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Nanostructured tin oxide (SnO,) is a very promising electron transport layer (ETL) for perovskite
solar cells (PSCs) that allows low-temperature processing in the planar n—i—p architecture. However, mini-
mizing current—voltage (J-V) hysteresis and optimizing charge extraction for PSCs in this architecture
remains a challenge. In response to this, we study and optimize different types of single- and bilayer SnO,
ETLs. Detailed characterization of the optoelectronic properties reveals that a bilayer ETL composed of
lithium (Li)-doped compact SnO, (c(Li)-SnO,) at the bottom and potassium-capped SnO, nanoparticle
layers (NP-SnO,) at the top enhances the electron extraction and charge transport properties of PSCs
and reduces the degree of ion migration. This results in an improved PCE and a strongly reduced J-V
hysteresis for PSCs with a bilayer c(Li)-NP-SnO, ETL as compared to reference PSCs with a single-layer or
undoped bilayer ETL. The champion PSC with c(Li)-NP-SnO, ETL shows a high stabilized PCE of up to
18.5% compared to 15.7%, 12.5% and 16.3% for PSCs with c-SnO,, c(Li)-SnO, and c-NP-SnO, as ETL,
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Introduction

Perovskite solar cells (PSCs) have attracted enormous interest
due to their rapid progress in power conversion efficiencies
(PCEs) from 3.8%" to 25.5%.> To date, most PSCs with the
highest PCEs are fabricated in the n-i-p structure, using a
mesoporous TiO, layer as the electron transporting layer
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(ETL),*® which, however, requires a high-temperature sintering
process. In addition, PSCs employing TiO, ETLs are potentially
unstable under ultraviolet (UV) illumination”® and prolonged
forward bias.® Therefore, many alternative n-type wide bandgap
semiconductors — such as SnO,, ZnO, WO3;, In,03;, Zn,Sn0,,
SrTiO3, BaSnO;, Ba, ¢St ,SN03; and Nb,Os — have been studied
as ETLs for the realization of high-performance, planar, and
low-temperature-processed n-i-p PSCs.'®'? SnO, has been
identified as one of the most promising candidates owing to
its favourable optoelectronic properties,">'* including low light
absorption, appropriate energy level alignment with the
perovskite, high electron mobility as well as low-temperature
processing.’* '8

However, planar PSCs employing ‘standard’ SnO, ETLs -
without any additive or interface modification — often suffer
from considerable current-voltage (J-V) hysteresis that limits
the PCE of such devices.">'®' One of the most accepted
explanations for the appearance of hysteresis in PSCs is
interface recombination in conjunction with ion migration®*>>
due to the existence of ionic defects (e.g, vacancies, interstitials,
antisites) in the perovskite crystal lattice.>*>” Hysteresis in PSCs
can be strongly suppressed by optimizing the energy level
alignment, minimizing interfacial recombination, as well as

© 2022 The Author(s). Published by the Royal Society of Chemistry
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optimizing the electron extraction efficiency and hole blocking
properties.'®*"*%32 Therefore, optimizing the electronic proper-
ties of the ETL/perovskite interface is one route for achieving
hysteresis-free planar PSCs with highest PCEs. Many approaches
have been proposed in this regard: (i) a bilayer ETL structure
composed of two metal oxide films;*'™> (ii) doping of
the ETL;>'®2°* (iii) an interfacial modification at the ETL/
perovskite interface;>*>"'> or (iv) doping the perovskite
bulk.>*>¢

Lithium (Li) has been introduced as promising dopant
for improving the ETL/perovskite interface among others.
case of mesoporous TiO,, it has been shown that a post-treatment
with Lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI) as the
Li source can improve the electronic properties of TiO,, resulting
in an enhanced electron mobility and a reduced electron trap
density in TiO,.>**" At the same time charge extraction from and
energetic alignment with the perovskite are improved, thereby
improving the PCE and reducing J-V hysteresis of PSCs.>**°!
In the case of Sn0O,, Park et al.®® added Li-TFSI directly into the
SnCl, containing precursor solution and, more recently, Huang
et al® added LiCl into a colloidal SnO, nanoparticles (NPs)
precursor solution. Both of these Li-doped SnO, films exhibited
enhanced conductivity as well as improved the electron extraction
from respectively electron injection into the perovskite layer,
improving the PCE compared to reference PSCs. In addition to
Li-doping, the use of potassium (K) at the ETL/perovskite interface
has been demonstrated to strongly reduce the j-V hysteresis in
n-i-p PSCs.*"**>% In that regard, Bu et al®® revealed that
potassium hydroxide (KOH) is used as a stabilizer in a commercial
SnO, NP dispersion (Alfa Aesar, tin(wv) oxide, 15% in H,O colloidal
dispersion, product number 44592). The authors proposed that K
ions at the surface of SnO, react with the perovskite forming
KBr by substitutional reaction.®>** The KBr-rich interface could
passivate halide vacancies at the interface, resulting in high
performance and hysteresis-free PSCs when employing this
commercial product to form the SnO, ETL.>*>%%3

