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Role of Interfaces and Contact Formation for the
Application of Lead-Free Perovskite Materials in

Photovoltaic Cells

Jonas Horn and Derck Schlettwein*

Perovskite solar cells (PSCs) represent a promising approach toward a climate-
neutral energy supply. Great progress has been made to reach attractive effi-

ciencies of photovoltaic cells at rather low energy input. However, the toxicity of
today ‘s most efficient materials combined with their chemical instability even

when assembled to devices poses unsolved problems. Alternative materials have
been developed but up to now cannot compete in efficiency. In many instances,
such lack of efficiency is caused by problems in contact formation. Aside from
reports in cell architecture, a number of studies have focused on the specific

investigation of contact phenomena, also in lateral geometry. Chemical reactivity
at interfaces and migration of ions in contacts and within the perovskite materials
lead to significant hysteresis in electron conduction and photovoltaic properties.
Herein, recent results on such investigations for lead-free perovskite materials
are reviewed. The main findings of contact formation with these materials are
summarized and the specific impact of different methods of analysis is discussed.
By these means, the hope is to provide a good starting ground for groups with

has led to a large global investment in solar
energy of 1.3 trillion dollars,” yielding its
prominent position in covering future elec-
trical energy demand.’! The estimated
global technical potential, taking into
account already established solar energy
technologies, exceeds the global demand
for primary energy by a factor of 3-100."
To compete with nonrenewable sources
of energy, further cost reduction and
improvement of energy conversion are of
great relevance. Third-generation photovol-
taics are widely regarded as a potential
candidate to achieve such further improve-
ments.[*! The power efficiency of lab-scale
perovskite solar cells (PSCs), as one
member of third-generation photovoltaics,
showed a remarkable increase from 3.8%"’

new approaches to materials chemistry or device architecture as well as to groups

with new approaches to device analysis.

1. Introduction

To address the increasing global demand for electrical energy,
the search for sustainable and renewable energy technologies
is one of the biggest challenges to minimize the global impact
on the climate. Because the incident solar irradiation on our
planet surpasses the global need for energy by far,”! using this
available energy appears to be one of the most feasible solutions.
This fact, in combination with a strong reduction of cost for pho-
tovoltaic power generation of around 80% during the last decade,
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to over 25%° within around 10 years,
making them the most promising
candidates amongst these  not-yet-
established photovoltaic technologies to
revolutionize the market. The mixed
organic—metal-halide perovskite with the formula ABXj;, where
A stands for an organic (or inorganic) cation, B represents a
metal cation, usually Pb(I) or Sn(II), and X a halide anion
(Cl, T", Br), acts as an absorber layer in such PSCs and is,
therefore, responsible for many of the advantageous properties
of these devices. Along with the high cell efficiencies reached,
the rather low energy input in cell preparation'”! leads to attrac-
tively low energy payback times®®! and expected harvesting fac-
tors,”] fundamental prerequisites for a sustainable large-volume
energy technology. Further, the rather low active mass of the
semiconductor layers needed in the cells and acceptable availabil-
ity of the elements in the earth’s crust needed to construct the
cells" lead to great promise held in PSCs as a sustainable
energy technology.

However, apart from the long term stability of lead-based
PSCs, which is far from reaching a competitive level,'"! and
the need to upscale preparation processes!'? (e.g., by the use
of roll-to-roll-processes!™)), the containment of eco-toxic lead is
regarded as a major obstacle on the way of PSCs toward our roof-
tops or solar parks.'*'”! One way to circumvent the latter is to
replace Pb(II) by other group(IV) metals such as Sn(Il), yielding a
rather similar material with widely comparable optoelectronic
properties!’®'?! (e.g., charge carrier lifetimes, excitonic binding
energies, absorption coefficients, bandgap energy), however at
the cost of further reduction of ambient stability due to facile
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oxidation of Sn*" to Sn*", acting as a strong p-type dopant with
consequently increased carrier density®® and nonradiative
recombination rates, which negatively affects the solar cell per-
formance.*!* Sn(I1) performs especially well when combined
with the organic cation formamidinium (CH(NH,),*, FA) and
iodide and, like the Pb(II) analogue, shows tunable properties
by exchanging the halide or the organic part.'%!%%]
Optimization in composition of the absorber layer, preparation
methods, and interfacial engineering enabled researchers to
push the PCE above 14%,?°?%] which is the highest value for
a lead-free PSC, however far from competing with the records
reached for lead-based devices. Another intensely researched
group of materials from this perspective is the so-called double
perovskites A,B’B’’Xgs, where the divalent Pb(II) ion (B) is
replaced by one monovalent (B’) and one trivalent (B'’) ion,
e.g., Ag(I) and Bi(III), in structures of alternating metal centers.
When combined with Cs* (A) and Br~ (X), the fully inorganic
perovskite Cs,AgBiBry is obtained.”*?% Unlike Pb(Il) or
Sn(I) perovskites, Cs,AgBiBr is remarkably stable even under
ambient conditions; however, it has only limited potential as an
absorber layer due to its indirect bandgap and, therefore, low
absorption coefficient within the solar spectrum.*'3?

Heterointerfaces of any given perovskite absorber to adjacent
semiconducting or metallic contact materials are of great
relevance,?*** as it generally is the case in thin-film devices,
e.g., organic solar cells or organic light emitting diodes.
Heterointerfaces by definition represent an interruption of the
crystal lattice, as opposed to n- and p-doped regions of a given
material in classical homojunctions, and therefore, represent a
dominating recombination site in such thin film devices.*
These interfaces are needed, however, for selective carrier
extraction, to minimize interfacial recombination losses, and
to establish a built-in electric field, necessary at least in the
charge-selective layers® to facilitate separation and transport
of photogenerated carriers toward the external circuit.** It is fur-
ther known that ions (mostly halide anions®") can move rather
freely within perovskite lattices due to their chemically “soft-
ness,” yielding accumulation of mobile species at the aforemen-
tioned interfaces following illumination or external bias
application.?®3”) The vast majority of such reports and
excellent review articles are focused on contacts to lead perov-
skites. As an extension, this review is focused on the discussion
of interfaces to lead-free perovskites, their influence on device
performance, and their deliberate manipulation to improve
layer and device properties. Some joint properties but also some
differences to lead-based perovskites are elaborated/discussed/
focused upon.

