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AgBiS;, nanocrystal solar cells are among the most sustainable emerging photovoltaic technologies. Their
environmentally-friendly composition and low energy consumption during fabrication make them par-
ticularly attractive for future applications. However, much remains unknown about the stability of these
devices, in particular under operational conditions. In this study, we explore the effects of oxygen and
light on the stability of AgBiS, nanocrystal solar cells and identify its dependence on the charge extraction
layers. Normally, the rate of oxygen-induced degradation of nanocrystals is related to their ligands, which
determine the access sites by steric hindrance. We demonstrate that the ligands, commonly used in
AgBIS; solar cells, also play a crucial chemical role in the oxidation process. Specifically, we show that the
tetramethylammonium iodide ligands enable their oxidation, leading to the formation of bismuth oxide
and silver sulphide. Additionally, the rate of oxidation is impacted by the presence of water, often present
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at the surface of the ZnO electron extraction layer. Moreover, the degradation of the organic hole extrac-
tion layer also impacts the overall device stability and the materials’ photophysics. The understanding of
these degradation processes is necessary for the development of mitigation strategies for future gener-
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Introduction

Nanocrystal (NC) or quantum dot (QD) photovoltaic diodes
(PVs) have made enormous strides in recent years, with signifi-
cant enhancement in their record power conversion efficiency
(PCE)." The use of NCs, rather than the bulk material, is motiva-
ted by the ability to tune their optoelectronic properties by con-
trolling the size, shape and ligands of the NCs.> Additionally,
the properties of the NCs can be optimized according to the
requirements imposed by the other layers of the photovoltaic
device.>* While significant research efforts have been dedicated
to improving both the efficiency and stability of NC PVs,”” the
most efficient devices are often based on lead-containing QDs,
such as lead sulphide (PbS) or lead halide perovskites, raising
significant concerns regarding the environmental impact and
sustainability of this technology.®**" A much more environmen-
tally-friendly alternative to these compositions are the silver
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ations of more stable AgBiS, nanocrystal solar cells.

bismuth disulphide (AgBiS,) NC PVs that were first introduced
by Bernechea et al. in 2016."* Since then, the majority of scienti-
fic efforts have been dedicated to improving the synthesis and
device performance optimisation of AgBiS, NCs. For example, it
has been shown that the addition of amines during the syn-
thesis improves the optoelectronic properties of the crystals and
their performance in the device."* Similarly, attention has been
devoted to optimising the ligand exchange procedure, which
can be performed either in a layer-by-layer fashion'*'* or via a
liquid phase exchange.">'® Alternatively, it has been shown that
the ligand exchange step can be omitted by directly synthesising
the nanocrystals with the final ligands."” While these efforts are
very important for further improving the performance of AgBiS,
PVs, very little is known about the stability of these devices.'® In
particular, only the shelf stability of AgBiS, NC PVs in the dark
has been reported thus far.'>'*° It has also been shown that
AgBiS, NC PVs maintain their performance upon a one-time
exposure to water,'® however their operational stability under
continuous illumination was not yet examined.

Herein, we investigate the evolution of the photovoltaic per-
formance of AgBiS, NC PVs with tetramethylammonium
iodide (TMAI) as ligand under operational conditions upon
exposure to different environments. In particular, we focus on
understanding the influence of exposure to oxygen and the
role of extraction layers on the performance evolution of the

This journal is © The Royal Society of Chemistry 2022


www.rsc.li/nanoscale
http://orcid.org/0000-0001-5921-5768
http://orcid.org/0000-0002-7375-2794
http://orcid.org/0000-0002-8202-8220
http://orcid.org/0000-0002-3998-2000
http://orcid.org/0000-0001-7068-440X
http://orcid.org/0000-0002-0783-0707
http://crossmark.crossref.org/dialog/?doi=10.1039/d1nr06456h&domain=pdf&date_stamp=2022-02-22
https://doi.org/10.1039/d1nr06456h
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR014008

Published on 14 dezembro 2021. Downloaded on 29/10/2025 13:43:10.

