EDX analysis, revealing a uniformly
thick layer of NiOx on both the peaks and valleys of the rough CIGSe substrate. However,
there were indications that the spin-coated PTAA agglomerates in the valleys and
uncovered substrate peaks were found, causing shunting of the device, thus highlighting
the need for a conformal deposition on rough surfaces. With our conformal hole contact
approach, shunting of the top cell, which is typical for perovskite solar cells on rough
surfaces, was prevented. With that, a stabilized tandem efficiency of 18% was reached
for the NiOx hole contact. Further utilizing the NiOx/PTAA bilayer improved the resulting
monolithic perovskite/CIGSe tandem solar cell to 21.6% PCE on 0.778 cm2 active area,
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stable over 10 min of maximum power point tracking. Optically, the fabricated champion
device works very well, enabling high photocurrents similar to perovskite/silicon tandem
devices. Absolute photoluminescence measurements of the tandem cell were also
presented for the first time; the results showed the contribution of the subcells to the
tandem VOC, revealing that additional fine-tuning of the interconnection layers between
the two subcells might improve the tandem VOC further. Our results show a step toward
efficient, true thin film monolithic perovskite/CIGSe tandem solar cells that are likely to
enable the predicted efficiencies of over 30% in the near future.
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Experimental
CIGSe bottom cell:
The CIGSe subcell is fabricated in a substrate configuration on glass. First, 800 nm of
molybdenum are sputtered as a back contact. The CIGSe absorber is deposited by thermal
evaporation from elemental sources using a processing sequence based on the wellknown multi-stage process [1]. In this process, an (In,Ga)2Se3 precursor is deposited at a
substrate temperature of 300 °C in the first stage, followed by the evaporation of Cu and
Se at a substrate temperature of 530 °C until the absorber becomes overall copper rich.
The process is completed by the evaporation of In, Ga and Se in the last stage to make
the absorber copper poor again (CGI=0.9, GGI=0.3). As it was shown in [2], the surface
roughness of the CIGSe layer increases during all stages and it is thus important to keep
the layer as thin as possible. The CdS layer is deposited by a wet-chemical process.
Finally, 10 nm i-ZnO and 140 nm ZnO:Al was sputtered as a recombination contact for
connecting both subcells. The reference CIGSe was prepared in the same way as the
bottom CIGSe cell. The cell was finished by a Ni-Al-Ni grid. The active area of the
reference cell is 0.97 cm2.

Perovskite top cell:
The fabricated perovskite subcells have an inverted (p-i-n) planar structure and a layer
configuration of CIGSe substrate/ITO/NiOx/PTAA/Perovskite/C60/SnO2/IZO. The
PTAA is poly [bis (4-phenyl) (2,5,6-trimentlyphenyl) amine] and IZO is zinc doped
indium oxide. ALD NiOx layers were deposited on top of the CIGSe substrates in a homebuilt ALD reactor, which is a high-vacuum system that is evacuated by a combination of
a rotary and a turbomolecular pump to a base pressure of 10í6 mbar. The system has
been extensively described in our previous work [3]. After a pre-deposition oxygen
plasma treatment (100 W) of 15 min, ALD NiOx was processed using
bismethylcyclopentadienyl-nickel ((Ni(MeCp)2), 97%, Sigma-Aldrich) as the precursor
and O2 plasma as the co-reactant. The Ni(MeCp)2 was kept at 55 °C to ensure adequate
vapor pressure and was dosed using Ar carrier gas through a delivery line heated to 75
°C. Each ALD cycle consisted of 3 s Ni(MeCp)2 dose, 4 s purge time, 3 s O2 plasma
exposure, and 1 s purge time. 350 ALD cycles were performed to obtain a final thickness
of 9.5 nm. The reactor walls were kept at 100 °C, and the substrate table was heated to
150 °C. The details regarding the NiOx process development including the saturation
curves will be published elsewhere.
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The NiOx coated CIGSe substrates were used as prepared. All the perovskite layer
deposition steps were conducted in a nitrogen atmosphere. The hole transport layer PTAA
(Sigma Aldrich, 2mg/ml in toluene) was deposited using spin-coating (4000 rpm for 30
s) and annealed for 10 min at 100 °C. The perovskite layer was prepared following the
typical triple cation process and spun using a one-step solution process (4000 rpm for 35
s) [4]. 25 s after the start of spinning the ethyl acetate anti-solvent drop was utilized. The
films were annealed at 100 °C for 1 h. Afterwards, 20 nm C60 (Sigma Aldrich, purity =
99.9%) was thermally evaporated at a rate of 0.15 Å/s at 400 °C. As a buffer layer for
IZO sputtering, 20 nm SnO2 was deposited via thermal ALD (Arradiance GEMStar) using
tetrakis(dimethylamino)tin(IV) (TDMASn) and water as precursors at 80 °C. IZO was
deposited by RF sputtering from a target, consisting of 90%wt. In 2O3 and 10%wt. ZnO.
Afterwards, a 140 nm thick Ag metal frame was evaporated as a top contact, defining the
active area of 0.81 cm2. Finally, a 120 nm LiF was evaporated as an anti-reflection
coating.
For the reference cell, the evaporation of 23 nm C60 was followed by evaporation of 8 nm
BCP (bathocuproine). The cells were finished by evaporating 100 nm copper through the
shadow mask. The final active area is 0.16 cm2.

Device characterization:
The current density–voltage (J-V) measurements were performed under standard test
conditions (25 °C, LED sun simulator, Wavelabs, class AAA), adjusted with a calibrated
silicon reference cell (Fraunhofer ISE). The scan rate was 0.125 V s-1 with a voltage step
of 10 mV. Measurements were carried out in air. For the tandem device measurements, a
mask with a 0.778 cm2 area was used. During the measurements, the CIGSe tandems and
single-junction sample were kept at 25 °C. For the measurements of perovskite reference
cells, however, an additional holder was used. Therefore the cooling was not as efficient;
we estimate the T was in the range of 28-30 °C. The external quantum efficiency (EQE)
was measured as a function of wavelength from 300 to 1200 nm with a step of 10 nm
using a home built EQE system. When measuring the perovskite top cell, red bias light
was applied along with 0.5 V bias voltage. When measuring the CIGSe bottom cell blue

8

bias light was applied along with 0.7 V bias voltage. The reflection was measured as a
function of wavelength from 300 to 1200 nm with a step of 5 nm using an integrating
sphere with a Perkin Elmer Lambda – 1050 UV/VIS/NIR spectrophotometer, calibrated
with a white Spectralon.
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Transmission Electron Microscopy (TEM):
The TEM studies were performed using a probe-corrected JEOL ARM 200F TEM,
operated at 200 kV, equipped with a 100 mm2 Centurion SDD detector for EDX elemental
mapping. Cross-sectional TEM sample preparation was performed using a Focused Ion
Beam (FIB) using a standard lift-out process.

Hyperspectral absolute photoluminescence imaging:
The photoluminescence image detection was performed with a charge-coupled device
(CCD) camera for the perovskite subcell and with a peltiercooled InGaAs diode-array
camera coupled with a liquid crystal tunable filter. The system was calibrated to absolute
photon numbers in two steps in a similar way to the process described by Delamarre and
colleagues [5]. For this purpose an infrared laser diode and a spectrally calibrated halogen
lamp were coupled to an integrating sphere. Excitation for the PL imaging measurements
was performed with two 450 nm LEDs for the perovskite subcell and with an 850 nm
LED for the excitation of the CIGSe subcell. The excitation intensities of the 450 nm and
850 nm LEDs were 1.6 x 1021 photons m-2 s-1 and 7.5 x 1020 photons m-2 s -1 respectively.
Assuming a step-like absorptivity of the absorber layers and no parasitic absorption of
the contact layers an absorbed photon flux ~1.6 x 10 21 photons m-2 s-1 for the top cell (Eg
= 1.6 eV) and ~1.2 x 1021 photons m-2 s-1 is calculated for the bottom cell (Eg =1.1 eV) in
a tandem cell with AM1.5G illumination. However, in this study, due to experimental
restrictions, the bottom cell was illuminated with ~7.5 x 10 20 photons m-2 s-1 at 850 nm.
Consequently, assuming an ideality factor (nrad) of 1.4 for CIGSe [6], [7], the AM1.5Gequivalent QFLS for the bottom cell in the tandem device is increased by 17 meV to a
value of 0.61 eV using ݊ = ܸܿ¨·ݍrad·݇ ܶܤln (1.2·1021/7.5·1020). Considering the bottom
cell independent of the tandem device, an absorption of ~2.8 x 1021 photons m-2 s-1 is
expected under AM1.5G conditions, such that in this case the AM1.5G equivalent QFLS
is calculated to 0.644 eV, which agrees closely with the unfiltered VOC measurement on
the single-junction CIGSe solar cell.
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TEM analysis of bilayer HTL on top of very rough
CIGSe surface
To investigate the coating ability of rough surfaces of our bilayer, another tandem sample
was analysed via TEM and is in Figure A8.1. The sample shown here has slightly higher
CIGSe roughness (ıRMS = 100 nm) than the sample presented in the main part of the
paper. Additionally, the recombination layer is fabricated by ITO here instead of ZnO as
used for the main paper. In detail, we analyzed two different cases here: (i) the valleyshaped area in Figure A8.1a with EDX maps of the same area in Figure A8.1b-d, and
(ii) the CIGSe peak-shaped area in Figure A8.1e with corresponding EDX maps in
Figure A8.1f-h. The figures were selected to highlight the properties of the bilayer
NiOx/PTAA p-type contact utilized here. From Figure A8.1b, clearly a conformal
coating of the interconnection ITO layer is seen by the homogeneous indium (In)
distribution of the ca. 130 nm thick ITO layer, as expected for the conformal deposition
during sputter coating. From Figure A8.1c a distinct, conformal and homogeneous ALD
NiOx layer with ca. 10 nm thickness on top of the interconnecting ITO can be identified.
ALD is also known to conformally coat the films on rough surfaces. Figure A8.1d shows
the carbon signal to identify the polymeric PTAA layer. As also visible in the TEM image
Figure A8.1a, this layer is not uniform in thickness throughout the valley of the rough
surface. Typically, 8-12 nm PTAA is formed on flat interfaces with the processing
conditions applied here. In the valley of the rough CIGSe surface, a negligible thickness
can be found close to the edges of the valley while up to 60 nm thickness can be found at
the bottom. Thus, the vertical charge transport might be hindered, resulting in reduction
of the FF due to a low conductivity of the PTAA. Figure A8.1e-h show the same
morphological and elemental analysis, but for a distinct hill-shaped area of the rough
bottom CIGSe subcell. Again, ITO and NiOx are formed rather conformally, while no
clear carbon signal can be detected. Therefore we conclude that no or only a very thin
PTAA film is formed here. The images in Figure A8.1i-k further show the elemental
distribution of the perovskite film. Pb, I and Br are homogeneously distributed over the
full perovskite thickness, confirming the successful perovskite formation even on the very
rough surface. Interestingly, the perovskite top surface is more flat than the bottom