2. Experimental Methods to Study Characteristics
of Contacts and Interfaces

The dependence of the observed current density on the applied
voltage (j—V characteristics) serves as one of the most relevant
tools to analyze the quality of a given photovoltaic cell by reveal-
ing characteristic parameters such as the open-circuit photovolt-
age Vo, the short-circuit photocurrent density jsc, the position
of the maximum power point, and the fill factor FF. Further,
these measurements provide first direct access to contact
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characteristics in analyzing, e.g., the series resistance Rgc and
shunt resistance Ry, and indicating the extent of recombination.
Already in the early stages of the development of PSCs it was
reported that the general shape of the j—V characteristics of
PSCs is influenced by the scan rate, scan direction, and pretreat-
ment of the cell®® or the perovskite layer.***”) Despite numer-
ous studies, a consensus about the explanation of such hysteresis
is not yet reached. Various approaches are evaluated, involving
migration of mobile ions within the perovskite films, ferroelec-
tric behavior (formation of domains with alternating polariza-
tion, which is strongly debated in the literature®®**) of the
perovskite, or trapping and detrapping of charge carriers within
the perovskite. The current knowledge on hysteresis phenomena
is summarized in extended reviews;**"*”! however, these are
mostly focused on lead-based perovskites. A comprehensive dis-
cussion of hysteresis in lead-free PSCs, e.g., based on tin or silver
and bismuth, is still missing. Therefore, we summarize the cur-
rent literature status regarding hysteresis in devices of these
promising lead-free materials and, further, focus on their inter-
faces because these are prominent contributors to the observed
hysteresis phenomena. Apart from the observation of j-V char-
acteristics in solar cell geometries or in lateral devices,?”*®)
impedance spectroscopy serves as an important tool to investi-
gate effects taking place on various timescales,?®* as it is
the case for electric polarization and the migration of ions, both
of which are suspected to influence hysteresis characteristics.
The standard (and most simple) equivalent circuit used to
describe impedance spectra in PSCs consists of a resistor
(Rs, related to cell series resistance), in series with an RC
element consisting of the geometric capacitance (Cg) and the
high-frequency resistance (Ryp, related to recombination), and
a low-frequency RC element.” The latter is usually related to
the processes at the interface, e.g., to moving ions modifying
the interfacial capacitance because their mobility is low com-
pared to the electronic mobility in PSCs. For the description
of more complex spectra, e.g., involving a negative capacitance,
equivalent circuits including an inductive element, which is
related to surface charging following external bias application
due to moving ions, are necessary for a correct interpretation
of the results.”" Interfacial charging can be monitored indepen-
dently by optical spectroscopy if, e.g., subtle changes in transmis-
sion can be monitored under a changing bias voltage across an
interface, speaking in favor of partial reduction or oxidation of
the materials in the interface.®” To gain a mechanistic under-
standing of these phenomena, surface-sensitive methods to
obtain band energies, work function, and the surface potential
are of great relevance. Results of photoelectron spectroscopy
(PES) and Kelvin probe force microscopy (KPFM) as discussed
in this review are contributing substantially in this respect.
The former was intensively applied to lead-based perovskites,
resulting in very valuable information about the chemical com-
position and variation,*** valence and conduction band ener-
gies, as well as the work function of the perovskite,”* which can
then be related to energy levels of possible contact materials®® to
study the energy-level alignment”) KPFM measures the
surface potential and, by additional referencing, the work func-
tion with nanometer resolution®®® and, therefore, yields an alter-
native access to the energy-level alignment and the interface of
perovskites, even at high local resolution, both laterally and
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vertically. KPFM was extensively used, e.g., to map compositional
variations within perovskite grains®” and to measure the
potential drop inside a PSCI®®®Y and the formation of
interfacial charges and mobility of ions within the perovskite
layer,!®>%3] as also reviewed recently.®* Most of these measure-
ments concentrated on lead-based materials, whereas results on
lead-free perovskites and their interfaces are discussed in the
following.

3. Results and Discussion of Hysteresis and
Contact Characteristics

3.1. Studies on Tin-Based Perovskites

3.1.1. Origins of Hysteresis

Similar to lead-based perovskites, hysteresis effects have been
observed in tin-based systems, which could be expected due to
the very similar crystal structures coming along with similar
defect formation energies as well as similar trap states,®> which
can be populated and depopulated. Iwamoto and co-workers
described current-voltage hysteresis for illuminated methylam-
monium tin iodide (MASnI3) layers sandwiched between indium
tin oxide (ITO) and aluminum. During the scan in the positive
direction, they observed an increase in current for the scan back
to 0 V. In contrast, when sweeping the bias in the negative direc-
tion, a decreased current was found for the bias sweep back to 0 V
(Figure 1a). The observations are explained by trap states (tin
vacancies), which are populated for the scan in the positive direc-
tion (smaller current, Figure 1c), which in turn leads to an
increased current during the scanning back to 0V, as these trap
states are already populated (Figure 1d). When the bias is swept
in the negative direction below 0V, the filled traps are depopu-
lated (Figure 1d) and subsequently filled for the scan backto 0V,
yielding a decreased current compared to the scan from 0 to —4 V
(Figure 1c).1®! We note that these observations were made for
devices with a rather small electrode distance of 160 nm, result-
ing in strong electric fields upon application of 4V bias and
breakdown of the device for higher voltages. The capacitance,

www.pss-rapid.com

obtained by impedance spectroscopy, showed a sharp increase
at around 3V when the traps were getting populated. This
increased capacitance stayed widely constant during reverse
scanning; additional injected carriers contributed to the observed
current rather than being trapped to increase the capacity.
Application of a sufficiently negative bias yields detrapping of
carriers and subsequent reduction of the capacity (Figure 1b).
Similar studies in the same group were conducted on PSCs of
MASnI; contacted by Cgo and poly(3,4-ethylenedioxythio-
phene)-poly(styrenesulfonate) (PEDOT:PSS) and investigated
via impedance, -V scans, and optical transmission spectros-
copy.’? Varying capacity and hysteresis upon bias sweeping
in the cell were confirmed and explained by reversible electron
trapping in the interface with Ceo.