Nanoscale
a) b)

Ag

PTB7/MoO3 or

Z0sobgel o

ITO

nano-particle

PTAA:CgoF s /\/\(\ °

View Article Online

Paper

PTB7 c) PTAA

$TN

(o]
4

Fig. 1 Structure of devices and materials. (a) Architecture of the studied solar cells. The HTL consists either of PTB7/MoO3 or PTAA:CgoF4g and the
molecular structure is shown in (b) and (c) for the polymers, respectively. The ETL was made from ZnO but either in a sol—gel thin film or as nano-

particles, resulting in overall four combinations which were examined.

device. For this purpose, we investigate devices with two
different hole transport layers (HTLs), namely poly[[4,8-bis[(2-
ethylhexyl)oxy|benzo[1,2-b:4,5-b'|dithiophene-2,6-diyl][3-fluoro-
2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7)/
molybdenum trioxide (MoOj;) and poly-[bis-(4-phenyl)-(2,4,6-
trimethylphenyl)-amine] (PTAA) doped with CeoF,s (labelled in
the following as PTAA:CgoF.g), and two different deposition
methods for the ZnO electron transport layer (ETL) - either via
a sol-gel route or via the deposition of ZnO nano-particles.
The four possible device configurations alongside with the
molecular structure of the used materials are summarised in
Fig. 1. By employing a range of spectroscopic and microscopic
techniques, we identify the degradation mechanisms of AgBiS,
NC PVs and their impact on the device photophysics.

Results and discussion
Photovoltaic performance and stability

Our choice of extraction layers was motivated by the fact that
these are the most commonly used extraction layers in AgBiS,
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PVs.'>'*?° We find that irrespective of the choice of HTL, the
use of ZnO nano-particles (np) results in an increased short-
circuit current (Jsc), due to the improved charge extraction
through the larger surface area of the ZnOnp layer (see
Fig. S17). PTB7/M0O; was one of the first hole extraction layers
used in AgBiS, PVs and remains the most common choice to
date." Recently, we introduced a doped PTAA:CgoF45 as HTL in
both PbS QD and AgBiS, NC PVs,>" which due to its efficacious
electron blocking leads to an improvement in device perform-
ance as compared to PTB7/MoOj;. The best performing devices
are those which combine ZnOnp with PTAA:C4F,s (see
Fig. S17), however, as will be shown later, high initial photovol-
taic performance does not guarantee good device stability. The
other three device configurations lead to a similar device
performance.

The operational stability of the devices was examined by
continuously tracking their performance under 1 sun illumina-
tion and exposure to dry air (80% nitrogen, 20% oxygen,
<15 ppmV relative humidity, temperature ~35 °C). The evol-
ution of the photovoltaic parameters of these devices is dis-
played in Fig. 2. While an identical AgBiS, NC active layer was
used in combination with different charge extraction layers, it
is evident that the operational stability of the devices is starkly
different. The most stable devices are achieved with the combi-
nation of ZnOsg and PTAA:CgF4s. The open circuit voltage
(Voc) and the fill factor (FF) remain largely unchanged, while
the Jsc is slowly declining, leading to a gradual reduction in
PCE. Interestingly, devices with the same organic extraction
layer, but with ZnOnp as ETL exhibit a rapid performance loss,
especially in the first few hours of operation. The most promi-
nent decrease is observed in the Jsc, but also the Vo and FF
are reduced. The loss in performance is still less pronounced
than in devices with PTB7/M0oO; as HTL, which independent
of the ETL lose all photovoltaic performance within 24 h. This
occurs on a faster time scale for the device based on ZnOnp,
rather than ZnOsg - again suggesting that the latter is ben-
eficial for device stability. Another interesting observation is
that devices based on ZnOsg and PTAA:CgoF,4s exhibit an initial
increase in performance in the first few hours of operation.
This is very similar to what is commonly observed in PbS QD
solar cells, which increase their performance under oxygen
exposure as well.>>”>® This increase is typically associated with
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Fig. 2 Photovoltaic evolution in dry air with continuous 1 sun illumination of AgBiS, NC solar cells with different extraction layers. The photovoltaic

parameters, (a) Voc, (b) Jsc, (c) FF and (d) PCE, were averaged from several
of a line is added.

the passivation of trap states at the surface of the NCs, which
positively impacts their recombination dynamics. A similar
process is also likely to occur in the case of AgBiS, NCs.
Indeed, light-intensity-dependent Voc measurements con-
firmed, that exposure to oxygen increases the slope of Vo vs.
light intensity from 1.3 kT q~" to 1.4 kT q”" and 2.0 kT q~*
after 2.5 h and 24 h, respectively (Fig. S21). In PbS QDs this
was linked to the formation of a beneficial thin shell of oxi-
dised species around the dots,> which is likely to also be the
case here. A similar process probably occurs also for the other
three types of devices, but their degradation is so rapid that
their performance evolution is dominated by other processes,
which will be explored in detail in the following.