Here, we study if the advantages of both Li and K can be
exploited by introducing a bilayer ETL composed of Li-doped
compact SnO, (c(Li)-SnO,) and K-capped SnO, NPs (NP-SnO,)
layers, i.e. c(Li)-NP-SnO,. The processing parameters such as
concentrations of precursors and annealing temperature are
optimized for PSCs employing compact SnO, (c-SnO,) and c(Li)-
SnO, single-layers as well as c¢c-NP-SnO, and c(Li)-NP-SnO,
bilayers as ETL. We investigate the surface chemistry of the
various ETL configurations utilizing X-ray photoelectron
spectroscopy (XPS), confirming the existence of Li and K at
the surface of c(Li)-SnO, and c-NP-SnO,/c(Li)-NP-SnO, ETLs,
respectively. Photoluminescence (PL) spectroscopy and
electrochemical impedance spectroscopy (EIS) indicate large
improvements of electron extraction at the ETL/perovskite
interface and charge transport across the perovskite layer
together with a strong suppression of ion migration for c(Li)-
NP-SnO, ETL. This results in a stabilized PCE of up to 18.5%
with very low J-V hysteresis for PSCs employing c(Li)-NP-SnO,
as ETL as compared to 15.7%, 12.5% and 16.3% for PSCs with
¢-Sn0,, ¢(Li)-SnO, and ¢-NP-SnO, as ETL, respectively.

5,36,57-61
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Results and discussion

To investigate the effect of the various ETL configurations on the
optoelectronic properties of the PSCs, we fabricated planar n-i—p
PSCs with the layer stack (Fig. 1a-d): glass/indium tin oxide
(ITO)/ETL/double-cation  perovskite/2,2’,7,7'-tetrakis(N,N'-di-p-
methoxy phenylamine)-9,9’-spirobifluorene (spiro-OMeTAD)/Au.
First, we optimize the performance of PSCs employing the
different ETL configurations - (a) c¢-SnO,, (b) c¢-NP-SnO,,
(¢) ¢(Li)-SnO,, and (d) c(Li}-NP-SnO, - by tuning the thickness
via the precursor solution concentrations as shown in Fig. S1-S4
in the ESIt (details can be found in the Experimental section).
In addition, we optimize the annealing temperature after Li-TFSi
treatment (Fig. S5, ESIT). The statistics of the photovoltaic
parameters measured in reverse scan direction, for 15 devices
(area: 0.078 cm?) in each ETL configuration, are presented in
Fig. le-h. The hysteresis index (HI) is calculated from the
difference between the two J-V scan directions - defined as
(PCEreverse~PCEforward)/PCEreverse) — and a comparison of the HI is
presented in Fig. 1i. The PSCs with ¢-SnO, ETL exhibit an average
PCE and HI of 18.5% and 0.27, respectively. The PSCs with c-NP-
SnO, ETL show a slightly lower average PCE of 18.3%, however,
the HI is reduced to 0.06, which is attributed to the presence of K
ions at the surface of the NP-SnO, layer (as will be verified later)
that results in passivation of halide vacancies at the ETL/
perovskite interface, in line with previous reports.>>®* PSCs with
¢(Li)-SnO, ETL show the highest short-circuit current density
(Jsc) and lowest open-circuit voltage (Voc) among all ETLs,
respectively,”® however, the HI is strongly increased to 0.53.
In contrast, PSCs with ¢(Li)-NP-SnO, ETL exhibit the combined
benefits of Li and K with significant improvements in Jsc as well
as FF as compared to PSCs with c-SnO, ETL, leading to an
average PCE of 19.3% with by far the lowest HI of 0.03 among all
studied ETLs.