For FASnlI; films deposited on symmetric interdigitated gold
electrodes (electrode distance 40 pm), we observed symmetric
Jj—Vhysteresis upon bias sweeping with increased current density
upon each reversal of scan direction (Figure 2a), which is com-
parable to the findings of Iwamoto in the positive scan direction,
only.””) Prolonged application of positive bias resulted in
increased j during poling (Figure 2b) and persistently increased
j following scan reversal toward decreasing positive potentials
(Figure 2c¢). Strongly decreased current density (and hysteresis)
was found for subsequent negative bias but preserved hysteresis
behavior for repeated positive bias (Figure 2c). In summary,
strongly rectifying characteristics were observed following such
poling for the originally symmetric device. Due to the symmetric
characteristics without poling (Figure 2a) and the asymmetric
characteristics subsequent to such poling (Figure 2c), we attrib-
uted our findings to modification of charge injection at the
gold—perovskite interfaces due to migration of mobile ions
yielding a decreased charge transfer resistance at the interface
in the direction of poling. Two different timescales were
observed for the increase in current density: a fast component
observed within a given scan (<1s) and a slow component
(>20s) indicated by an increase of j during polarization
(Figure 2b). We attributed these observations to slow (most likely
tin vacancies) and faster moving ions (iodide vacancies) within
the perovskite film.[*”!

] (C) Trap unfilled (OV — +3.6V, 2V — -4V - 0v)  (d) Trap filled (+3.6V — +4V — -2V)
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Figure 1. a) I-V scans of MASnl; between ITO and Al, showing pronounced hysteresis, depending on the scan direction. b) C-V characteristics obtained

by impedance spectroscopy. c,d) Schematics of trapping and detrapping
permission.[*® Copyright 2018, AIP Publishing.
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under illumination and during bias application. a—d) Reproduced with
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Figure 2. a) Comparison of =V characteristics of FASnl; and PEAg osFA¢ 9,Snl;3 layers, which are obtained by a symmetrical lateral electrode structure and
contacted with gold electrodes. b) Current density during application of a positive bias of 1V. c) j-V characteristics after such prolonged polarization.
a—c) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/

4.0)1%71 2019, The Authors, published by American Institute of Physics.

3.1.2. Decrease of Hysteresis by 2D Perovskite Interlayers and /or
Improved Crystallinity

The structure of lead- as well as tin-based perovskite thin films can
be modified by partial substitution of the organic cation (MA™,
FA*) by larger cations to induce the (partial) growth of 2D
Ruddlson Popper perovskite phases, forming mixed 2D/3D perov-
skite structures.®*®% Apart from yielding improved stability,””
this mixing can improve the homogeneity of the (3D) perovskite
and stabilize the interface to the underlying substrate.®®! We used
this approach to specifically modify the interface of the perovskite
with the electrode substrate by mixing FASnI; with the larger
organic cation phenylethylammonium (PEA), leading to a drasti-
cally reduced j, which indicates a lower bulk defect density result-
ing from improved film growth, as shown previously for tin-"")
and lead-based perovskites.”*”? Further, the hysteresis was widely
suppressed, accompanied by an almost linear j~V relation (Ohmic
behavior), indicating effective passivation of the interface between
the electrode and perovskite by the 2D interlayer (red lines in
Figure 2a). As shown by the red lines in Figure 2b, a smaller
increase of j was found upon poling and the persistent hysteresis
(Figure 2c) was much smaller as well following partial replace-
ment of FA by PEA in FASnl;.

Suppression of hysteresis upon interfacial modification was
also reported when mixing phenylethylammonium bromide with
formamidinium iodide in the preparation of tin-based absorber
layers in solar cell geometry.”*! The almost identical j—V charac-
teristics for forward and reverse scan and, technically perhaps
even more important, significant improvement of the PCE
(Figure 3a), as opposed to pronounced hysteresis observed for
purely 3D Sn-based perovskite absorbers (Figure 1la,
Figure 3a) were explained by the improved crystallization yield-
ing a decreased density of trap states at the interface. The density
of trap states was calculated from Vg measured in hole-only
devices (Figure 3b), which confirmed the beneficial effect on
the interface of PEA introduction. Similarly, the complete
absence of hysteresis in tin-based cells was reported by Loi
and co-workers by replacing 8% of formamidinium iodide
(FAI) by phenethylammonium iodide (PEAI)."! Such interfacial
modifications using large organic cations are currently one of the
most promising ways to improve the stability as well as PCE of
tin-based PSCs, and an overview focusing on the detailed effects
can be found elsewhere.”!

A different form of hysteresis was observed in FASnI;-based
PSCs by Yu et al., resulting in a decrease of V,. under reverse
bias sweeping when compared to forward sweeping

(a) 4 (b) (C) —=— forward scan (MAozsFAc7:9nlz 7:Br02s)

0 o @ W/OLDP reverse scan (MAo2sFAo 7sSnlz.7sBro2s)

10 With LDP 25 —a— forward scan (FASnI3)
. —>— Forward Scan (W/O LDP) . ! - — reverse scan (FASnIs)
NE -5 —«&— Reverse Scan (W/O LDP) “E " E
S Forward Scan (With LDP) s 10 Q2
< i < E
E 10 Reverse Scan (With LDP) J é N - :
> 3 =10 _ 215
. s = Joc V" Vip =0.26V g
c - c
g g 10° Q1o
5 20 5 §
g ) g 10* £,
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2547 , . 10°} 2 : et 3 REPRPR i [
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Figure 3. a) j—V scans of PSCs with and without a low-dimensional perovskite (LDP) interlayer. Whereas cells without the interlayer show pronounced
hysteresis, PSCs with LDP are widely free from hysteresis and show improved PCE. b) j-V scans of a hole-only device, showing reduced trap density for
LDP layers indicated by reduced Vr¢. c) j-V scans of PSCs using FASnl; and MAg 25FAq 75Snl5.75Brg 25, with the former showing sincere hysteresis. a,b)
Reproduced with permission.l”?! Copyright 2018, Elsevier Inc. c) Reproduced with permission.”*l Copyright 2020, Wiley-VCH.
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(Figure 3c),”* in contrast to the reduced fill factor observed ear-
lier (Figure 3a).”* This hysteresis could be widely suppressed by
changing the stoichiometry of the perovskite material by partial
substitution of FAI by MABr in the perovskite precursor solu-
tion. This yields a mixed MA,,5FAq 5Snl, 75Brg »5 perovskite
absorber with a slightly increased bandgap but a substantially
increased V,. whereas the j, remains almost constant."#
Similar to previous interpretations, the reduced hysteresis
(and improved PCE) was mainly attributed to improved film crys-
tallinity, coming along with decreased defect and trap densities,
as shown by the j-V characteristics of hole-only-devices.
Decreased defect and trap densities both can reduce hysteresis:
the former as it prohibits ion migration because defects are
needed for this process and the latter as populating and depop-
ulating of trap states within the bulk or at the interface can lead to
j—V hysteresis (Figure 1).