Impact of degradation on device photophysics

To examine the impact of degradation on the photophysics of
AgBiS, NC films and devices, we applied transient absorption
(TA) spectroscopy. In Fig. 3a and b TA spectra are compared for
neat AgBiS, NC films and films after degradation under O, and

3022 | Nanoscale, 2022, 14, 3020-3030

devices and normalized to their initial value. A guide for the eye in form

light for 27.5 h (TA data for intermediate degradation times can
be found in Fig. S31). 700 nm pump pulses were used to excite
above the AgBiS, band gap. All spectra contain a broad photo-
induced absorption (PIA) that spans the probing region. The
spectra show modest changes (redshift) with time. The ampli-
tude of the signal contains two components. A ~100 ps short-
lived component, which dominates the decay, we associate with
mobile carriers and their bimolecular recombination. This is
confirmed by flux-dependent TA measurements (Fig. S41). The
long-lived component that remains after 1 ns, extends beyond
the 6 ns timescale of the measurement. As this component does
not show pronounced dependence on the excitation flux, we
attribute it to immobile trapped carriers.

Fig. 3c compares the evolution of the PIA amplitude as a
function of time for all films. There is no clear correlation
between the early time kinetics of the decay and the extent of
degradation, which is in agreement with relatively high stabi-
lity of AgBiS, films on their own as discussed later. However,
there is a greater amplitude of long-lived states (present after 1

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Transient absorption spectra for neat AgBiS, films after (a) 0 h and (b) 27.5 h degradation following a 700 nm excitation. (c) Evolution in time
of the normalised TA PIA signal for all films. (d) Centre of mass of PIA signal as a function of degradation time for early and late pump—probe time

delays.

ns) for the films exposed to oxygen for the longest periods of
time. The decay appears to plateau at 3 ns for this trace, but
continues until 4-5 ns for the films degraded for shorter
amounts of time. This confirms our assignment of long-lived
states to trapped charges. Interestingly, the PIA signal in the TA
spectra blue shifts in the case of the degraded samples. The
effect is particularly pronounced in the early time data where
both mobile and trapped carriers are present in the film, while
at long time delays, when only trapped carriers are present, all
of the spectra look similar. As the peak we analyse is an excited
state absorption (and not a ground state bleach) signal, it
cannot be associated with a thermal artefact or a dynamic stark
shift. The shift is also unlikely to be associated with charge and
energy transfer as these phenomena are expected to happen at
much faster, sub-ps, times in nanocrystal solids. We therefore
conclude the change of the peak shape is associated with the
change in population over the density of states, specifically and
most likely, charge trapping. Charge trapping can be quantified
through calculating the centre of mass for the TA spectra, as
shown in Fig. 3d. We therefore propose that the spectral posi-
tion (blueshift) of the PIA can be used as measure of relative
population of trapped states in the material.

We have also measured TA spectra measured on AgBiS,
solar cells with the four different combinations of hole and
electron transport layers for pristine and degraded conditions.
Fig. 4a presents an example of the measurements while full
data can be found in the ESI (Fig. S51). The spectra have a gen-
erally similar shape for all device configurations, showing PIA
features at the near-infrared (NIR) edge of the probing window
and a ground state bleach at wavelengths approaching the

This journal is © The Royal Society of Chemistry 2022

visible region. However, the specific peak positions vary from
sample to sample due to interference effects induced by the
multilayer nature of the device and the contributions from the
different hole extraction layers. Still, the TA spectra for all
samples contain a long-lived component that remains after
6 ns, which generally reflects the broad and flat spectrum of
trapped charges present at long time delays in the neat AgBiS,
film spectrum.

In order to characterise the effect of degradation on the
charge dynamics in each device, the blue shift of the PIA in
each device spectrum in Fig. 4a was quantified and interpreted
as a representation of charge trapping. For each device, the
spectral centre of mass across the PIA region was calculated at
each timepoint and plotted as a function of time in Fig. 4b.
The spectra of all devices were observed to blueshift from early
times until 500 ps with a trace that was fitted to a monoexpo-
nential function.