8

surface. This might be induced here due to the anti-solvent dripping method that primarily
initiates crystallization from the top surface [8].
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Figure A8.1: Cross sectional HAADF-STEM images (a, e) and elemental maps deduced from
EDX measurements of the fabricated tandem device with a focus on the perovskite top cell. a)
STEM of a valley-shaped region, where agglomeration of PTAA is visible, confirmed by an
increased carbon signal in the EDX image d). e) a peak-shaped region, where almost no carbon
(PTAA) is detected. Ni (blue) on the other hand covers both the valley and the peak conformally.
Indium is depicted by cyan, Ni yellow and carbon (PTAA) by red color. I-k) EDX images show
the homogeneous perovskite composition, blue is lead, green iodide and red bromide.
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MPP of NiOx only tandem solar cell

Figure A8.2: Power conversion efficiency (PCE) as function of time deduced from maximum
power point (MPP) tracking of NiOx/PTAA (red) and NiOx (blue) perovskite/CIGSe tandem
devices for 5 and 10 minutes of the NiOx and the NiOx/PTAA tandem devices.

8
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Transmission and reflection of the perovskite top cell

Figure A8.3: Reflection (black lines) and transmission (red) of the semi-transparent perovskite
single-junction device, measured from glass (solid) and IZO side (dashed). No anti-reflection
coating was used here.
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Atomic Layer Deposited In2O3:H as
Transparent Conductive Oxide Layer for
Enhanced Short-Circuit Current Density and
Fill Factor in Hybrid Perovskite Solar Cells

Abstract: Hydrogenated indium oxide (In2O3:H) prepared via atomic layer deposition
(ALD) is implemented as a high- mobility, broadband transparent front electrode in a pi-n perovskite solar cell (PSC) architecture. An enhancement of 1.1 mA/cm 2 in the shortcircuit current density (Jsc) and an absolute 4% increment in the fill factor (FF) are
achieved in the ALD In2O3:H based PSCs when compared to the reference cells with
sputtered Sn-doped indium oxide (ITO). This results in an absolute 2.1% increment in the
PCE of the In2O3:H-based PSCs (14.3%) with respect to the ones having sputtered ITO
(12.2%). The gain in Jsc is attributed to lower Drude contribution in ALD In2O3:H, which
stems from its higher mobility and lower free carrier density in comparison to sputtered
ITO. In parallel, an enhanced absorptance is observed for the In 2O3:H-based devices in
both UV and visible region of the solar spectrum, which is corroborated by optical
modelling studies. Specifically, the latter show that devices with ALD In 2O3:H are less
susceptible to recombination losses in the bulk perovskite than the ones with sputtered
ITO, leading to an enhancement in the FF. The results are promising and showcase
possibilities for the use of ALD In2O3:H in various transparent conductive oxide (TCO)based optoelectronic device applications.

D. Koushik, D. Zhang, M. Najafi, V. Zardetto, B. Macco, S. Veenstra, W.M.M. Kessels, and
M. Creatore, to be submitted (2019).
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9.1 Introduction
The photovoltaic community is presently witnessing the monumental advancement in
efficiency of perovskite based solar cells (PSCs),1 due to advanced synthesis routes,
development of less environmentally susceptible perovskite absorbers and novel charge
transport layers. Meanwhile, the parasitic absorption and/or reflection of near-infrared
light in the transparent conductive oxide (TCO) remains a bottleneck when semitransparent and tandem perovskite devices are sought.2-3
Sn-doped indium oxide (In2O3:Sn, ITO) with a carrier mobility of 20-50 cm2/(Vs),45

is the most commonly used TCO in PSCs. However, the relatively high carrier density

of 3-7x1020 cm-3 causes a significant parasitic free-carrier absorption and reflection losses
in the red and near-infrared part of the solar spectrum.6 To address this issue, several
studies have focused on novel transparent electrode materials as alternatives to
conventional ITO, such as, hydrogenated indium oxide (In2O3:H), aluminium doped zinc
oxide (Al:ZnO), Zr-doped indium oxide (In2O3:Zr), cadmium stannate (Cd2SnO4),
oxidized Ni/Au, carbon nanotubes, graphene, Ag nanowires, and conductive PEDOT:PSS
polymers.7-9 In particular, In2O3:H has attracted utmost attention as a promising
replacement for ITO in PSCs due to its high electron mobility (>100 cm 2/(Vs)), which
allows for simultaneously high electrical conductivity and optical transparency. 6, 10-12 Fu
et al. demonstrated the implementation of 150 nm amorphous sputtered In 2O3:H as the
rear transparent electrode (mobility of 51.3 cm2 9V DQGVKHHWUHVLVWDQFHRIȍSHU
square) in a semi-transparent PSC stack which delivered a PCE of 14.2%.13 Werner et al.
incorporated a 110 nm thick sputtered In2O3:H /ITO bilayer front electrode yielding a
perovskite device efficiency of 14.5%.14 Recently, Pisoni et al. and Fu et al. employed
sputtered In2O3:H (180 nm and 360 nm) as the rear electrode to fabricate a flexible
perovskite semi-transparent cell with 12.2% PCE 15 and an inverted semi-transparent cell
with 16.1% PCE,16 respectively. In addition, optical simulation studies were performed
by Yin et al. to demonstrate enhanced absorption in a high-mobility (100 cm2/(Vs))
sputtered In2O3:H based perovskite tandem device as compared to a low-mobility (29
cm2/(Vs)) sputtered ITO device.17 Although the potential damp heat instability of In2O3:H
is often reported as a concern, the work of Jost et al. showed that the degradation of
charge carrier mobility in polycrystalline sputtered In2O3:H films (under damp heat
conditions) is reversible, by repeating the vacuum annealing step at 200 °C.18
Next to the material properties of TCOs, the critical role of the deposition method
that is utilized for the TCO layers, was highlighted in the recent study of Boyd et al. 19 It
was shown that sputtered TCOs deposited on top of the perovskite cannot fill in its deep
grain boundaries. As a result, the grain boundaries of the perovskite propagate as channels
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through the TCO layer, forming pathways for metal and halide diffusion into and out of
the perovskite under thermal stress conditions. This motivates to adopt deposition
techniques that can guarantee the fabrication of uniform, conformal and pinhole-free
TCO layers. The technique atomic layer deposition (ALD) is well-suited for this purpose.
In addition, the optoelectronic properties of ALD-grown TCOs can be highly uniform
and reproducible, which is not always the case for sputtered TCOs. 20 To the best of our
knowledge, there is no report yet showcasing the potential of ALD-grown TCOs in
perovskite device architectures.
Our previous works reported a thermal ALD approach to grow high-mobility (138
cm /(Vs)) and broadband-transparent (400-1200 nm) In2O3:H films at 100 °C, utilizing
2

cyclopentadienyl indium (InCp) as precursor and a combination of H 2O vapor and O2 as
the co-reactants.10-11 The ALD In2O3:H films were then demonstrated to work
successfully as front electrode in silicon heterojunction solar cells, where substantially
reduced parasitic absorption of In2O3:H led to an enhancement of 1.6 mA/cm2 in the
short-circuit current density (Jsc) of the fabricated derives, compared to the reference cells
with sputtered ITO.21 Motivated by these results, in this work, we show the
implementation of high-mobility ALD In2O3:H films as the transparent front electrode in
a semi-transparent planar p-i-n PSC configuration. The employed ALD In2O3:H films
have lower thickness as compared to the sputtered In2O3:H films that have been
previously demonstrated in the literature for perovskite device architectures (Table
A9.1).13-16 An analogous device from the same batch with sputtered ITO as front electrode
is adopted as reference device. When the performances of ITO and ALD In 2O3:H based
PSCs are compared, the later demonstrates an enhancement of 1.1 mA/cm2 in Jsc and an
absolute 4% increment in fill factor (FF). This results in an absolute 2.1% increment in
the PCE of the In2O3:H-based PSCs (14.3%) with respect to the ones having sputtered
ITO (12.2%). With further optimization of the device stack, the present efficiency values
can be boosted to match with the ‘‘state-of-the-art’’ semi-transparent PSCs. Herein, we
aim to demonstrate both experimentally and by simulation the benefits that could be
derived from the application of ALD In2O3:H with respect to sputtered ITO in PSCs.