Fig. 2a-d shows the champion J-V characteristics of
PSCs with optimized ETLs for the different configurations.
The difference between reverse and forward scan direction is
shaded to highlight the degree of hysteresis. Devices with c¢(Li)-
Sn0,, and ¢(Li)-NP-SnO, ETLs exhibit the highest Jsc, while the
ones with ¢-NP-SnO, and ¢(Li)-NP-SnO, ETLs exhibit the high-
est FF together with very low J-V hysteresis. As a result of the
combined improvement in Jsc and FF, PSCs with ¢(Li)-NP-SnO,
exhibit the highest PCE of 20.4% in reverse scan direction
compared to ¢c-Sn0O,, c-NP-SnO,, and c(Li)-SnO,, which exhibit
champion PCEs of 19.5%, 19.3%, and 19.6%, respectively.

Stabilized PCEs (s-PCEs) are determined by maximum power
point (MPP) tracking of the champion PSCs under continuous
illumination for 300 s (Fig. 2e-h). s-PCEs of 15.7% and 12.5% are
achieved for PSCs with ¢-SnO, and ¢(Li)-SnO, ETLs, respectively,
which is much lower compared to the PCE from the reverse j-V
scans (see Fig. 2a, c) due to the considerable -V hysteresis.
In contrast, PSCs with ¢-NP-SnO, and c¢(Li)-NP-SnO, ETLs with
very low J-V hysteresis exhibit high s-PCEs of 16.3% and 18.5%,
respectively. We note that the s-PCE in case of ¢-NP-SnO, and
¢(Li)-NP-SnO, is slightly lower than both the reverse and forward
scan PCE. We speculate that this is related to a reduction in
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Fig. 1 Schematic of the n—i—p PSC architecture employing (a) c-SnO,, (b) c-NP-SnO; (c) c(Li)-SnO,, and (d) c(Li)-NP-SnO, ETLs. Statistical photovoltaic

parameters for 15 PSCs each employing the various ETL configurations in
index (HI) extracted from J-V curves.

charge carrier extraction during the first seconds of device
operation, as recently reported by Thiesbrummel et al.®® We also
fabricated PSCs with a single SnO, NP layer (NP-SnO,) as it is a
well-established ETL in the literature'> 8215636768 and our

reverse scan direction: (e) PCE, (f) FF, (g) Voc, (h) Jsc. (i) Statistical hysteresis

laboratory.®*”" The champion PSC with NP-SnO, ETL shows a
reverse scan PCE and s-PCE of 19.3% and 16.3% respectively
(Fig. S7, ESIt), which is much lower compared to the values
achieved for the champion c¢(Li)-NP-SnO, ETL (Fig. 2d). Besides,
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Fig. 2 Reverse (R) and forward (F) J-V scans and stabilized PCE (s-PCE) derived from MPP tracking of champion PSCs with (a and e) c-SnO,, (b and f)

c-NP-SnO,, (c and g) c(Li)-SnO, and (d and h) c(Li)-NP-SnO, ETLs.
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the PSCs with c(Li)-NP-SnO, ETL maintain a stable power output
(>95% of the initial value) when measured under 1 Sun
illumination for 24 h (Fig. S8, ESIY).

To identify the reasons for the differences in performance of
PSCs employing the various ETL configurations, we firstly
probe the ETL surface morphology by means of atomic force
microscopy (AFM) and scanning electron microscopy (SEM).
The AFM images depict that the morphology for the c-SnO, ETL
(Fig. 3a) appears quite similar to that of ITO (Fig. S9a, ESIY),
while the RMS roughness is slightly reduced from 2.9 nm to
2.2 nm. This observation is attributed to the existence of a thin
and continuous SnO, compact layer on ITO. The ¢(Li)-SnO, ETL
also exhibits a similar morphology and RMS roughness
(2.1 nm) as compared the c-SnO, ETL without any observable
aggregation of Li-TFSI salt (Fig. 3b). After deposition of SnO,
NPs on top of the ¢-SnO, or c¢(Li)}-SnO, layers, the film
morphology slightly changes accompanied by a reduced RMS
surface roughness of 1.3 nm and 1.4 nm, respectively, which is
attributed to the formation of a smooth NP capping layer that
homogenously covers the existing bumps of the underlying
layers.'””?