As the blueshift is related to the population of trapped
charges within the device, a shorter lifetime of this process
illustrates faster charge trapping. Charge traps are formed as a
consequence of degradation and hence each degraded device
exhibits a faster timescale of charge trapping relative to the
corresponding pristine device. In order to quantitatively
describe the impact of degradation for each device configur-
ation, the time constants for this process were extracted from
the monoexponential fits. By calculating the percentage
decrease of this lifetime for each degraded device relative to
the corresponding pristine lifetime, we arrive at a metric that
quantifies the effect of degradation on each device (Table 1).
Hence from this analysis it is possible to quantitatively

Nanoscale, 2022, 14, 3020-3030 | 3023
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Fig. 4 (a) TA spectrum for degraded nanoparticle ZnO/AgBiS,-TMAI/
PTB7 device following a 700 nm pump excitation. (b) Centre of mass of
PIA signal as a function of time for each device configuration.

Table 1 Time constants for the blueshift of the PIA centres of mass,
and the percentage decrease of the time constant of the degraded
device relative to the corresponding pristine device

Blue shift time

constant/ps
Device Pristine Degraded Decrease/%
ZnOsg + PTAA:CgoF g 306 281 8.2
ZnOsg + PTB7/MoO; 356 109 69.4
ZnOnp + PTAA:CgoF 45 210 114 45.7
ZnOnp + PTB7/M0Oj; 366 178 51.4

compare each device’s susceptibility to degradation and, more
specifically, the subsequent formation of active charge traps.

In excellent agreement with the evolution of the photovol-
taic performance, three of the four devices show a dramatically
faster timescale of charge trapping as a result of degradation
with approximately 45-70% increase in charge trapping upon
degradation. The device that is the least affected by the degra-
dation is the sol-gel ZnO/AgBiS,/PTAA:C4oF4s device with only
an 8% difference between pristine and degraded device charge
trapping lifetimes, which is drastically lower than the other
three device configurations. This suggests that the degradation
products act as trapping sites that significantly impact the
ability of the device to generate photocurrent.

3024 | Nanoscale, 2022, 14, 3020-3030
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Stability of AgBiS, NCs

To examine the stability of the AgBiS, NC active layers without
the presence of different charge extraction layers, the NC films
were prepared on glass or ITO for different spectroscopic
measurements. The pristine state of these films after fabrica-
tion was compared to the state after being exposed for 17 to
24 h to dry air and 1 sun illumination. Fig. 5a displays X-ray
photoemission spectroscopy (XPS) measurements of the Ag 3d,
Bi 4f, S 2p, I 3d, C 1s and O 1s orbitals for both pristine and
degraded films. We note that some oxygen can be detected in
the pristine films, since their fabrication is conducted in
ambient conditions. Fourier-transform infrared spectroscopy
(FTIR) measurements confirm the complete exchange of the
ligand from the NC synthesis, oleic acid (OA), with the ligand
in the device, tetramethylammonium iodide (TMAI) (Fig. S67),
so the oxygen signal does not originate from OA, but from
surface contamination. The carbon and iodine signals orig-
inate from the TMAI, as expected. Based on the atomic percen-
tages of Ag, Bi and S (Table S1f), we calculate the ratios
between those elements. The Ag/Bi ratio was 2.2, the S/Bi ratio
was 1.4, resulting in an Ag/S ratio of 1.6, which represents a
significant Ag excess in the NCs. We note that this is different
to Bernechea et al. despite the fact that the same recipe and
same precursor ratio were employed here during the synthesis.
However, this result is consistent with the study by Oberg et al.
which links a higher silver content to a better V¢ and in ten-
dency lower Jsc, which might have limited the absolute per-
formance in this study.”® A comparison between the pristine
samples to the degraded ones reveals only small but signifi-
cant changes in composition. The Ag 3d doublet does not
change, neither in binding energy nor intensity. The overall
oxygen amount increases, as does the carbon. The iodine
signal is slightly reduced upon degradation, while the sulphur
doublet at 161.5 eV and 162.2 eV remains largely unchanged.
The strongest difference can be observed in the Bi 4f spectra,
where the pristine doublet at 158.0 and 163.5 eV diminishes in
comparison to the doublet associated with an oxidised
bismuth species at 159.0 eV and 164.5 eV (see Fig. 5afii] and
[vii]). These observations indicate an oxidation of the AgBiS,
NCs into Bi,Os.