9.2 Results and Discussion
Figure 9.1a shows the refractive index (n) and extinction coefficient (k) of the sputtered
ITO and post-annealed ALD In2O3:H films extracted by spectroscopic ellipsometry (SE).
The thicknesses of the ALD In2O3:H and the sputtered ITO front electrodes are
maintained at 100 nm and 140 nm respectively, in order to have the same sheet resistance

9

YDOXHRIȍVT7KHDEVRUSWLRQFRHIILFLHQW Į) of both the TCOs is presented in Figure
9.1b. It is observed that the ALD In2O3:H films have a lower Į than the sputtered ITO

534072-L-bw-Koushik
Processed on: 1-8-2019

PDF page: 241

236

Chapter 9

films in the broadband range of 350- 1200 nm. In addition, In2O3:H films deliver a higher
electron mobility of 120 cm2/Vs in comparison to 50 cm2/Vs of ITO, which mitigates the
need for a high carrier density while still maintaining high conductivity and NIR
transparency. The electrical properties of the employed ALD In 2O3:H and sputtered ITO
as obtained from Hall measurements are summarized in Table 9.1.

a)

b)

Figure 9.1: a) Refractive index n and extinction coefficient k, (b) absorption coefficient Į of
140 nm sputtered ITO and 100 nm ALD In2O3:H films having similar sheet resistance of 35
ȍVT

Table 9.1: Electrical properties of the employed sputtered ITO and ALD
In2O3:H front electrode.

Sputtered ITO

ALD In2O3:H

Thickness (nm)

140

100

Sheet Resistance (ȍ/sq)

35

35

Free carrier density (1020 cm-3)

3

1.8

Mobility (cm2 (Vs)-1)

50

120
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Figure 9.2a shows a SEM image of the cross-section of the complete planar ALD
In2O3:H based p-i-n PSC. A 100 nm thick post-annealed ALD In2O3:H layer serves as
front electrode. A 25 nm thick NiO nanoparticles (NiO nps) layer serves as hole transport
layer (HTL), and is deposited without any post-annealing treatment on top of the ALD
In2O3:H layer.22 A triple cation mixed halide perovskite film of
Cs0.05(MA,FA)0.95Pb(I0.9Br0.1)3 with a thickness of 800 nm is adopted as photoactive layer.
A 40 nm PCBM and 25 nm ZnO nanoparticles (ZnO nps) layer together serve as electron
transport layers (ETLs).22 A 45 nm thick atmospheric pressure spatial ALD (s-ALD)
processed ZnO layer is deposited on top of the ETLs to avoid sputter induced damage
during the 200 nm ITO deposition on top (applied as rear electrode in the cell).23 The
fabrication details of each individual layer are described in the experimental section. The
top view scanning electron microscopy (SEM) images in Figure 9.2b, 9.2e and 9.2f show
the morphology of the applied perovskite, ALD In2O3:H and sputtered ITO films,
respectively. The transmission electron microscopy (TEM) images of the NiO nps and
ZnO nps are presented in Figure 9.2c and 9.2d, which illustrate that the size of the NiO
particles vary between 10–55 nm and ZnO particles between 3–6 nm.
The ALD In2O3:H based PSC exhibits an enhanced transmittance between 800 and
1200 nm than the ITO based semi-transparent PSC as shown in Figure 9.3a. The shortcircuit current density-voltage (J–V) characteristics of the ITO and ALD In2O3:H-based
PSCs are presented in Figure 9.3b. Owing to the typical hysteresis behavior observed in
the J-V curves of PSCs, both backward (forward bias to short circuit) and forward (short
circuit to forward bias) measurements are reported for the investigated devices. It is to be
noted that in both the studied devices, the J-V curves obtained from the forward and
backward scans coincide well, indicating no hysteresis behavior in the cells, irrespective
of the applied front TCO. An increase in all the PV parameters is observed in the ALD
In2O3:H-based PSCs when compared to the ITO-based counterparts. The enhancement in
Jsc is attributed to lower Drude contribution for ALD In2O3:H,24 which stems from its
higher mobility and lower free carrier density in comparison to sputtered ITO (Table
9.1). In addition, higher UV transparency and lower thickness of ALD In2O3:H over ITO
are other factors contributing to the enhancement of Jsc in the corresponding devices.
Alongside, an improvement in the FF is also witnessed in the ALD In2O3:H-based cell.
The PV parameters of both the investigated devices are presented in Table 9.2 and the
statistics in Figure A9.1. The stabilized maximum power point (MPP) tracking results of
the ALD In2O3:H and ITO-based cells are shown in Figure 9.3c. A steady-state PCE of

9

14.3% is measured for the In2O3:H incorporated device and 12.5% for the ITO-based
reference device, indicating an absolute 2.1% efficiency gain. The external quantum
efficiency (EQE) of both the cells are shown in Figure 9.3d. The EQE spectra of the
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Figure 9.2: (a) SEM image of the cross-section of the ALD In2O3:H based planar p-i-n semitransparent PSC. Top-view SEM images of (b) perovskite, (e) ALD In 2O3:H, and (f) sputtered
ITO films. TEM images of (c) NiO nps and (d) ZnO nps films, with insets showing images at
higher magnification.
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ALD In2O3:H-based PSC exhibits an enhanced blue response in comparison to the ITObased cell. This can be explained due to the higher transparency of ALD In 2O3:H over
ITO in the UV region, as demonstrated in Figure 9.1b. Furthermore, an enhanced
absorptance is evident also in the visible region of the EQE spectrum.

a)

b)

c)

d)

Figure 9.3: a) Transmittance and reflectance spectra, and (b) J-V curves of the semitransparent perovskite solar cells employing ALD In2O3:H and sputtered ITO as front
electrode. (c) MPP tracking for 300 s to obtain the steady-state PCEs. (d) Comparative
EQE spectra of both the devices along with their respective integrated Jsc curves.

9
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Table 9.2: PV parameters of the best semi-transparent perovskite devices employing
sputtered ITO and ALD In2O3:H as the transparent front electrode.

TCO
Thickness
(nm)
With
sputtered
ITO

140

With ALD
In O :H

100

2

3

V

J

FF

PCE
(%)

20.0

0.64

12.5

0.97

19.9

0.63

12.2

Backward

1.0

21.1

0.68

14.3

Forward

1.0

20.9

0.67

14.0

Scan
Direction

(V)

(mA/cm )

Backward

0.98

Forward

oc

sc
2

To gain more insight into this enhanced visible response, optical simulations are
performed on both the investigated devices. The optical constants of each individual layer
employed in the device stack are determined by SE. Furthermore, reflectance (R),
transmittance (T) and absorptance (A) are measured for each layer deposited on glass, and
compared to those simulated from the optical constants. Figure 9.4a,c show the layer
stacks that are defined for optical simulation of both the PSCs. It is to be noted that the
perovskite layer is divided into two sub-layers: one is associated to a “compact
perovskite” (c-Per) and the other to perovskite mixed with NiO nps (Per-NiO-Mix). This
assumption is supported by the fact that NiO nps form a very rough layer on top of the
TCOs as shown in the AFM image of Figure A9.2. The optical properties of the PerNiO-Mix are described using the Bruggeman effective medium model. The R, T and A
spectra of both ALD In2O3:H and ITO-based PSCs are measured and compared to the
simulated spectra. The simulation and the measurement data are in agreement with each
other (Figure A9.3), confirming the accuracy of the input parameters and the optical
models.
Figure 9.4b presents the measured and simulated internal quantum efficiency (IQE)
spectra for the PSC with front ITO electrode. A difference between the measured and the
simulated IQE is clearly evident, which implies that the carrier collection efficiency (H)
is not 100% in the ITO based device. The simulated IQE can be brought in line with the
measured IQE only after assuming a lower H of 92%, which is associated to
recombination losses in the c-Per. On the contrary, as shown in Figure 9.4d, the measured
IQE spectrum for the PSC employing front ALD In2O3:H electrode is in agreement with
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b)

a)

1.0

Simulated IQE
H Simulated IQE
Measured IQE

IQE

0.8

Recombination loss

0.6

H=0.92

0.4
0.2
0.0
300
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d)

c)
1.0
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700

800
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Wavelength (nm)
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Measured IQE

IQE

0.8
0.6

H=1

0.4
0.2
0.0
300

400

500

600

Wavelength (nm)

Figure 9.4: Semi-transparent PSC structures defined as inputs for optical simulation, and
the corresponding measured and simulated IQE spectra of the devices. (a), (b) ITO front
electrode and (c), (d) ALD In2O3:H front electrode. Measured IQE = measured EQE /(1measured R). . Since the compact perovskite (c-Per) is the main contributor toward Jsc
generation, so the simulated IQE = A of c-Per/(1-simulated R). H represents the carrier
collection efficiency of the PSC.

the simulated IQE spectrum. This indicates the absence of recombination losses in the cPer and a carrier collection efficiency (H) of ~100%, further explaining the enhanced FF
obtained in the ALD In2O3:H-based PSC as compared to the ITO-based cell (Table 9.2).