Comparable morphology and RMS are also observed when
SnO, NPs are deposited directly on bare ITO (Fig. S9b, ESIT).
In addition, the SEM images demonstrate a similar surface
morphology for the different ETL configurations in line with
the results obtained by AFM (Fig. S10a-d, ESIt). The above
observations are also in line with the comparable transmittance and
reflectance spectra for the different ETLs (Fig. Si1a and b, ESIf).

(2) § RMS=2.2%nm_ | (b) "RMS=2.1 hm

» |
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Furthermore, the transmission in the wavelength region
~450 nm is only slightly reduced as compared to bare
ITO, resulting in a very low parasitic absorption of the
respective PSCs.

Next, we examine if employing the different ETL configurations
does alter the perovskite thin film morphology, thickness and
crystallinity. SEM images in Fig. 3e-1 and XRD spectra in Fig. S12
(ESIT) indicate that all perovskite thin films on the different
ETLs exhibit a pin-hole free morphology with comparable grain
size, thickness and XRD pattern. These findings confirm that the
ETL sublayer has no significant effect on the perovskite film
formation. The zoom-in of the cross-sectional SEM images of the
of the ETLs/perovskite thin film interface indicates a similar
thickness for the ¢-SnO, and ¢(Li)-SnO, ETLs, while that for ¢-NP-
SnO, and ¢(Li)-NP-SnO, ETLs is slightly increased (Fig. 3i-1 inset,
highlighted in green). We note that we do not expect the c-SnO,
layer (annealed at 200 °C) to be washed away or be redissolved
by the water-based NP-SnO, depostion, in line with previous
reports.®?

Next, we investigate the surface chemistry of the various ETL
configurations by means of X-ray photoelectron spectroscopy
(XPS) to proof the presence of Li and/or K at the film surface
and to study any potential effect on the chemical environment
of SnO,. Fig. 4a shows the survey spectra for the full accessible
binding energy range, where the core level emissions
were identified from reference values (see dotted lines and
labels).” All four ETLs exhibit the expected lines related to tin
(Sn) and oxygen (O). Furthermore, carbon (C) is present because

(¢)* RMS=1.3m~

(d) "RMS=1.4.nm

Fig. 3 AFM images of the surface morphology of (a) c-SnO,, (b) c(Li)-SnO, (c) c-NP-SnO, and (d) c(Li)-NP-SnO, ETLs. Top and cross-sectional SEM
images of perovskite thin films deposited on (e and i) c-SnO,, (f and j) c(Li)-SnO,, (g and k) c-NP-SnO, and (h and |) c(Li)-NP-SnO, ETLs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Survey spectra, (b) Li 1s emission, and (c) Sn 3ds,, emission of
the four different ETL configurations c-SnO,, c-NP-SnO,, c(Li)-SnO,, and
c(Li)-NP-SnO, measured by XPS. For shape comparison, the spectra in
(c) were normalized and shifted.

of the ex situ preparation and sample transfer and handling in
ambient air. For ¢-SnO, and ¢(Li)-SnO,, a Cl 2p signal around
200 eV is detected, which is attributed to residuals of the SnCl,
precursor (see Experimental section). In the case of ¢-NP-SnO,
and c(Li}-NP-SnO,, small potassium (K) peaks at ~294 eV
(K 2ps;) and ~297 eV (K 2p,j,) are detected (see Fig. S13,
ESIY), which is attributed to residuals from KOH that is used for
the synthesis of the NPs to stabilize the colloids as discussed
above.®