The formation of an oxide is also supported by ultra-violet
photoemission (UPS) spectroscopy measurements shown in
Fig. 5b. After degradation, the valence band onset strongly
resembles the onset typical of a metal oxide with a large ener-
getic offset of the valence band from the Fermi level.””*®
While this change observed in the UPS data might appear
quite dramatic, it is important to remember that UPS probes
only the top 1-2 nm of a film. This, together with the XPS
results suggests, that while the very top surface of the layer has
fully degraded to form Bi,03, below the surface the NCs are
mostly intact. This is supported by the presence of the low
binding energy doublet in the XPS Bi 4f spectra of degraded
samples, that can be observed due to the higher probing depth
of XPS (~10 nm). Additionally, X-ray diffraction patterns (XRD)
of pristine and degraded AgBiS, NC films show no structural

This journal is © The Royal Society of Chemistry 2022
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measurement of the absorption of a pristine and 24 h degraded film.

degradation in the examined time frame (Fig. S7t). Moreover,
photothermal deflection spectroscopy (PDS) measurements
reveal that the absorption spectra (Fig. 5¢), which are domi-
nated by the bulk of the film, show relatively small changes
upon degradation. Degraded films show a small reduction in
absorbance, which would correspond to a loss in Jsc. However,
the fact that degraded films still exhibit clear absorption fea-
tures of AgBiS, NCs suggests that apart from the surface, the
layers are mostly stable and that their degradation is impacted
by the presence of the extraction layers.

Impact of HTL and silver electrode on the device stability

To examine the stability of the organic HTLs, we monitored
their absorption over 24 h upon exposure to oxygen and 1 sun

This journal is © The Royal Society of Chemistry 2022

illumination (Fig. 6a and c). The absorption of PTAA:CgoF,g
layers remains almost unchanged: some loss in absorption in
the ultraviolet and a reduction of the polaronic states at
500 nm, which could indicate an agglomeration of the CgoF4g.
This is consistent with our earlier observation that PTAA:CgoF,4g
can be used as a stable extraction layer in PbS QD solar cells.”"
PTB7 layers, on the other hand, show a drastic reduction in
absorption and turn transparent within 24 h. This is in agree-
ment with previous studies that reported that PTB7 degradation
under oxygen in light results in a loss of chromophores and
conjugation.” Such a drastic loss of optical properties suggests
that also the transport properties of PTB7 extraction layers
might be diminished. Correspondingly, the instability of AgBiS,
NC devices employing a PTB7 layer can therefore be explained

Nanoscale, 2022, 14, 3020-3030 | 3025
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Fig. 6 Dry air and sunlight degradation of the HTL. (a) Absorption
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ticle or sol—gel as ETL. (c) Absorption changes in PTB7. (d) Pictures of
solar cell electrodes employing PTB7 as HTL and either nano-particle or
sol-gel ZnO as ETL.

by the breakdown of the organic extraction layer. Additionally,
the performance in the ‘plateau-phase’ observed, for example,
between 6 h and 12 h of degradation for ZnOsg & PTB7/M00O;
devices is very similar to the performance of devices fabricated
without an organic layer (with only MoO;),"? confirming that at
this time in degradation the PTB7 is no longer functioning as a
HTL. We note that while it has been shown that exposure of the
MoO; layer to oxygen and light can lead to a change in the
energy levels of the layer,**? such changes would occur on a
much faster timescale than the changes we observe in the
device performance of MoO; containing devices. Consequently,
we believe that the degradation dynamics is dominated by the
bleaching of the organic extraction layer.

In addition to the changes in the properties of the organic
HTL, we observe a significant impact on the Ag electrode.
Fig. 6b and d display photographs taken on heavily degraded
solar cells with the PTAA:Cq0F45 and PTB7/MoO; HTLs, respect-
ively. The pictures show that the rate of degradation of the silver
top electrode depends on the choice of HTL. In the case of
PTB7/MoOQ;, the corrosion of the Ag electrode is much more
severe as compared to that of PTAA:CeoF4g devices. The cor-
rosion of the silver electrode causes the device area to shrink
upon degradation time (see Fig. S87), leading to an additional
factor in the reduction of the Jgc. Similar corrosion effects of
noble electrodes have been observed in perovskite photovoltaics
and attributed to halide mediated oxidation processes.****

Interestingly, the corrosion also seems to be impacted by the
deposition method of the ETL. For example, the electrodes of
devices with PTAA:CoF4g and ZnOsg appear largely unaffected,
while those with ZnOnp show initial signs of degradation. This
suggests that the ETL also plays a role in determining the degra-
dation dynamics of the AgBiS, NC solar cells.