9

The cause of recombination losses in the ITO-based cell is not fully understood yet and
needs further investigation. We speculate that there could be differences in perovskite
film formation and its electronic structure on top of the two employed TCO substrates, as
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previously seen in the work of Olthof et al.,25 where the nature of the substrate was clearly
shown to affect the energetic alignment of the grown perovskite, influence its formation
and morphology, and also introduce gap states. An alternative explanation may be better
band alignment of ALD In2O3:H with NiO nps, as compared to ITO, which could lead to
enhanced Voc and FF in the fabricated devices, and reduce the recombination rate.

9.3 Conclusions
In summary, an ALD processed In2O3:H layer is successfully applied as high- mobility,
broadband transparent front TCO in a semi-transparent planar PSC architecture. The
devices gain in both Jsc and FF when compared to the reference cells with sputtered ITO.
The optical simulation results show that ALD In2O3:H-based devices are less susceptible
to recombination losses in the bulk perovskite, resulting in an absolute 2.1% increment
in PCE with respect to the devices having sputtered ITO. The low-temperature thermal
ALD process adopted for processing In2O3:H in this work opens up possibilities for the
implementation of these films also as rear TCO in the perovskite device stack.
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Experimental Section
Solar Cell Fabrication:
Glass substrates (3x3 cm2) were ultrasonically cleaned in detergent (Extran MA01),
deionized water and isopropanol for 10 min. Prior to the ALD In 2O3:H deposition, a 5
nm ALD Al2O3 layer was deposited at 100 °C in an Oxford Instruments OpAL TM reactor
using trimethylaluminium (TMA) as the precursor and H 2O as the co-reactant. 100 nm
amorphous In2O3:H film was then deposited at 100 °C by using cyclopentadienyl indium
(InCp) as precursor in combination with both H2O and O2 as co-reactants. The thickness
of ALD In2O3:H was monitored using in situ spectroscopic ellipsometry. The growth per
cycle (GPC) was derived to be 0.12 nm. The In2O3:H films were subsequently postannealed at 200 °C in a Jipelec rapid thermal anneal (RTA) set up in an inert N 2
atmosphere for 30 min to facilitate the solid-phase crystallization of the as-deposited
films.1-2 For the reference device, a 140 nm thick ITO was deposited by room temperature
RF magnetron sputtering with a power of 54 W in AJA International system. A tin doped
indium oxide (90% In2O3-10% SnO2) target, with the precursor argon flow of 20 sccm
for a pressure of 2 mTorr was employed. A water based solution of NiO nanoparticles
(nps) was spin coated on top of the ITO/glass substrates.3 The perovskite film was formed
by spin coating (5000 rpm, 40 s) a perovskite solution which was prepared by dissolving
HC(NH2)2I (1 M), PbI2 (1.25 M), CH3NH3Br (0.2 M), and PbBr2 (0.1 M) in anhydrous
N,N-dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) in 9:1 volume ratio.
Then 1.5 M pre-dissolved CsI solution in DMSO was added to the mixed perovskite
precursor after 4 KVWLUULQJDWURRPWHPSHUDWXUHȝORIFKORUREHQ]HQHZDVGURSSHG
during the spin coating after 24 s as quenching method. The film was then annealed at
100 °C for 15 min. The PCBM layer was processed via spin coating (1500 rpm, 60 s) a
solution of PCBM in chlorobenzene (20 mg/ml) while the ZnO nanoparticles were
dissolved in butanol (8 mg/ml) and spin coated at 3500 rpm for 50 s. 3 Atmospheric
pressure spatial-atomic layer deposition (s-ALD) was used to deposit the ZnO buffer
layer in a lab scale rotatory reactor. The depositions were carried out 95 °C using
diethylzinc (DEZ) as zinc source, and H2O as oxygen source. The rotation speed of the
substrates was maintained at 100 rpm (1.6 Hz) for a precursor exposure time of 33 ms,
and the number of cycles was fixed at 450 in order to get a nominal thickness of 45-50
nm, as reported in our previous work.4 In both the investigated stacks, the devices were
completed by a 200 nm thick ITO electrode deposited by room temperature RF magnetron
sputtering with a power of 54 W.
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Characterization Methods
X-ray Diffraction (XRD)
XRD analysis was carried out using a PANalytical X’Pert Pro MRD x-ray diffractometer
XVLQJ&X.ĮUDGLDWLRQ Ȝ c LQWKHșUDQJHWRDWDVFDQQLQJUDWHRI
1.5° min-1.

X-ray Photoelectron Spectroscopy (XPS)
XPS measurements were carried out in a Thermo Scientific K-Alpha system, equipped
with an Al x-UD\VRXUFH .ĮH9 ZLWKRXWDQ\SUH-sputtering. Binding energy was
corrected with respect to C1s at 284.5 eV.

Scanning Electron Microscopy (SEM) and Transmission Electron
Microscopy (TEM)
SEM images were obtained using a FEI MK2 Helios Nanolab 600 system. Perovskite
device cross section was performed by focused ion beam (FEI Nova 600 DualBeam)
equipped with Pt gas injectors and micromanipulator (Omniprobe). A Pt layer of 2±ȝP
thick was deposited on the surface of the sample prior to the FIB cross-section
preparation. A 30 kV Ga+ ions with an ion beam current of 0.44 nA was used to prepare
the FIB cross section. TEM studies were performed using a JEOL ARM200F operated at
200 kV.

UV-Vis-NIR Spectroscopy and Hall Measurement
The optical reflectance (R) and transmittance (T) spectra were measured by an Agilent
Cary 5000 UV-VIS-NIR spectrometer equipped with an integrating sphere. The
absorptance (A) was calculated by $ í5í7. Hall measurements were performed using
Europa HMS-3500 Hall Effect measurement system in the Van der Pauw configuration.

Spectroscopic Ellipsometry (SE)
A combination of a Tauc–Lorentz oscillator and a Drude oscillator was employed to
model the optical constants of the ALD In2O3:H film. Tauc–Lorentz oscillator was used

9

to account for absorption across the direct optical bandgap, and Drude oscillator was used
to account for free carrier absorption in the infrared part of the spectrum. [4]
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Current Density- Voltage (J-V) measurements
A white light tungsten halogen lamp source in combination with interference filters was
used to illuminate the perovskite solar cells (PSCs). The J-V characteristics were
measured using a Keithley 2400 source measuring unit at a scanning rate of 200 mV/s. A
stainless steel mask was used to limit the active area of the device to 0.09 cm2. The light
intensity was calibrated by a silicon reference cell. The stabilized PCE values were
calculated tracking the output power for 5 min. All the cells were characterized without
any encapsulation in a nitrogen filled glove box (0.1 ppm O2 and 0.1 ppm H2O).

Optical Simulation
Optical modelling was carried out with the GenPro4 program developed at the PVMD
group of TU Delft.[5,6] With the optical simulation, the reflectance (R), transmittance (T)
and absorptance (A) of each layer of the solar cell can be calculated. Since the compact
perovskite (c-Per) is the main contributor toward Jsc generation, so the simulated IQE is
derived from A of the c-Per. Specifically, the simulated IQE = A of c-Per/(1-simulated
R).
Table A9.1: Comparison of the mobility values of sputtered In2O3:H (implemented in PSCs)
in literature and ALD In2O3:H in this work.

TCO
Sputtered In2O3:H
(as-deposited)
Sputtered In2O3:H
(post-annealed)
ALD In2O3:H
(post-annealed)

Thickness (nm)

Mobility
(cm2/Vs)

Reference

150

51.3

7

110

100

8,9

100

120

This work

Table A9.2: Comparison of the mobility values of sputtered ITO in literature and in
this work.

TCO

Mobility (cm2/Vs)

Reference

Sputtered ITO

20-40

10

Sputtered ITO

20-50

11

Sputtered ITO

50

This work
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Figure A9.1: Box plot showing the PCEs of the semi-transparent PSCs employing
ALD In2O3:H and sputtered ITO as the front electrode.