3.1.3. Analysis of Contact Formation

Another perspective on the interface of a given perovskite with a
contact material of interest can be obtained by observing changes
of the work function upon deposition of the electron- or hole-
transporting layer. Such measurements have been performed
for FASnI; in contact with the electron conductor Cgy because
this is the commonly used electron-transport material (ETM)
in tin-based PSCs, by either KPFM”*! or PES.!

Aside from an analysis of the work function of a given mate-
rial, KPFM as a probe of high local resolution allows us to link
results of spatial inhomogeneities of the work function with the
topography of films and interfaces. This way we were able to
resolve the inhomogeneous growth of Cg, for small deposition
rates on FASnl;, yielding large agglomerates of Cgo grains
and poor surface coverage. This resulted in contributions of dif-
ferent species to the sample work function (Figure 4a), namely,
of a monolayer of Cy covering the perovskite (dashed fit line cen-
tered at 4.25eV, assignment confirmed by the green line
obtained for 1nm of Cyy on FASnl;) and agglomerates at the
grain boundaries of the perovskite (dashed red line centered
at 4.37 eV).l”” In contrast, good coverage was achieved for suffi-
ciently large deposition rates, yielding only one Gaussian contri-
bution in the work function histogram (blue line in Figure 4a,
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sequence of film thicknesses in Figure 4b). By the stepwise depo-
sition and intermittent KPFM measurements, establishment of
an extended space charge layer (>90 nm) and upward bending of
the conduction band (lowest unoccupied molecular orbital
(LUMO) level) in Cgo were observed by a steadily increasing work
function upon further deposition (Figure 4c). The band bending
deviated from the expected Mott-Schottky characteristics
and was interpreted as resulting from a modification by interfa-
cial reactions, most likely of iodide ions migrating into the
electron-transport layer.

By the use of PES, Boehm et al. directly showed such migra-
tion of I" into Cgo upon deposition on FASnl;, as the correspond-
ing X-ray photoelectron spectroscopy (XPS) signals were
observed for a thickness up to 25 nm (Figure 5), whereas other
characteristic perovskite signals (e.g., Sn) vanished upon contin-
ued deposition of Cgo. They further showed that I (618.75 eV) is
converted to I, and I3~ (619.75 eV), yielding n doping of Ce at
the interface to FASnl; (Figure 5¢) in good agreement with the
KPFM results discussed earlier (Figure 4c). Apart from doping
the Cgp layer, such migration of I further led to an estimated I™
deficiency of 75% within the top first 5 nm of the FASnI; film
assuming a nonuniform distribution.”” Correspondingly, the
valence band of FASnI; was found bent up toward the interface
with Cgo upon deposition of the latter. The observed band bending
would assist in suppressing interfacial recombination. In an
approach to actively modify this interface by providing stabilizing
ligands for the Sn ions of the surface, FASnlI; was treated with the
vapor of 2H,2H,3H,3 H-perfluorononanoic acid (FCNA) prior to
the deposition of Cg, yielding slightly increased PCEs in inverted
geometry, however without suppressing iodide migration. These
independent findings of highly mobile iodide species within
FASnI; migrating even without application of any external bias
strongly indicate that such migration phenomena represent the
origin of or at least contribute to the hysteresis described earlier.

Because the interfaces of the absorber layer toward the adja-
cent ETM and hole-transport material (HTM) represent poten-
tially limiting factors for device performance and because ion
migration, dipole formation, and, in general, chemical reactivity
have been identified as relevant, a lot of effort was put into opti-
mizing contact formation by the use of alternative ETMs and
HTMs or modification of the commonly used materials. Jiang
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Figure 4. a) Histograms of the work function ® for 35 nm of Cg deposited with different rates on FASnl; (red and blue). For the small deposition rate,
two components can be observed, one of which is attributed to a monolayer of Cgq (green line), whereas the other corresponds to agglomerates of Cgp.
b) Histograms of the work function obtained for increasing thickness of Cgo (0-20 nm, indicated by the arrow) deposited on FASnls. c) ® as a function of
Ceo deposited on FASnls and on graphite (orange line). a—c) Reproduced with permission.l”?! Copyright 2020, Springer Nature.
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Figure 5. a) XPS iodide signal for different Cg film thicknesses during deposition on FASnl;, confirming the presence of iodide in Cgo stemming from
underlying FASnl;. b) Schematics of the sample under investigation and the iodide migration into Cg. ¢) Energy-level alignment of the interface as
concluded from a combined ultraviolet photoelectron spectroscopy (UPS) and XPS study. a—c) Reproduced with permission.’®! Copyright 2019,

American Chemical Society.

et al. identified the solution-processable Cg, derivative [6,6]-phyl-
Ce1-butyric acid methyl ester (PCBM) as one reason for the rather
low Vg in tin-based PSCs and introduced an indene-Cg bisad-
duct (ICBA) as a valuable alternative (Figure 6). The impressively
increased V. of 0.94 V was measured (Figure 6b), which is not
only the highest reported so far for tin-based PSCs but it also
boosted the PCE to 12.4%, representing a new record for
lead-free PSCs at that time.””! This was explained by the higher
LUMO level of ICBA compared to PCBM (Figure 6a), decreasing
the energy offset between the perovskite and ETM. This energy
difference was confirmed by KPFM measurements across the
phase boundary between the perovskite and ETM to obtain the
surface potential of both layers, yielding a difference of 20 mV
for ICBA in contrast to 100 mV for PCBM (Figure 6¢). In addition,
the aforementioned iodide migration into the ETM and the con-
sequently increased charge carrier concentration at the interface
due to ETM doping by iodide is expected to be less severe for
ICBA due to the higher LUMO energy, which suppresses electron
injection from the migrated iodide. Such decreased charge density

at the interface obviously led to a suppression of interfacial recom-
bination (Figure 6¢), which was, further, confirmed by the strongly
increased electroluminescence for the perovskite in contact with
ICBA compared with the contact to PCBM.”!