Role of the ETL on the device stability

ZnO is commonly used as a charge extraction layer in emer-
ging photovoltaic devices based on organic, perovskite and
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nanocrystal materials.*>™*' ZnO on its own is a stable material,
for the time frame of this experimental study, and triggers
degradation in the active layers mainly due to interfacial
effects.®”** To examine the differences in device stability
between the sol-gel and nano-particle based ZnO layers, we
first characterised them by atomic force microscopy (AFM).
The ZnOnp layer appears rougher, which is to be expected due
to its nano-structured nature (Fig. S91). This might explain the
slightly larger Jsc observed for ZnOnp-based devices.*> Once
the ZnO layers are coated with AgBiS, NCs, the difference in
surface roughness is no longer visible and both ETLs lead to a
smooth active layer film. Fig. 7a shows SEM images of AgBiS,
NC films deposited on either ZnOsg or ZnOnp and exposed to
oxygen and illumination for different durations of time. While
the pristine films appear very similar in both cases, already
after 2 h a clear difference can be observed. Relatively few
aggregates are being detected on the surface of AgBiS, when
deposited on ZnOsg, but numerous of such aggregates are
formed on ZnOnp. After 6 h the film deposited on ZnOnp
further degraded, while that on ZnOsg appears similar to the
one of 2 h. Finally, after 24 h, some defects and additional
aggregates can be observed on the ZnOsg film, while the
ZnOnp film is severely degraded. This difference in the rate of
AgBiS, NC active layer degradation depending on the ETL
explains the difference in the photovoltaic performance evol-
ution discussed above (Fig. 2). The accelerated degradation of
AgBiS, NC on ZnOnp is further confirmed by the rapid deterio-
ration of their optoelectronic properties and composition of
the nanocrystal (see Fig. S10 and S117). The aggregates them-
selves are mainly composed of silver and sulphur and are sig-
nificantly different to the initial composition of the silver
bismuth NCs as energy-dispersive X-ray spectroscopy reveals
(EDX) (see Fig. S12}). Additionally, the formation of aggregates
is connected to the enhanced degradation of an AgBiS, NC
film on a ZnO layer, since, as seen in the optical microscope
images, they only form, when a ZnO layer underneath the
AgBiS, is present (Fig. S87).

Proposed degradation mechanism

The observations made above lead us to propose the following
degradation mechanism of AgBiS, NCs. Globally, the AgBiS,
NCs decompose into bismuth oxide and phase separated silver
sulphide upon exposure to oxygen and light:

.. Oylight .
AgBiS, — Bi,O3; +Ag,S
{silverrich}
This global degradation path however, would require an oxi-
dation partner for oxygen. Oxidised sulphur species could not
be detected (see Fig. 5) in our studies, but we cannot fully

exclude this possibility. The iodide containing ligands on the
other hand act most likely as redox partner:

light
AT + O, + 2H,0 2% 21, + 40H~

The formation of elemental iodine is likely to be the origin
of the observed silver electrode corrosion that irreversibly
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Fig. 7 (a) SEM pictures of a AgBiS,-TMAI NC film on a ITO/ZnOsg (left
column) or np (right column) layer during degradation in dry air and sun-
light for different time steps. (b) FTIR measurements of a pristine ZnOsg
and np film. The OH vibration bands are indicated and the data is offset
to each other for better visibility.
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decomposes the elemental silver.** This is also confirmed by
XPS measurements on Ag electrodes of degraded devices
(Fig. S137):

ligh
2Ag(s) + L(g) — 2Agl

These proposed redox-reactions will be impacted by the
presence of water and surface hydroxyl groups, that could
accelerate the global decomposition process of AgBiS, NCs.
Examining the ZnOnp and ZnOsg films by FTIR reveals two
absorption bands around 3500 cm™ and 1500 cm™, which
are significantly stronger for the ZnOnp film. These bands are
associated with an increased amount of OH-groups and/or
physiosorbed water,** which accumulate on the surface of the
ZnOnp film due to its nano-structured larger surface area.
Consequently, the degradation reaction is significantly
accelerated.