534072-L-bw-Koushik
Processed on: 1-8-2019

PDF page: 258

Chapter 9

253

Figure A9.2: AFM image of the NiO nps deposited on top of the ITO substrate.
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Figure A9.3: Experimental validation of optical modelling with measured reflectance (R),
transmittance (T) and absorptance (A) for the (a) ITO and (b) ALD In2O3:H semi-transparent
device stack (considering light to incident from the glass side).
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Figure A9.4: XRD spectra of the as-deposited ALD In2O3:H film and after post-annealing at
200 °C for 20 min in a N2 atmosphere.
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Figure A9.5: XRD spectra of (a) NiO nps, (b) ZnO nps and (c) sputtered ITO films.
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Figure A9.6: Surface XPS spectra of In3d peak of the post-annealed ALD In2O3:H film.
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Conclusions and Outlook

This chapter presents the main conclusions based on the research carried out within this
PhD dissertation. In addition, recommendations for future lines of research are
discussed.
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10.1 Conclusions
This dissertation deals with the development of novel atomic layer deposition (ALD)assisted interfacial designing schemes to achieve efficient and stable perovskite solar
cells (PSCs). The following general conclusions can be drawn from the work:
x

Thermal ALD is demonstrated to be a ‘soft deposition technique’ to grow Al2O3 on
top of hybrid organic-inorganic perovskite substrates. Using in situ infrared (IR)
spectroscopy, it is shown that the ALD precursor (trimethylaluminium (TMA)) and
co-reactant (H2O) adopted to grow Al2O3 on CH3NH3PbI3ǦxClx do not significantly
diffuse into the bulk of the perovskite. However, with increasing number of Al 2O3
cycles, abstraction of NH3 or CH3NH2 from the perovskite surface is clearly
discerned. Interestingly, TMA doses on top of perovskite are found to be more
detrimental than H2O doses, under the adopted experimental conditions. IR studies
are complemented by x-ray photoelectron spectroscopy (XPS) analysis, indicating
the effusion of CH3NH2 from the perovskite surface and the fact that no oxidation of
the inorganic framework of the perovskite lattice is observed.

x

The growth mechanism of ALD Al2O3 on top of CH3NH3PbI3ǦxClx is discussed. In
the first half-cycle, TMA reacts with the perovskite surface by interacting with the
CH3NH3+ cation. This reaction releases CH3NH2 and CH4 as byproducts, and leads
to the generation of an adduct comprising of PbI3íAl(CH3)2. In the subsequent halfcycle of H2O dosage, this adduct reacts with H2O molecule to generate the –OH
surface sites necessary to further promote the growth of Al 2O3. It is seen that the
growth of ALD Al2O3 on perovskite is delayed during the first 75 cycles of
deposition (corresponding thickness of about 5 nm). Only after 75 cycles, the growth
becomes similar to that typically observed on c-Si substrates. The reason for the
growth delay of ALD Al2O3 on top of perovskite is not fully understood yet and
requires further investigation. At present, we hypothesize that ALD Al 2O3 grows
initially in the form of small islands on top of perovskite, and only after 75 cycles
(5 nm Al2O3) conformal layer-by-layer growth starts to occur. A similar behavior
was demonstrated recently by Kot et al., where ALD Al2O3 was shown to grow
initially in the form of small islands on top of CH3NH3PbI3 perovskite.1

x

Insights into the structural degradation of CH3NH3PbI3ǦxClx perovskite when exposed
to ambient air are achieved by Doppler broadening-positron annihilation
spectroscopy (DB-PAS). Specifically, it is inferred that the perovskite degradation
process involves changes in open volumes in its crystal lattice. This could be caused
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by the ingress of H2O molecules into its cation vacancies. In parallel, chemical
changes in the perovskite films upon decomposition are observed, accompanied by
a decrease in the film thickness as a function of air exposure time. When the
perovskite films are decorated with <1 nm ALD Al2O3, the latter delays the thickness
reduction of the perovskite layer during air exposure and also suppresses the changes
in its open volumes and chemical transformations. The study indicates that the use
of DB-PAS in combination with other characterization techniques, such as x-ray
diffraction (XRD) and XPS, contributes to further understanding of the degradation
mechanism of different state-of-the-art perovskite chemical compositions.
x

The atomic layer interface engineering method presented in this dissertation can be
regarded as an “internal” stabilization approach, which is unique in comparison to
the “external” device encapsulation methods. An ultra-thin ALD Al2O3 film (< 1
nm) effectively protects the perovskite layer while it is sufficiently thin to provide a
tunnel contact in the fabricated solar cells. The incorporation of ultra-thin ALD
Al2O3 at the interface of CH3NH3PbI3ǦxClx perovskite and ƍƍ-tetrakis(N,N-dipmethoxyphenyl-DPLQH ƍ-spirobifluorene (spiro-OMeTAD) hole transport layer
(HTL) delivers an absolute 3% increase in power conversion efficiency (PCE) with
respect to the Al2O3-free cell, along with a significant reduction in hysteresis. In
addition, the perovskite/Al2O3 devices exhibit remarkable stability under humidity
exposure, retaining 60–70% of the initial PCE after 70 days, while the reference cells
without the Al2O3 layer experience a drastic fall to 12% of its initial PCE.

x

The successful implementation of poly(3,4-ethylenedioxythiophene) (PEDOT) as
HTL on top of CH3NH3PbI3ǦxClx using the ALD-assisted interface architectural
approach indicates that there is no fundamental obstacle of using PEDOT in an n–i–
p PSC configuration. However, advanced understanding of the perovskite/PEDOT
interface and the associated degradation mechanisms are required to improve the
current efficiency values and to make the cells on par with the spiro-OMeTAD HTLbased counterparts.

x

Superior bulk properties of the ALD-grown charge transport layers (CTLs) are
‘necessary but not sufficient’ to yield efficient PSCs. A high-quality interface
between the perovskite and ALD CTL is equally critical. 10 nm plasma-assisted
ALD NiO when implemented as HTL in p-i-n PSC, requires post-annealing
treatment in air prior to the perovskite synthesis on top. Post-annealing NiO leads to
improved interfacial properties between the perovskite and the ALD NiO layer. In

10
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particular, improvements in short-circuit current density (Jsc) and fill factor (FF) are
witnessed in the devices, which arise due to better hole extraction at the postannealed NiO/perovskite interface.
x

Solution-based deposition of the organic polymer poly[bis(4-phenyl)(2,4,6trimethylphenyl)amine] (PTAA) as HTL on rough copper indium gallium diselenide
(CIGSe) surface results in poor surface coverage, leading to recombination centers
and potential shunting in perovskite/CIGSe 2-terminal tandem devices. The ALD
merit of ‘conformality’ has been exploited to tackle this issue. By implementing
conformal 10 nm plasma-assisted ALD NiO directly on the rough CIGSe bottom
cell, shunting of the top cell is prevented and a stabilized perovskite/ CIGSe tandem
efficiency of 18% is achieved. Further utilizing the ALD NiO/PTAA bilayer
approach, the tandem solar cell PCE is improved to 21.6% on 0.778 cm2 active device
area.

x

The application of ALD In2O3:H as a high-mobility transparent conductive oxide
(TCO) leads to an enhancement in both Jsc and FF in the fabricated PSCs when
compared to the reference devices with sputtered In2O3:Sn (ITO). The gain in Jsc is
attributed to lower Drude contribution in ALD In2O3:H, which stems from its higher
mobility and lower free carrier density in comparison to sputtered ITO. In parallel,
devices with ALD In2O3:H demonstrate less susceptibility to recombination losses
in the bulk perovskite than the ones with sputtered ITO, leading to an enhancement
also in its FF. The results are promising and showcase possibilities for the use of
ALD In2O3:H in various TCO-based optoelectronic device applications.

10.2 Future prospects
Based on the work presented in this dissertation, the following recommendations
for further research can be given:
x

As seen in Chapter 3, the growth of ALD Al2O3 initiates on top of the organicinorganic CH3NH3PbI3ǦxClx perovskite via the interaction of TMA with CH3NH3+
cation, resulting in the release of CH3NH2 from the perovskite surface. This intrigues
to expand the study of the nucleation of ALD Al2O3 also on top of fully inorganic
perovskites (such as, CsPbIxBríx) to identify how TMA would interact with the
perovskite surface in the absence of the organic cation. The next step would be to
check whether the initial growth delay observed on top of CH3NH3PbI3ǦxClx holds
also for inorganic cation-based perovskites. Comparative investigation of the

534072-L-bw-Koushik
Processed on: 1-8-2019

PDF page: 268

Chapter 10

263

interactions of different perovskite chemistries with the ALD precursors and coreactants will help to create a full picture of the nucleation and growth mechanism
of ALD metal oxides atop hybrid perovskite materials.
x

It will be interesting to study how the changes in chemical properties at the perovskite
surface during ALD processing would affect its electronic properties. Some first
experiments in this direction have been performed by Kot et al., in which in situ XPS
was employed to show changes in the position of the valence band maximum (VBM)
of CH3NH3PbI3 with increasing number of Al2O3 cycles.1,2 A detailed and systematic
investigation (by varying ALD precursors, deposition temperatures, etc.) would
allow proper tuning of the electronic properties at the perovskite/ALD metal oxide
interface enabling the accomplishment of efficient PSCs.