A similar approach was followed by Ran et al., however focus-
ing on an increase of the work function of the commonly used
HTM PEDOT:PSS and, therefore, improved energy-level align-
ment with FASnls. It was shown that the thermal deposition
of 5nm of LiF before spin coating of PEDOT:PSS increased
the work function of the latter by 70 meV (measured by PES)
and consequently increased the Voc of the PSC by 90 mV.”®!
The increase of the work function was assigned as caused by
a presumably different molecular arrangement of the polymer
following the different wettability induced by the thin LiF layer.

Modification of the perovskite interface can also be achieved
by surface passivation following perovskite deposition before
deposition of the contact phase, as successfully proven by
Hayase and co-workers.””! They applied a solution containing
the Lewis base ethane-1,2-diamine (EDA) directly after solution
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Figure 6. a) Band schematics at the ETM—FASnl; interface highlighting a decreased nonradiative recombination probability for an optimized energy
alignment. b) j-V characteristics of PSCs using ICBA and PCBM, with the former showing suppressed j-V hysteresis and increased Voc and PCE.
¢) Surface potential resulting from KPFM obtained across the boundary of PCBM (top) and ICBA (bottom) deposited on FASnl; showing the decreased
energy offset between the ETM and perovskite by the use of ICBA. a—c) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0
International license (https://creativecommons.org/licenses/by/4.0).””1 2020, The Authors, published by Springer Nature.
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processing of the mixed 2D/3D tin-based perovskite
FAp.08EDAg ¢,Snl3 and prior to vapor deposition of Cgp, resulting
in a passivation of surface defects and removal of unreacted Snl,.
An increased Voc could be reached, most likely caused by an
attenuated recombination via trap states, however at the expense
of a reduced jsc presumably caused by an increased series resis-
tance, due to the insulating character of the surface passivating
EDA. This assignment was confirmed by a prolonged electron
recombination lifetime and even increased charge collection
efficiency for the surface-passivated perovskite layers, as
measured by intensity-modulated photocurrent and photovoltage
spectroscopy (IMPS and IMVS). To gain deeper insight into the
interface modification, the elemental composition at the inter-
face was studied by XPS, expecting a smaller fraction of Sn*"
to Sn** for the EDA-treated film, as undesired doping by
Sn** had been regarded as a major reason for the generally
low Vo of tin-based PSCs due to increased nonradiative recom-
bination. Surprisingly, the ratio was very similar in both cases,
with, however, binding energies of Sn*' significantly shifted
toward higher binding energies in the EDA-passivated layer,
indicating a reaction of EDA with Sn**, obviously suppressing
its detrimental influence on PSC properties. An additional find-
ing was a significant deficiency of I” in relation to Sn at the sur-
face (1:1.09 and 1:19, for the reference and passivated film,
respectively), which could explain the generally low Vo for
Sn-based PSCs because iodide vacancies are expected to strongly
enhance nonradiative recombination. The lowered deficiency fol-
lowing surface passivation provided an additional explanation of
the increased PCE and electron lifetime before recombination.””)

As indicated by these dedicated studies of contact formation
with tin-based hybrid perovskites, their interfaces are on one hand,
prone to degradation and oxidation and thus responsible for lim-
ited device stability and on the other hand very decisive for device
function and efficiency. Optimization of the contact materials and
the energy-level alignment with the perovskite led and further
leads to significant improvement of the device (mainly the Voc
and FF). Ionic migration, mainly of I", can generally occur, even
without any external bias applied, but is significantly enhanced for
applied bias voltages. This migration modifies the interface in var-
ious ways: it leads to a deficiency of iodide at the surface reaching
into the bulk of the perovskite layer and to a doping effect of the
iodide-accepting layer, e.g., Cgo. Both of these consequences are
responsible for an increased recombination rate within the perov-
skite and across the interface. As already touched on in the afore-
mentioned surface studies, a number of strategies have evolved to
cope with this problem, reaching from the extended use of
mixed 2D/3D structures,””2788% to substitution of TiO, in
“regular,” noninverted cell architectures by a less reactive oxide,
e.g., Nb,Os, and beyond, as separately reviewed recently.*”

3.2. Studies on the Double Perovskite Cs,AgBiBrg

The double perovskite Cs,AgBiBr; is currently being investigated
intensively as a possible absorber material in thin-film devices
despite its rather low absorption in the visible spectral range
caused by an indirect-bandgap transition,®#? which results
from a mismatch between Ag d and Bi s orbitals®” and its rather
high exciton binding energies.®*** The large interest in this
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material can be explained by improved stability under ambient
conditions® and reduced toxicity when compared to lead-based
perovskites®! as well as by the impressively long charge carrier
lifetimes in Cs,AgBiBrs single crystals and thin films.®%%”)
Nevertheless, the highest reported PCE of PCSs based on double
perovskites as absorbers is as low as 3.1%,¥ and even this is
only achieved by combining the double perovskite with a dye sen-
sitizer as an additional absorber, adsorbed on the mesoporous
TiO,, mainly serving as an ETM. Using Cs,AgBiBr; as a single
absorber, a lower record efficiency of just 2.81% was reported,®”)
which is far below that of lead-based PSCs, but also below effi-
ciencies reported for tin-based PSCs. So it remains doubtful
whether absorber layers based on double perovskites can provide
a vital alternative to established perovskite absorber layers in
PSCs. However, because double perovskite layers still represent
arelevant subgroup of less toxic perovskite materials, they can be
synthesized under less demanding conditions and may become
useful in other possible application, such as photodetectors and
light emitting diodes.**#>°°2 The following paragraphs are
dedicated to studies of interfacing Cs,AgBiBr¢ with optional con-
tact materials in heterojunctions.