The impact of humidity on the degradation of AgBiS, NC
solar cells was further explored by performing two control
experiments. Fig. S141 shows the evolution of the PCE of
devices measured under continuous 1 sun illumination in
different environments. In N, the devices are relatively stable,
but in humid N, they degrade rapidly. Similarly, the addition of
20% relative humidity to dry air results in an accelerated degra-
dation. Since Oh et al. showed well performing AgBiS, NC solar
cells after they were dipped in water for 2 min,'® we believe that
the difference arises from the fact that our studies are per-
formed under realistic operational conditions, meaning both
bias and 1 sun illumination are continuously applied. We also
examined the effect of pre-conditioning prior to the photovol-
taic measurements. In this experiment, AgBiS, NC solar cells
with ZnOsg and PTAA:Ce(F,s were exposed to different environ-
ments in the dark for two days prior to testing the operation
stability in dry air. Fig. S15F shows the evolution of the Jsc
which was the only parameter impacted by pre-conditioning.
The experiments show that pre-conditioning with either humid
air or humid nitrogen leads to an accelerated deterioration in
photovoltaic performance despite the fact that the measure-
ment conditions during the operational stability tests were dry.
Both these experiments confirm that the presence of water sig-
nificantly accelerates the decomposition of AgBiS,.

Conclusions

To summarise, we examined the operational stability of AgBiS,
NC solar cells upon exposure to oxygen and light. We identify
that the choice of extraction layers dramatically influences the
evolution of the photovoltaic performance. In terms of HTL, the
commonly used PTB7/MoO; is significantly less stable than
PTAA:CgoF,45 and is the key contributor to the loss of perform-
ance in devices that contain the former. The deposition method
of the ZnO ETL also plays a key role, due to the varying
amounts of water present at the ZnO surface. Here interlayers of
PCBA*™ or In,0; *° could be explored to further improve the
device performance and stability. The extraction layers also
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heavily influence the changes in photophysics during degra-
dation. TA measurements indicate formation of traps with time
scales for charge trapping of 100 ps and longer. As the deterio-
ration of performance increases their signature becomes more
visible for longer degradation times and both evolutions corre-
late with the formation of NC decomposition products. We
propose that the degradation of the silver rich nanocrystals
occurs via the interaction of oxygen with the iodide-containing
ligands and results in the degradation of the active layer into
bismuth oxide and silver sulphide as well as in corrosion of the
silver electrode. The decomposition is accelerated by humidity.
The corrosion might be avoidable by the development of new
redox-inactive ligands, which should optimally also offer a
better passivation in order to yield enhanced performance and
stability. These findings highlight the importance of examining
the operational stability of devices throughout the development
of emerging photovoltaics in order to identify the degradation
mechanisms and develop suitable mitigation strategies.

Experimental
Materials

Prepatterned ITO substrates were purchased from PsiOTec.
Zinc acetate dihydrate (>98%), 2-methoxyethanol (99%),
ethanolamine (99%), silver acetate (99%), bismuth acetate
(>99%), and tetramethylammonium iodide (99%) were pur-
chased from Alfa Aesar and used as received. Oleic acid (>90%)
and all solvents (99%) were purchased from Thermo Fisher
Chemical. PTAA and MoO; (99.9%) were purchased from
Sigma Aldrich. PTB7 was purchased from Ossila. Ag (99.99%)
was purchased from Kurt J. Lesker.

Nanocrystal synthesis

AgBiS, NC. Synthesis followed Bernechea et al.,'* which for
AgBIS, is performed in a hot injection.

ZnOnp. Synthesis followed Beek et al*® with the final
solvent being a mixture of chloroform and methanol in the
volume ratio 1: 1.

Device fabrication

As substrate for solar cells glass with a prepatterned 150 nm
thick central ITO layer stripe was used. The substrates were
cleaned by sonication in isopropanol and acetone, followed by
an oxygen plasma treatment at 100 W, 0.4 mbar for 10 min.
The ZnO sol-gel solution was prepared by dissolving 0.46 mol
L' zinc acetate in 2-methoxyethanol and adding 0.46 mol L™*
ethanolamine. The mixture was stirred at 70 °C for at least 2 h.
It was then spin-coated at 2000 rpm for 60 s and annealed at
300 °C for 30 min. The ZnOnp solution with a concentration
of 60 mg ml™' was spin-coated at 3000 rpm for 30 s and
annealed at 200 °C for 10 min. The AgBiS,-TMAI NC layer fab-
rication was performed as described in Bernechea et al.’> and
resulted in 30-35 nm thick films. Up until here fabrication of
the layer stack took place in air. The organic films were de-
posited in a nitrogen filled glovebox. PTB7 was spin-coated on
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top of the NC film from a 5 mg mL™" solution in anhydrous
dichlorobenzene at 2000 rpm for 60 s. PTAA layers were fabri-
cated by 1:1 (vol) mixing a 6 mg mL ™" solution in anhydrous
chlorobenzene with a 3 mg mL™" CgoF,s solution in anhydrous
chlorobenzene. The doped PTAA was spin-coated at 6000 rpm
for 30 s and annealed at 100 °C for 10 min. A 3 nm thick
MoOj; layer was evaporated only in the case of the PTB7 HTL,
and the final silver electrode was for all devices evaporated at a
maximum rate of 0.1 nm s™' up to 80 nm.