x

As shown in Chapter 5, the devices having ALD Al2O3 at the perovskite/spiroOMeTAD interface demonstrate higher FF in comparison to the Al2O3-free cells.
This is attributed to the suppressed charge recombination at the perovskite/HTL
interface. Research on how the charge carrier dynamics at the perovskite/spiroOMeTAD interface is affected by the presence of Al2O3 will provide further insights
into its beneficial role in PSCs. Employing characterizing techniques, such as timeǦ
resolved microwave conductivity3 would help in deducing and comparing the rate
constants for charge extraction and recombination at the perovskite/spiro-OMeTAD
interface with and without the presence of ALD Al2O3.

x

Although ALD metal oxides as CTLs underneath the perovskite absorber have been
proven to be successful in yielding efficient device results, the real challenge is to
integrate ALD CTLs directly on top of perovskite. Till date, the derived PCEs in this
device configuration are between 3-9%.4,5 This is due to the degradation of the
perovskite surface during direct ALD processing on top. In this respect, adoption of
atmospheric spatial ALD approach could be beneficial from a processing point of
view, as it can speed up the deposition rate from nm/min towards nm/s. Hence, the
time of exposure of the perovskite film to the ALD precursors, co-reactants and
elevated temperatures can be significantly reduced in comparison to the conventional
ALD process.

x

Although this dissertation predominantly focusses on ALD metal oxides, the
application of ALD for PSCs can be further extended to 2D materials (such as MoS2,
WS2, TiS2) and even to molecular layer deposited (MLD) metalcones (titanicone,

10
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tincone, zincone). MLD utilizes organic co-reactants (such as hydroquinone,
ethylene glycol) which might prove to be advantageous when compared O 3 or O2
plasma ALD co-reactants, in view of securing the stability of the sensitive perovskite
materials against process-induced damage.
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Summary
Designing Interfaces in Hybrid Perovskite Solar Cells by
Atomic Layer Deposition
Atomic layer deposition (ALD) is a thin-film deposition technique which operates in a
cycle-wise fashion, where the substrate is sequentially exposed to at least one precursor
and one co-reactant, both exposures being followed by a purge step. Self-limiting growth
is the key characteristic of ALD. Therefore, this technique has been widely acknowledged
for delivering uniform, dense and conformal thin-films over large area, together with
precise control over film thickness at atomic scale. Over the years, these unique merits of
ALD-grown films have drawn tremendous interest for their application as passivation
layers, moisture permeation barrier layers and transparent conductive oxide (TCO) layers
in different photovoltaic (PV) technologies, such as crystalline silicon (c-Si), copper
indium gallium selenide (CIGSe), organic and dye-sensitized solar cells. Meanwhile, in
the last decade, the emergence of hybrid organic-inorganic perovskite materials has kickstarted a new revolution in PV research, due to their unprecedented device efficiencies,
currently over 24%. Having the general chemical formula ABX3 (A = CH3NH3+, HC(NH2)2+, Cs+), B = Pb, Sn, and X = I, Cl, Br), these materials are dominated by the
complex interactions interplaying between the organic moiety and the inorganic
framework of the lattice.
This dissertation aims at going beyond the state-of-the art in ALD processing by
investigating the synthesis of ALD thin-films on chemically challenging substrates other
than Si, for which the hybrid organic-inorganic perovskite material is sought to be a
perfect model system. The selected case study is the one of Al2O3 deposited by
trimethylaluminium-water (TMA-H2O) chemistry. Surface hydroxyl (–OH) groups are
considered to be the key chemisorption sites to promote the growth of Al2O3 on Si
substrates. However, the surface of CH3NH3PbI3íxClx perovskite employed in this work
does not contain –OH groups. Thereafter, investigation is carried out on the growth
mechanism of thermal ALD Al2O3 on top of the hybrid organic-inorganic perovskite
materials by employing in situ infrared (IR) and ex situ x-ray photoelectron spectroscopy
(XPS). It is observed that the ALD precursors do not diffuse into the bulk of the
perovskite. Moreover, with increasing number of Al 2O3 cycles, the abstraction of
CH3NH2 from the perovskite surface is detected. It is shown that TMA reacts with the
CH3NH3+ cation of the perovskite, releasing CH3NH2 and CH4 as byproducts, leaving
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behind an adduct comprising of PbI3íAl(CH3)2. This adduct then reacts with H2O
molecules during the subsequent half-cycle of H2O dosage, and generates the –OH
surface sites necessary to promote the growth of Al2O3.
This dissertation also addresses the beneficial effects of ultra-thin ALD Al2O3 layers
on the environmental stability of the hybrid perovskite. The nuclear solid state technique
of Doppler broadening-positron annihilation spectroscopy (DB-PAS) sheds light on the
behavior of the perovskite structural defects (open volumes). When the CH3NH3PbI3-xClx
films are decorated with ALD Al2O3, the latter delays the thickness reduction of the
perovskite layer during air exposure and also suppresses the changes in its open volumes
and chemistry.
In this dissertation the performance of the hybrid perovskite cell (PSC) is also
evaluated when the absorber is decorated by <1 nm thick ALD Al2O3. The latter leads to
an absolute increase of 3% in power conversion efficiency (PCE) with respect to the
Al2O3-free cell, along with a significant reduction in the hysteresis loss. In conjunction,
the device demonstrates an enhanced ambient stability for over 60 days at room
temperature.
The study of interface engineering with ALD Al2O3 is extended to the
implementation of poly(3,4-ethylenedioxythiophene) (PEDOT) as hole transport layer
(HTL) in an n-i-p PSC configuration. Ultrathin ALD Al2O3 is demonstrated to passivate
the perovskite layer prior to the deposition of the PEDOT layer, preventing any premature
device failure. The ALD Al2O3/PEDOT combination on top of the perovskite absorber
allows for the replacement of the costly ƍƍ-tetrakis(N,N-di-pmethoxyphenylDPLQH ƍ-spirobifluorene (Spiro-OMeTAD) HTL counterpart, towards more costeffective PV manufacturing.
This dissertation further explores the route of interface designing in PSCs by
addressing other ALD chemistries. A plasma-assisted ALD process of NiO is developed
based on bis-methylcyclopentadienyl-nickel (Ni(MeCp)2) as precursor and O2 plasma as
co-reactant. A polycrystalline ALD NiO film of 10 nm in thickness deposited at 150 °C
serves as HTL in a p-i-n PSC architecture. Key to efficient solar cells is the post-annealing
of the ALD NiO films in air, prior to perovskite synthesis. Improved interfacial and
electrical properties are achieved as a result of the post-annealing treatment, leading to
an improvement in short-circuit current density (Jsc) and fill factor (FF) in the fabricated
devices. The champion PSC yields a 17.02% PCE. The results highlight that a careful
design and optimization of the interface between perovskite and ALD NiO holds utmost
importance, in addition to the superior bulk properties of the HTL itself, in order to
effectively extract the holes and achieve efficient device performance.
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In conjunction to single-junction PSCs, the application of ALD NiO is also
demonstrated in monolithic (2-terminal) perovskite/CIGSe tandem solar cells delivering
21.6% PCE. It is highlighted that a 10 nm plasma-assisted ALD NiO layer processed
directly on top of the In2O3:Sn (ITO) front contact of the rough CIGSe bottom cell helps
in preventing any potential shunting in the fabricated tandem devices.
Finally, the dissertation concentrates on the relevance of improving the optoelectrical properties of TCO layers employed in PSC architectures. It showcases the
benefits of employing an ALD-grown In2O3:H layer with respect to a sputtered ITO,
primarily in mitigating the parasitic free-carrier absorption and reflection losses in the red
and near-infrared part of the solar spectrum, together with reducing the recombination
losses in the bulk perovskite.
To conclude, the dissertation unravels and also tackles the challenges of ALD
processing directly on hybrid organic-inorganic perovskite. At the same time, it
elucidates the growth mechanism of ALD metal oxides on perovskite. Investigating three
case studies of ALD Al2O3, NiO and In2O3:H, the dissertation serves to exemplify that
careful interface design and engineering are “keys” to effectively harness the potential of
PSCs. The insights achieved from this dissertation can provide both fundamental and
technological guidelines toward integrating other ALD metal oxides, nitrides, and even
molecular layer deposited (MLD) metalcones in hybrid PSC architectures.

534072-L-bw-Koushik
Processed on: 1-8-2019

PDF page: 275

270














534072-L-bw-Koushik
Processed on: 1-8-2019

PDF page: 276

Contributions of the Author

The contents of this dissertation encompasses the original work conducted by the author.
Nevertheless, research is often a team effort and this work was carried out in collaboration
with individuals from academic and industrial institutions. Their contributions are stated
below:
¾

W.J.H. Verhees (Solliance), V. Zardetto (Solliance), M. Najafi (Solliance) and M. Jošt
(HZB) contributed to the perovskite film and device fabrication in Chapters 3-9.