3.2.1. Hysteresis in Cs,AgBiBrs PSCs

Already in the first reports of Cs,AgBiBrg PSCs, j-V hysteresis was
reported (Figure 7a) and attributed to trapping and detrapping of
electrons or holes in defect states and to consequences of ionic
migration, reasonably argued for based on a similar crystal structure
as the lead-based materials, without, however, specific proof for
such a hypothesis.*® Several subsequent studies, however, showed
that PSCs based on Cs,AgBiBr, can also be prepared in a way lead-
ing to cells that show considerably less hysteresis.®*?*¢

Yang and co-workers reported that the preparation conditions
(e.g., vapor-deposited vs solution-processed) strongly influence
the degree of j—V hysteresis. They attributed this observation
to the slightly different stoichiometries in the films depending
on the preparation conditions, yielding a more efficient charge
extraction at the interfaces for solution-processed films.* A sim-
ilar shape of hysteresis for fully vapor-deposited double perov-
skite films was reported by Wang et al. and attributed to
nonideal charge extraction at the contacts.l”! Longo et al. inves-
tigated PSCs using PVD-deposited Cs,AgBiBrs with varying
thicknesses and also found j—V characteristics that strongly
depended on the scan direction—without finding a clear corre-
lation on the absorber thickness. In contrast to previous reports,
they found the Vo to be strongly affected by the hysteresis in a
similar way to that found earlier for mixed MA/FA tin-based
PSCs (Figure 3c) rather than the FF, as usually reported. This
finding pointed toward a different origin of the hysteresis in
Voc depending on the scan direction as opposed to that in
the FF. As a rather low electron-diffusion length was reported
as the limiting factor in these PSCs as opposed to a considerably
larger hole-diffusion length,®® one could argue that an unbal-
anced charge transport within the absorber layer depending
on scan direction might lead to unsymmetric charge accumula-
tion and, therefore, differences in Voc. Pantaler et al. reported
that the degree of hysteresis in PSCs with double perovskites
strongly depended on the choice of HTM. Whereas the
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Figure 7. a) j-V characteristics of a PSC based on spin-coated Cs,AgBiBrg showing large discrepancy between forward and backward scan. b) j-V curves
(forward scan: solid lines, reverse scan: dashed lines) of vapor-deposited Cs,AgBibrg-based PSCs with varying absorber layer thickness. c) I-V loops of
PSCs based on solution-grown Cs,AgBiBr, with different scan rates starting at 1.1V after application of 1.1V for 10's. a) Reproduced with permission.*!
Copyright 2017, Royal Society of Chemistry. b) Reproduced with permission.®® Copyright 2020, American Chemical Society. c) Reproduced with per-

mission.”®! Copyright 2021, Wiley-VCH.

commonly used 2,2',7,7'-tetrakis[N,N-di(4-methoxyphenyl)
amino]-9,9’-spirobifluorene (spiro-OMeTAD) led to j—V hystere-
sis in cell characteristics, poly-[bis-(4-phenyl)-(2,4,6-trimethyl-
phenyl)-amin] (PTAA) did not. An identification of the
mechanistic reason for the improvement has not been provided
yet.’® Such a difference between these HTMs indicates the rele-
vance of interfaces for the mechanism behind the hysteresis in
PSCs depending on scan direction. The interface to the ETM also
showed an influence on the observed hysteresis, which could be
reduced by increased film quality of the deposited double perov-
skite leading to a reduced electron trap density in the absorber
layer when the latter is prepared on appropriately doped TiO,.*!

A systematic study by Tress and co-workers aimed at the ori-
gin of the generally measured j—V hysteresis and reasons for the
low efficiencies typically observed in PSCs based on double per-
ovskites. They systematically studied cell characteristics under
variation of cell architecture, scan rate, and scan direction.”!
P3HT or spiro-OMeTAD were used as HTM, and planar or mes-
oporous (mp) TiO, was used as ETM. The choice of HTM and
ETM was identified as the main factor that influenced the hys-
teresis. Cells with P3HT as HTM and mp-TiO, as ETM showed
almost no hysteresis even for high scan rates, in contrast to
strongly the increased hysteresis for PSCs using spiro-
OMeTAD as the HTM, irrespective of the ETM used, confirming
the results of Pantaler et al., obtained by comparing PTAA with
spiro-OMeTAD. Further, the hysteresis was strongly influenced
by the scan rate, with higher rates leading to an increased differ-
ence between reverse and forward scan, whereas lower rates
(0.1V s71) showed negligible hysteresis. Therefore, they strongly
recommended to report scan properties along with PSC data and
argued in favor of a standard characterization protocol, as estab-
lished for lead-based PSCs.[*”%1%2] In addition, j-V scans after
prebiasing at Vo for 10 s were performed and resulted in strongly
increased jsc for high scan rates (Figure 7c). By combining their
findings about the choice of the contact material, scan rate, and
pre-biasing dependence, they concluded that the migration of ions
in Cs,AgBiBr is influenced by the external bias, which yields a
modification of the built-in potential in the absorber. lons are
expected to move rather slowly and, therefore, their concentration
could not equilibrate upon rapid changes of bias voltage as
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occurring in fast scans and were held responsible for the large
impact of the scan rate on hysteresis. Such a bias-induced change
of ion concentration in the absorber and at the contacts affected
the collection efficiency at the interfaces and, thus, was found to
strongly influence jsc with minor effects on Voc and FE.%?

Ghasemi et al. investigated details of ion diffusion from
Cs,AgBiBr, into the HTM and metal electrodes after ambient
storage for 68 days to improve the understanding of possible
device degradation mechanisms. By optimization of the cell
geometry, they identified a combination of P3HT as HTM
and copper as low-cost metal back contact as ideal and achieved
a reasonable PCE of 1.91%."%! A focused ion beam was used to
prepare cross-sections of devices before and after storage and
these were analyzed with respect to the elemental distribution
across the different layers using transmission electron micros-
copy. Diffusion of Ag™ and Br~ from the double perovskite
through P3HT toward the metal contact was observed. This find-
ing was confirmed by XPS depth profiling on freshly prepared
and degraded devices and, thus, ion migration was identified
as part of a possible degradation mechanism. The energy barrier
for ion movement was calculated to be significantly smaller for
Ag" and Br~ than for Cs* or Bi*" and explains the experimental
findings."®* As their experiments aimed at understanding ion
diffusion and degradation over a long period, hysteresis was
not investigated. However, because the migration of mobile ions,
namely, Ag" and Br~, was demonstrated, one might expect these
to move under the influence of external bias, which supports the
claims made by Tress and co-workers that the dependence of hys-
teresis on scan rate and cell characteristics is governed by such
mobile ions. Despite these studies on ionic motion and its effects
on solar cell properties, a detailed understanding of this material
under the influence of external electric fields and a direct corre-
lation of ionic migration with changes in the energy-level align-
ment with HTMs and EMTs is still missing.