Despite lithium having a relatively low photoionization
cross-section,”® i.e. it is barely detectable in the XPS survey
spectrum, it can be unambiguously identified for the c¢(Li)-SnO,
ETL from the Li 1s core level spectra at a binding energy of
~56 eV (Fig. 4b). This indicates that Li ions have been
successfully doped into SnO,. In addition, small peaks related
to the fluorine F 1s and sulfur S 2p core levels at ~689 eV and
~170 eV originating from TFSI™ anions at the film surface are
detected in the survey spectrum (see Fig. 4a), in line with recent
observations for Li-TFSI doped mesoporous TiO,.> Critically,
the signals of F, S, and Li disappear for the c(Li)-NP-SnO, ETL
as their signal gets damped by the NPs. This reveals that there
is no diffusion of the dopants from ¢(Li)-SnO, through the SnO,
NPs towards the surface as otherwise the signal from the
diffused dopant would be no longer be damped by the NPs
and be still visible in the spectrum. The absence of a Li signal
thereby shows that the Li-TFSI treatment affects only the
interface between c-SnO, and NP-SnO,. In Fig. 4c, we compare
the normalized and shifted Sn 3ds,, emission spectra for all
different ETLs, which do not show any variations in the shape
of the signal, indicating that the chemical environment of SnO,
is the same for all four ETL configurations. We note, however,
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that the Sn 3ds,, emission is not very sensitive to chemical
shifts;”>”® thus, an influence of the Li-TFSI treatment might
not be detectible. The comparable morphological and
structural properties of the different ETLs and perovskite thin
films on top mean that the difference in the photovoltaic
performance must originate from changes in the optoelectronic
properties at the ETL/perovskite interface. Therefore, we
investigate the recombination behaviour and charge transfer
kinetics between the perovskite and the different ETLs by
means of photoluminescence quantum efficiency (Q™™) and
time resolved photoluminescence (TRPL).

The normalized steady state PL spectra of perovskite films
deposited on the various ETL configurations measured in an
integrating sphere exhibit a similar PL peak shape (Fig. S14, ESIt).
This indicates that the perovskite bandgap and morphology are
not strongly affected by the underlying ETL,”” in line with the
absorbance, SEM, AFM and XRD results. In order to determine
the quasi-Fermi level splitting (¢-AEr = Vocraa + ksT1n Qle“m), we
measure Q1™ of perovskite films deposited on ITO/ETL substrates
at irradiation intensities comparable to 1 Sun illumination as a
measure for the maximum obtainable Vo (ie., the implied

78-80

AE
Voc,imp :TF) when employing this interface in a PSC.

As shown in Fig. 5a, a Q"™ of 5% (measured directly after turning
on the laser) for perovskite films on a glass substrate relates to
Voc,imp 0f ~1.13 V, while when deposited on the different ETL
configurations Q"™ slightly reduces to ~1-2% which relates to
Voc,imp in the range of ~1.1-1.12 V. The extracted values are
comparable to the average (reverse scan) Voc of the respective
PSCs in the J-V characteristics (see Fig. 2), indicating that the V¢
is limited by the ETL/perovskite interface. We note that while the
perovskite/HTL interface can also limit the Vo substantially in
certain device structures, as has been shown in several recent
reports,®”**7%8152 thig interface is not the focus of this study
and does not seem to result in a large additional interface
recombination for our PSCs. Based on these results we can
conclude that a reduction in interface recombination cannot
explain the superior properties (enhanced Jsc and FF and lower
hysteresis) of PSCs employing the ¢(Li)-NP-SnO, ETL, which is in
line with the comparable reverse scan Vo for the different ETLs.*?
For this reason, we measured the TRPL decay for ITO/ETL/
perovskite stacks to further analyze the charge extraction and
non-radiative recombination properties (Fig. 5b). Despite the
complicated interpretation of such transients,**® at early times
(i.e., high initial charge carrier densities) the decay is affected by
charge transfer to the ETL. At later times (i.e., at low charge carrier
densities), the decay is mainly governed by Shockley-Read-Hall
(SRH) recombination at either the ETL/perovskite interface or
within the bulk of the perovskite thin film and can be approxi-
mately described by a constant exponential slope.”®>%
Strikingly, the decay at early times (<100 ns) is much faster
for the c(Li)}-NP-SnO, ETL as compared to the other ETL
configurations that all exhibit a very similar decay, indicating
towards improved electron extraction capabilities of this specific
ETL configuration.">**"” One reason for that observation might
be a lower amount of charge accumulation at this interface, which

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Left y-axis: External photoluminescence quantum efficiency (QY™)
of perovskite films on glass and on ITO/ETL substrates for the different ETLs.
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q
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measurements of perovskite films on the various ITO/ETL configurations,
(c) time dependent measurements of QY™ at two different irradiation
intensities of perovskite films on the various ITO/ETL configurations.

otherwise would quickly slow down the charge extraction process
at early times.®**>®® A single exponential fit to the data at later
times (~300 ns) allows estimating the SRH lifetime (tsgry)
which is very similar for ¢-SnO,, ¢-NP-SnO, and ¢(Li)}-SnO, ETLs

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(tsru ~ 220 ns), while it is slightly lower for the c(Li}-NP-SnO,
ETL (tsgu ~ 150 ns). Assuming that tgry is governed by
recombination in the bulk of the perovskite films allows

kT | GexiAtsru
In———

estimating Voc,imp = — , where G is the charge

no
carrier generation rate and n, is the thermal equilibrium concen-
tration of electrons.”®®

The results of this analysis (average of 4 different spots) are
included in Fig. 5a. While the values of Vo imp for the c-SnO,,
¢-NP-SnO, and c¢(Li)-NP-SnO, ETLs are slightly below that
extracted from QM™, that for the c(Li)-SnO, ETL is slightly
higher, which could indicate that the TRPL decay at later times
is governed by additional processes for this ETL.