¾

M. Verheijen (Philips Innovation Services) contributed to the HAADF-STEM
measurements in Chapters 3, 5, 7 and 8.

¾

L. Hazendonk (TU/e) contributed to the in situ IR measurements in Chapter 3, as
part of her bachelor thesis project. F. Naziris (TUD) contributed to the DB-PAS
measurements in Chapter 4, as part of her master thesis project. A. DuþLQVNDV (TU/e)
contributed to the AR-XPS measurements in Chapter 7, as part of his master thesis
project.

¾

C. Burgess (TU/e) and C. Weijtens (TU/e) contributed to the Mott-Schottky and UPS
measurements, respectively in Chapter 7.

¾

M. Jošt (HZB) and T. Bertram (HZB) contributed to the perovskite/CIGSe 2-terminal
tandem device fabrication in Chapter 8.

¾

B. Macco (TU/e) contributed to the ALD In2O3:H process development in Chapter 9.

¾

D. Zhang (Solliance) contributed to the optical simulation in Chapters 6 and 9.

271

534072-L-bw-Koushik
Processed on: 1-8-2019

PDF page: 277

272













534072-L-bw-Koushik
Processed on: 1-8-2019

PDF page: 278

List of Publications Related to this Work
1. Chemical analysis of the interface between hybrid organic-inorganic perovskite
and atomic layer deposited Al 2O3
D. Koushik, L. Hazendonk, V. Zardetto, V. Vandalon, M.A Verheijen, W.M.M.
Kessels, and M. Creatore, ACS Appl. Mater. Interfaces 2019, 11 (5), 5526–5535.
2. On the effect of atomic layer deposited Al 2O3 on the environmental degradation
of hybrid perovskite probed by positron annihilation spectroscopy
D. Koushik, F. Naziris, J. Melskens, A. Nusteling, V. Zardetto, H. Schut, W.M.M.
Kessels, S.W.H. Eijt, and M. Creatore, J. Mater. Chem. C 2019, 7 (18), 5275-5284.
3. 21.6%-efficient monolithic perovskite/Cu(In,Ga)Se 2 tandem solar cells with thin
conformal hole transport layers for integration on rough bottom cell surfaces
M. Jošt, T. Bertram, D. Koushik, J. Marquez, M. Verheijen, M. D. Heinemann, E.
Köhnen, A. Al-Ashouri, S. Braunger, F. Lang, B. Rech, T. Unold, M. Creatore, I.
Lauermann, C. A. Kaufmann, R. Schlatmann, and S. Albrecht, ACS Energy Lett. 2019,
4 (2), 583-590.
4. Highly efficient and stable semi -transparent p-i-n planar perovskite solar cells
by atmospheric pressure spatial atomic layer deposited ZnO
M. Najafi, V. Zardetto, D. Zhang, D. Koushik, M. Dorenkamper, M. Creatore, R.
Andriessen, P. Poodt, and S. Veenstra, Sol. RRL 2018, 2 (10), 1800147.
5. Low-temperature plasma-assisted ALD SnO2 as electron transport layer in
perovskite solar cells
Y. Kuang, R.V. Gils, V. Zardetto, S. Karwal, D. Koushik, M. Verheijen, L. Black, C.
Weijten, S. Veenstra, R. Andriessen, W.M.M. Kessels, and M. Creatore, ACS Appl.
Mater. Interfaces 2018, 10 (36), 30367-30378.
6. High-efficiency humidity-stable planar perovskite solar cells based on atomic
layer architecture
D. Koushik, W.J.H. Verhees, Y. Kuang, S. Veenstra, D. Zhang, M.A. Verheijen, M.
Creatore, and R.E.I. Schropp, Energy Environ. Sci. 2017, 10 (1), 91í100.

273

534072-L-bw-Koushik
Processed on: 1-8-2019

PDF page: 279

274



7. Atomic layer deposition enabled perovskite/PEDOT solar cells in a regular n-i-p
architectural design
D. Koushik, W.J.H. Verhees, D. Zhang, Y. Kuang, S. Veenstra, M. Creatore, and
R.E.I. Schropp, Adv. Mater. Interfaces 2017, 4 (18), 1700043.
8. Atomic layer deposited ZnO: B as transparent conductive oxide for increased
short circuit current density in silicon heterojunction solar cells
H.A. Gatz, D. Koushik, J.K. Rath, W.M.M. Kessels and R.E.I. Schropp, Energy Proc.
2016, 92, 624-632.
9. Plasma-assisted atomic layer deposition of nickel oxide as hole transport layer for
hybrid perovskite solar cells
D. Koushik, M. Jošt, A. Ducinskas, C. Burgess, V. Zardetto, C. Weijtens, M.A.
Verheijen, W.M.M. Kessels, S. Albrecht, and M. Creatore, submitted (2019).
10. Atomic layer deposited In2O3:H as transparent conductive oxide layer for
enhanced short-circuit current density and fill factor in hybrid perovskite solar
cells
D. Koushik, D. Zhang, M. Najafi, V. Zardetto, B. Macco, S. Veenstra, W.M.M.
Kessels, and M. Creatore, to be submitted (2019).
Other works
11. Ultrafast and short pulse optical nonlinearity in isolated, sparingly sulfonated
water soluble graphene
S. Perumbilavil, K. Sridharan, D. Koushik, P. Sankar, V.P.M. Pillai, and R. Philip,
Carbon 2017, 111, 283-290.
12. Rapid dehalogenation of pesticides and organics at the interface of reduced
graphene oxide-silver nanocomposites
D. Koushik, S.S. Gupta, S.M. Maliyekkal, and T. Pradeep, J. Hazard. Mater. 2016,
308, 192-198.
13. Electronic properties of hydrogen terminated XO (X= Mn, Zn, Ca) nanowires:
Ab-initio study
D. Koushik, P.K. Sinha, N. Tyagi, R.K. Dey and A. Srivastava, Quantum Matter 2014,
3 (2), 134-145.

534072-L-bw-Koushik
Processed on: 1-8-2019

PDF page: 280

275

International Patent Application
Perovskite contacting passivating barrier layer for solar cells
Y. Kuang, R.E.I. Schropp, D. Koushik, M. Creatore, S. C. Veenstra
International publication number: WO 2018/007586 A1 (11.01.2018).

Conference Presentations
1. D. Koushik, L. Hazendonk, V. Zardetto, V. Vandalon, W.M.M. Kessels, and M.
Creatore, “In situ growth studies of atomic layer deposited Al 2O3 on hybrid perovskite
materials”, 65th American Vacuum Society (AVS) International Symposium, Long
Beach, California, USA (2018).
2. D. Koushik, L. Hazendonk, V. Zardetto, W.M.M. Kessels, and M. Creatore, “In situ
growth studies of atomic layer deposited Al 2 O3 on perovskites for efficient solar cells”,
Physics@Veldhoven, The Netherlands (2018).
3. D. Koushik, Y. Kuang, W. Verhees, S. Veenstra, M. Verheijen, W.M.M. Kessels,
R.E.I. Schropp, and M. Creatore “High-efficiency perovskite solar cells with
humidity-stability beyond 60 days achieved via atomic layer deposition”, 17th
International Conference on Atomic Layer Deposition, Denver, USA (2017).
4. D. Koushik, Y. Kuang, W. Verhees, S. Veenstra, R.E.I. Schropp, W.M.M. Kessels,
and M. Creatore, “Atomic layer interface architecture for high efficiency humiditystable and hysteresis-less planar perovskite solar cells”, 3 rd International Conference
on Perovskite Solar Cells and Optoelectronics, Oxford, UK (2017).
5. D. Koushik, Y. Kuang, W. Verhees, S. Veenstra, R.E.I. Schropp, W.M.M. Kessels,
and M. Creatore, “ALD assisted interface engineering for high efficiency perovskite
solar cells”, 3rd Dutch Perovskite Workshop, Groningen, The Netherlands (2017).
6. D. Koushik, Y. Kuang, W. Verhees, S. Veenstra, M. Verheijen, W.M.M. Kessels, M.
Creatore and R.E.I. Schropp, “Atomic layer deposition enabled efficient perovskite
solar cells”, 5 th International Education Forum on Environment and Energy Science,
San Diego, USA (2016).
7. D. Koushik, W.M.M. Kessels, M. Creatore and R.E.I. Schropp, “Atomic layer
deposited transparent electrode for hybrid tandem solar cells”, 2 nd International
Conference on Perovskite Solar Cells and Optoelectronics, Genova, Italy (2016).
8. D. Koushik, Y. Kuang, M. Creatore and R.E.I. Schropp, “On the concept of hybrid
tandems: An emerging approach toward high efficiency solar cells”, 4th International
Education Forum on Environment and Energy Science, Hawaii, USA (2015).