3.2.2. Interface Modification and Energy-Level Alignment in
Contacts to Cs,AgBiBrg

Several groups successfully tried to improve the function of
double-perovskite PSCs by choosing appropriate charge-selective

© 2021 The Authors. physica status solidi (RRL) Rapid Research Letters
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layers, often but not always in parallel to attempts to understand or
suppress hysteresis, as discussed earlier. At the HTM side, the
frequently used spiro-OMeTAD was proven to not be an ideal
contact material since improved PCE was achieved by replacing
it with PTAAPY or poly[(5-fluoro-2,1,3-benzothiadiazole-4,
7-diyl)(4,4-dihexadecyl-4H-cyclopenta[2,1-b:3,4-b'dithiophene-
2,6-diyl)(6-fluoro-2,1,3-benzothiadiazole-4,7-diyl) (4,4-dihexadecyl-
4H-cyclopenta[2,1-b:3,4-b/]dithiophene-2,6-diyl)] (PCDTFBT).'**
When PTAA was used instead of spiro-OMeTAD, an increase
in Voc and FF was observed at, however, a reduced jsc. The
observed large differences cannot be explained by differences
in the energy levels of the materials because these are very similar
for spiro-OMeTAD and PTAA.®! However, interfacial reactions
and ion transfer between the materials (as observed, e.g., for
I in the contact FASnI;/Cso) have not been investigated yet
but may occur for these materials as well and influence charge
transfer and recombination at the interface of HTMs with
Cs,AgBiBrg, because mobile ions were found in Cs,AgBiBrs.
Therefore, similar studies as described earlier for FASnI; would
be desirable also for contacts to Cs,AgBiBr to achieve a better
understanding of the energy-level alignment.

In a recent study, ETM and HTM contacts to Cs,AgBiBr, were
optimized with beneficial effect on Vo and jsc. Luo et al. modified
the surface of TiO, by spin coating a thin layer of Cgo, which led to
improved crystallization of the subsequently spin-coated double
perovskite shown by the increased grain size and reduced rough-
ness (Figure 8¢).!"*" Improved charge transfer across that interface
was found and revealed a reduced trap density and improved elec-
tron mobility in the double perovskite layer, attributed to an opti-
mized film thickness and energy-level alignment (Figure 8a).
Replacement of spiro-OMeTAD as the HTM by PCDTFBT yielded
a higher PCE (Figure 8b), which was due to the improved energy-
level alignment and increased hole mobility in PCDTFBT.
Increased recombination resistance (R,.) and reduced series
resistance of the cell with optimized contacts were obtained by
impedance spectroscopy, which confirmed the findings of
improved charge transport across the interface and increased
mobility of charge carriers in the HTM.**¥

To compensate for the rather low light-harvesting efficiency of
Cs,AgBiBrs, a modification of the interface by means of a
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light-absorbing (sensitizer) dye was recently suggested almost
simultaneously by two different groups.'®>°! Wang and
co-workers substituted the commonly used HTMs by zinc dodecyl
3-hydroxymethylpyropheophorbide-a (Zn-Chl) and found not
only an enhanced charge-extraction ability for this new HTM
when compared to PTAA or spiro-OMeTAD, but also a spectrally
extended EQE due to the sensitization by Zn-Chl, contributing to
the jsc (Figure 9a,b). The cell using Zn-Chl as the HTM, how-
ever, showed severe hysteresis with reduced Voc and FF for
the forward scan (Figure 9c), which was attributed to trapping
and detrapping effects without, however, discussing the role
of Zn-ChlL'"%! Yang et al. improved the optical absorption of
Cs,AgBiBrg cells by depositing a thin layer of the ruthenium
dye N719, well established as a sensitizer in (solid-state) dye-
sensitized solar cells (DSSCs)!"”) but also as a cosensitizer in
quantum dot solar cells,'® on top of the double perovskite,
as shown by the SEM cross-section in Figure 9e. In addition
to the beneficial effect on jsc, increased Voc was found for
the dye-sensitized cell compared to the reference «cell
(Figure 9d).'! Similar to Wang et al., they attributed these
enhancements not only to the increased EQE caused by the addi-
tional absorption of the dye, but also to an improved energy-level
alignment at the interface between Cs,AgBiBrs and spiro-
OMEeTAD due to the dye interlayer (as measured by PES), facili-
tating hole extraction at that interface (Figure 9f). Impedance
analysis revealed a significantly increased recombination resis-
tance Ry for the cell incorporating the dye interlayer, which
was interpreted as a reduced interfacial recombination rate
reached by the passivation of surface defects. Such a reduced
recombination rate was confirmed by light-intensity-dependent
Voc measurements because the ideality factor was found consid-
erably decreased for the cell with the dye interlayer. A combina-
tion of these effects was suggested to yield an improved Vo,
which, in combination with the increased jsc as a consequence
of improved absorption, led to the impressive PCE of 2.84%.1%)
The work on the use of Zn-Chl as HTM was extended by the
sensitization of TiO, with methyl trans-32-carboxy-pyropheo-
phorbide-a (C-Chl) prior to the deposition of Cs,AgBiBr®*!
and spiro-OMeTAD as HTM (Figure 10a) to yield the record
PCE of 3.11%, comprising an increase of jsc (as expected by
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Phys. Status Solidi RRL 2021, 15, 2100369 2100369 (9 of 13)

© 2021 The Authors. physica status solidi (RRL) Rapid Research Letters
published by Wiley-VCH GmbH