Films for characterisation were fabricated in a similar
fashion if not indicated otherwise.

Characterisation

Photovoltaic characterization. 1 sun light was provided by an
Abet AAA solar simulator for single PV measurements and by
an Abet A solar simulator for the environmental rig. The latter
consisted of a sealed aluminium chamber with a low absorp-
tion quartz window, in which a gas flow consisting of nitrogen,
oxygen and humid nitrogen could be entered. The compo-
sition of the gas flow was controlled with needle valves and
was monitored with a Cambridge Sensotec analyser. The elec-
tric measurements were performed with a Keithley 2450 source
measure unit from 0.2 V to —0.6 V in 0.05 V steps followed by a
backward scan. For averaging, 8 devices of each configuration
were used.

Optical microscopy. A Nikon SM7800N microscope was used
to take microscope images.

X-ray photoelectron spectrocopy. The X-ray source was a
monochromated Al Ka. The measurements were performed in
ultrahigh vacuum on an ESCALAB 250Xi from Thermo
Scientific.

Ultraviolet photoelectron spectroscopy. The He I excitation
line with a pass energy of 2 eV was used on a PHOIBOS 100
analyser system from Specs.

X-ray diffraction. Films prepared on a silicon wafer by drop-
casting and performing the corresponding ligand exchange
served as samples. Measurements were performed in a parallel
beam geometry in a coupled 6/26 scan using a 6 mm x 2 mm
mask and a 0.6 mm height-limiting slit on a Bruker D8
Discover diffractometer equipped with a 1.6 kW X-ray Cu fila-
ment with a wavelength of 1.54 A and a Lynxeye 1D detector.

Photothermal deflection spectroscopy. PDS was measured in
inert atmospheres with an in-house built setup describe in pre-
vious studies.”

Transmission measurements. Absorbance was calculated
and background corrected from transmission measurements
in a SolidSpec 3700 from Shimadzu.

Scanning electron microscopy. The microscope, a Zeiss
Gemini 500, was operated at 1.5 keV to avoid damage from the
beam. The signal was acquired using both a primary electron
Inlens detector and a secondary electron HESE detector at a
camber pressure of 1 x 10~° mbar. The additional energy-dis-
persive X-ray spectroscopy was performed with an Oxford
X-MaxN 150 mm? detector at 8 keV excitation.

Atomic force microscopy. Morphology micrographs were
recorded with a Nanosurf Felx-Axiom in tapping mode.
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Profilometry. Film thicknesses were assessed on a Dektak
150 from Veeco.

Fourier-transform infrared spectroscopy. A Shimadzu IR
Spirit was used in transmission mode, with a humidity-con-
trolled measurement chamber. The data was background cor-
rected. Samples were drop casted on single side polished
silicon wafers.

Ultrafast broadband transient absorption spectroscopy. A Ti:
Sapphire regenerative amplifier (Spectra Physics Solstice,
Newport Corporation) pumped seed pulses (800 nm, <200 fs, 1
kHz) to an optical parametric amplifier (TOPAS, Light
Conversion) coupled to a frequency mixer (NIRUVis, Light
Conversion) to generate tuneable wavelength ~100 fs pump
pulses. Seed pulses were also directed to a mechanical delay
stage before being focussed into a YAG crystal to generate a
broadband NIR probe. The pump (modulated at 500 Hz, atte-
nuated to 50 nJ) and the probe beam were focussed onto a
~0.5 mm? spot on the sample, which was contained in a nitro-
gen-purged cuvette for measurements. After transmitting
through the sample, the probe signal was directed to an
optical fibre coupled sensor. Transient spectra were processed
using functions built into the software SurfaceXplorer, includ-
ing chirp correction and the subtraction of background noise.
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