534072-L-bw-Koushik
Processed on: 1-8-2019

PDF page: 281

276



534072-L-bw-Koushik
Processed on: 1-8-2019

PDF page: 282

Acknowledgements
It is now time to pen down the most important chapter (as said by my colleagues) and
also the most difficult chapter (as I now realize) of my PhD dissertation. June 2015 seems
like yesterday.......when I landed in Schiphol airport (while it was raining) after
experiencing a >24 hours journey from India. June 2015-May 2019, these 4 years of my
PhD passed in the blink of an eye. I would like to take the opportunity to thank everyone
whose contribution and support made my PhD dissertation see the light of the day.
Ruud, thank you for giving me the opportunity to come to the Netherlands and start
a PhD in the PMP group at TU/e.
My supervisor Adriana; words fall short in expressing my gratitude to you. Just
like hybrid perovskites, my PhD also became “unstable” soon after its start. Your
guidance, mentorship and constant motivation provided stability to my PhD and
brought it right on track. Thank you very much for giving me the opportunity to learn
and acquire experience on a plethora of experimental and characterization techniques
available in PMP, as well as outside (by means of several collaborations). This helped
me to achieve both fundamental and technical understanding of my PhD topic and
motivated me to cover both these aspects in my PhD thesis. In our meetings, your xray equipped eyes used to scan each and every data point in my graphs. Your critical
comments and the urge to go in-depth of the topic groomed me, as each day passed
by, into a skillful researcher. I thank you for our constructive discussions on writing
papers and how to prepare prize-winning presentations. I knew you expected the very
best out of me, and this was the driving force which kept me motivated over the last
4 years of my PhD. I also cherish our conference trips together, especially the ones to
ALD 2017 and AVS 2018. In addition to being a dedicated supervisor, you are also a
very caring person. Without your guidance and support, I would not have been the
same researcher and person (in general) as I am today. Thank you for everything!
Erwin, thank you for your comments on my presentations and papers
(specifically, pointing out the details) which helped me to deliver a strong message
and make the content even more solid and scientific. You are the most positive and
optimistic physics professor I have ever met. After our discussions, I always used to
leave your office with 100% motivation, confidence and most importantly, with a
smile. Your “QH[WOHYHO LGHD” of taking a transparent umbrella to the stage for my
James Harper talk exponentially increased my chances of winning the award. You

277

534072-L-bw-Koushik
Processed on: 1-8-2019

PDF page: 283

278
never said NO, even when I came to you for comments on papers and chapters just
couple of weeks before the deadline. Thank you very much for giving me the
opportunity to continue doing research in the PMP group with a postdoc position.
Marcel, your TEM images played a leading role in my PhD work. The “ALD
Al2O3 on perovskite” TEM image (which myself and even people from other groups
present at conferences) was acquired out of your immense patience of analyzing my
sample till 8 in the evening. I also very much appreciated your comments on my
papers.
Adrie, Harm, Ageeth, Daan, Richard and Fred, thank you for your constructive
feedback during my TuMo presentations and conference practice talks. I would like to
thank Sumit Agarwal (Colorado School of Mines) for our discussion on FTIR data
analysis. Thank you Gerrit for your motivation and support since the day one of my
PhD.
My PhD work is a result of collaboration with several research groups. I would like
to thank Stephan Eijt (TUD) for collaboration on the DB-PAS work, and for inputs and
discussions on our paper. Another significant collaboration was with the group of Steve
Albrecht (HZB), in which I got the opportunity to work on the implementation of ALD
NiO in both single-junction and tandem perovskite solar cells. Marko, it was nice
planning experiments, exchanging samples and writing down 2 papers with you. I would
like to thank all my collaborators from Solliance: Sjoerd, Ronn, Valerio, Dong,
Francesco, Mehrdad, Yulia, Wiljan and Herbert. My “ALD Al2O3 directly on
perovskite” work was the result of our collaboration. Our monthly ALD4perovskite
meetings were learning and discussion platform for me. I would like to thank the group
of Henk Bolink (UV) for the discussions on ALD NiO and SnO2 in perovskite solar cells,
and for the collaboration.
I would like to acknowledge my committee members; Albert Polman, Miro
Zeman, René Janssen, Thomas Riedl and Sjoerd Veenstra who kindly accepted to be
in my PhD committee and took time to read my dissertation in their very busy schedule.
PhD life is incomplete without colleagues and friends. Recalling my first
experimental day in the cleanroom, Yinghuan it was you who introduced me to OpAL.
Your enthusiasm, positivity and affection towards science amazed me. You are the most
hard-working person I have ever known.

534072-L-bw-Koushik
Processed on: 1-8-2019

PDF page: 284

279

Jimmy, thanks for introducing me to positron annihilation spectroscopy (I hope you
remember my reaction when I heard about this for the first time). Your inputs on data
analysis, on the figures and on the paper itself made my life much easier.
All bachelor and master students who directly/indirectly worked with me: Lotte,
Algirdas, Frideriki and Amber, thanks for your contribution to my PhD thesis.
I would like to thank Cristian, Caspar, Janneke, Jeroen, Joris and Martijn for
their help in the cleanroom and labtuin. Cristian and Caspar, thanks for always
responding to my queries even when you were on vacation. Caspar, thanks for the
amazing pizza parties! Beatriz, thanks for doing the FIB preparation of my TEM samples.
Christ, thanks for the UPS measurements and discussions on UPS data interpretation.
My thanks to Jeanne and Lianne from TU/e, and Maria from NWO for helping me
out with the paper works (especially filling forms) which always seemed so complicated
to me. Thanks Jeanne for keeping track of all the deadlines (starting from filling Form 1
to printing the PhD thesis) and reminding me from time to time.
I would like to thank all my present and past colleagues: Norah, Anna, Gerben,
Nick, René, Marc, Mark, Bart, Bas, Yizhi, Roy, Andrea, Janne, Ruoyu, Mahdi,
Bora, Leo, Jurgen, Chai, Sjoerd, Srinath, Reyhaneh, Sonali, Katya, Saravana,
David, Bart Klarenaar, Morteza, Akhil, Saurabh, Jeff, Fiona, Matt, Lachlan, Luca,
Ben, Alberto, Willem-Jan, Vincent, Farzad, Pim, Henriette, Akshatha, Kees and
Lourens for the wonderful times at the coffee corner, conferences, borrel and during
carnival.
Alfredo and Tahsin, our discussions on selectivity, etching and biasing gave me the
opportunity to learn things outside of my ALD4perovskite research. Maria, apart from
being a wonderful colleague, thanks for being my late evening office buddy when we
both were decoding XPS graphs. Karsten, thanks for introducing me to a “healthy salad
lunch” in the Gemini canteen. Martijn, ALD 2017 conference was fun with you. Thanks
for teaching me some “powerful Dutch words” which I can use here and there.
Claire (my perovskite sister), thanks for our discussions on ALD and perovskites,
and for convincing me that dreaming about XPS (the N1s) is absolutely normal. All our
holiday trips were amazing! Hiking, hunting restaurants (not to forget the cocktails),
cooking pasta together, going for shopping, etc. helped me to get a break from my PhD
life and get refreshed. Shashank, thanks for considering me as your “PMP best friend”. I
know I can always count on you! Adrie, Shashank, Claire and Valerio DP; thank you
for making me feel positive at times when I was about to panic. Thanks for listening to

534072-L-bw-Koushik
Processed on: 1-8-2019

PDF page: 285

280


my never-ending and full-drama stories with patience and no complaints. I know I can
talk a lot..... (but only with people I am close enough). Thanks for being there……… I
have learned so much from you guys; not only scientific but also solving real life issues.
Cooking and bringing lunch is next in my to-do list. And, as I always say, “Sometimes it’s
good not to have a bike in the Netherlands”.
I would like to thank my parents (Maa and Dita) and my younger brother Shivdhan
(Shibu) for their endless and selfless love. I would like to thank my grandparents (Koka
and Aita) for their care and affection. I now realize that it’s been 9 years since I left home.
Dita, you have been my biggest support over the years. You have always encouraged me
to pursue whatever I have wished for (first, going out of the city for higher studies and
after that going abroad for a PhD). Maa, you have been my biggest source of inspiration.
Since childhood, seeing you perfectly balance your professional and family life taught
me how to make time for my closed ones no matter how busy I am. Dita and Maa, I am
happy that I also have your support in whatever next I would like to do after my PhD.
Shibu, you are the one whom I can call anytime to share “how I am feeling” (and viceversa). I am lucky to have you in my life.

Dibyashree Koushik
Eindhoven, July 2019






534072-L-bw-Koushik
Processed on: 1-8-2019

PDF page: 286

Curriculum Vitae
11 October 1991

Born in Guwahati, Assam, India.

2010-2015

Integrated M.Tech in Nanotechnology (distinction holder)
Central University of Jharkhand, Ranchi, India.
Three months research internship in the group Femtosecond
Spectroscopy, Okinawa Institute of Science and Technology,
Japan.
Master thesis project in the group Light And Matter Physics,
Raman Research Institute, Bangalore, India.

2015-2019

PhD student in the group Plasma and Materials Processing,
Department of Applied Physics, Eindhoven University of
Technology, The Netherlands.
James M.E. Harper Memorial Award winner for best student
oral presentation in the field of thin films, 65th American
Vacuum Society International Symposium, Long Beach,
California, USA.
ALD Best Student Paper Award finalist at the 17 th
International Conference on Atomic Layer Deposition,
Denver, USA.
Young Researcher Award winner for best oral presentation at
the 5th International Education Forum on Environment and
Energy Science, San Diego, USA.

281

534072-L-bw-Koushik
Processed on: 1-8-2019

PDF page: 287

282



534072-L-bw-Koushik
Processed on: 1-8-2019

PDF page: 288