85U8017 SUOWWIOD A1) 3|t jdde ay) Ag peusenob a2 Saoile YO ‘8sN JO SajnJ o} AkeiqiauljuO A3[IA UO (SUOTHIPUOD-PUe-SWIRAL0D" A3 1M AeJq) Ul |Uo//Sdy) SUONIPUOD Pue SIS | 84} 885 *[2202/TT/v2] uo AkeiqiTauluo A8 ‘BIseAun-Bige1T-smsnt Aq 69£00TZ0Z ssd/z00T 0T/10p/w0d A8 | Akeiq1jpuluo//sdny wouy pspeojumod ‘TT ‘TZ0Z ‘0/29298T


http://www.advancedsciencenews.com
http://www.pss-rapid.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

iSIS"
Suds

www.pss-rapid.com

physica

a b c
( ’)\4, ( )50- Zn-Chl ,(:\)4,
NE - Spiro-OMeTAD £
S 04 ~ P3HT 2
<, . PTAA E3 \
= : o
< 30 &
%‘ w 2 2] Forward y
€ 2 c a
a w20+ -
< Zn-Chl g 11 Je Ve FF PCE
® 14— Spiro-OMeTAD 104 5 (mAlcm?) (V) (%) (%)
5 ——P3HT o Foward 388 094 641 233
o — PTAA " o Backward 383 099 736 279
00 02 04 06 08 10 300 400 500 600 700 800 00 02 04 06 08 10
Voltage (V) Wavelength (nm) Voltage (V)
(d) 4 (f)
—o— F-perovskite
5 —4— F-perovskite/N719 £2.0 -2.20
y d —o— R-perovskite { N
g R-perovskiteIN719 S‘ 3.0 e -3.01 OU)
T 4 . ° L a i 52
> 5 460 20 WOy B 430
= 34 0 o cFro 5
b5 o @
2 2 > oo 5 B 53¢ %
g 2 ° 613 @
5 1 2 )
© il =X st/?
0 T T T T T
0.0 0.2 04 0.6 0.8 1.0
Voltage (V) A4
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and without an N719 interlayer. ) SEM of a cross-section of such a solar cell including a N719 interlayer. f) Energy-level alignment of the materials used in
a Cs,AgBiBrg PSC including an N719 interlayer. a—c) Reproduced with permission.I"%! Copyright 2020, Wiley-VCH. d—f) Reproduced with permission.['®”!
Copyright 2020, Wiley-VCH.

optimized absorption/EQE, Figure 10b,c) and, further, consider-
ably improved Vo, FF, and reduced hysteresis. A decreased ide-
ality factor and a faster decay of photoluminescence led to the
conclusion that interfacial nonradiative recombination was sup-
pressed whereas electron extraction was facilitated at the ETM/C-
Chl/Cs,AgBiBr, interface. The resistance obtained by impedance
spectroscopy was decreased, which was interpreted as improved
charge transfer at the interface. This interpretation, however,
seems to include a certain contradiction to the aforementioned
work by Yang et al.,"®! Luo et al.,"®" and to their own previous
work,!'% in which an increase of this resistance by the dye

(@)

—
O
-

interlayer was reported and interpreted as beneficial because it
was assigned to an increased recombination resistance.
Despite increased PCEs achieved by combining Cs,AgBiBrg
with dyes either adsorbed on the mesoporous TiO, scaffold or
as HTM, the efficiencies reached are far from competing with
DSSCs using the same sensitizer, e.g., 10.1% with N719 com-
bined with CsSnl; as solid-state HTM,®” higher even than
the spectroscopically limited maximum efficiency of 7.92% for
pure Cs,AgBiBr, cells.®” Given the fact that the dye-sensitized
mesoporous layer in these DSSCs is larger in thickness by an
order of magnitude compared to the previously described
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Figure 10. a) Schematics of Cs,AgBiBrg-based PSCs comprising a dye-sensitized mp-TiO, layer. b) Photographs and UV-vis absorption spectrum of the
absorber layer with and without dye sensitization. c¢) EQE spectrum showing the contribution of the improved absorption spectrum. a—c) Reproduced with

permission.’®8 Copyright 2021, American Chemical Society.
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PSCs, the limited contribution of dyes to the EQE in PSCs is not
surprising. Therefore, to compete either with the efficiencies of
DSSCs or with those of lead- or tin-based PSCs, the absorbing
properties of the double perovskites need to be enhanced, e.g.,
by partially or fully substituting Bi*T!'0711% or Agt 13
Nevertheless, it remains debatable whether such double perov-
skites are indeed suitable as absorber materials in PSCs.
However, the materials certainly have proven to be interesting
from a fundamental semiconductor physics point of view, carry
the big advantage of little toxicity and high chemical stability even
under ambient conditions, and might, therefore, be useful for
other upcoming optoelectronic applications, e.g., as photo- or
X-ray detectors!"'* or in devices based on their luminescence.!'*?

4, Conclusion

The two main groups of materials that are discussed as possible
alternatives to lead-based perovskites in the already quite well-
established photovoltaic cells carry a number of common fea-
tures with each other and with their lead counterparts, but also
some significant differences. Some of these parameters are
based on the physics of the materials, but others lie in a signifi-
cant difference in the level of knowledge. Despite the different
composition of both described materials—the inorganic double
perovskite incorporating bromide as anion and the hybrid
organic—inorganic tin perovskite with iodide as anion—the
mechanisms and challenges are comparable up to a certain
degree and the level of knowledge is still low for both groups
of materials when compared to the well-established lead halide
perovskites. The energy-level alignment was identified as critical
for both tin perovskites and double perovskites to improve the
performance of devices to any competitive level. For the tin-based
compounds, a lot more effort already has been invested into
understanding the interaction of the perovskite with the contacts,
which yielded a significantly improved understanding of ion dif-
fusion inside the material and in interfaces with contact layers,
with a clear impact on charge transport and band bending within
the contacts. The work on double perovskites in this respect has
just started. Hysteresis in the current-voltage characteristics has
been reported for both materials as it was apparent in reports
on PSCs based on lead-based perovskites—with similar explana-
tion models valid because all these metal halide perovskite struc-
tures seem to be prone to ion migration and often seem to contain
a rather high concentration of (shallow) defects, which can act as
trap states for (photogenerated) charge carriers but which also
seem to play a relevant role in ion migration. For tin-based
PSCs, therefore, quite some progress has been made and they pres-
ently represent the most promising alternative to lead-based PSCs
despite inherently lower efficiencies. However, for Cs,AgBiBr; hys-
teresis phenomena are not very well understood yet, which is due
to the very narrow database on the ion-migrating properties in dou-
ble perovskites, as well as on contact formation with established
and, possibly, new HTMs. An increasing number of recent studies
in this field, however, showed that the contacts appear to be a major
contributor to hysteresis, recombination, and series resistance and,
therefore, their analysis and optimization hold good promise for
the further development of devices based on these materials.
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