To explore the effect of ion migration and its effect on
hysteresis for the various ETL configurations, we performed
continuous light-soaking experiments at low (~0.1 Sun) and
high (~3 Sun) irradiation intensity. This allows us to study the
photo-brightening effect, which can be used to estimate the
magnitude of ion migration and defect healing in a perovskite
film (Fig. 5¢).>*%*%°® In line with the measurements at 1 Sun
intensity discussed above, the initial value of Q™ at ~0.1 Sun
is very similar (~0.5%) for all ETL configurations. However,
O™ for ¢-Sn0O, as ETL exhibits fast rise dynamics even at these
low irradiation intensities, while in contrast the photo-
brightening effect is strongly suppressed in case of ¢(Li)-SnO,,
and almost completely suppressed for c-NP-SnO, and ¢(Li)-NP-
SnO,. Increasing the irradiation intensity to ~3 Sun where ion
migration is expected to be strongly enhanced,”*®® samples
with ¢-NP-SnO,, c(Li)-NP-SnO, and c¢(Li)-SnO, as ETL
exhibit similar rise dynamics, while that for c¢-SnO, is again
much stronger. Importantly, returning to the low intensity of
~0.1 Sun, ¢-NP-SnO,, ¢(Li)}-SnO, and c(Li)-NP-SnO, ETLs all
exhibit a Q™ that is around a factor ~ 1.6 higher compared to
the value just before the high intensity step, while, in contrast,

W™ for ¢-Sn0O, as ETL remains at a very high value of 5%,
which is a factor ~2.5 higher. This reduced photo-brightening
effect and suppressed hysteresis of Q™™ when going from low-
to-high-to-low intensities, indicates that ion migration is
strongly suppressed when employing c-NP-SnO, and c(Li)-NP-
SnO, as ETL and to some extent also for ¢(Li)-SnQ,.>**%8990:93

In summary, the Q™ and TRPL results reveal that the
degree of interface recombination at the ETL/perovskite inter-
face is not strongly affected by the different ETL configurations,
while there is an indication for a more efficient electron
extraction in case of ¢(Li)-NP-SnO,. In addition, ion migration
seems to be strongly reduced for samples employing ¢-NP-SnO,
and c(Li)}-NP-SnO, as ETL with respect to the reference c-SnO,
ETL. We hypothesize that the suppressed ion migration is
related to a reduced charge accumulation at the ETL/perovskite
interface and hence allows faster charge extraction, in line
with the strongly reduced hysteresis in the respective PSCs.
It should be noted that from the results so far it is not
completely clear why the hysteresis in c¢(Li)-SnO, is much
higher as compared to c-NP-SnO, and c(Li)-NP-SnO,.

Therefore, to further explore and understand the charge
transport dynamics in PSCs with the various ETL configurations,

Mater. Adv,, 2022, 3, 456-466 | 461
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generated charge extraction by linearly increasing voltage (photo-CELIV)
measurements of PSCs with c-SnO,, c(Li)-NP-SnO, and c(Li)-NP-SnO,
ETLs.

10

we conduct electrochemical impedance spectroscopy (EIS)
measurements to characterize the recombination behavior.
The EIS measurements are performed under open-circuit
conditions at 3 mW cm 2 intensity. The Nyquist plots of
representative PSCs with the different ETL configurations feature
two kinetically separated processes with clearly distinguishable
semi-circles, recorded from 1 Hz to 1 MHz frequency (see
Fig. 6a). As reported by Garcia-Belmonte et al. and others,”®™®
the semi-circle in the high frequency range (left side) represents
the dielectric properties of the bulk of the perovskite film,
and the semi-circle at low frequency range (right side) correlates
to the recombination at the interface of the perovskite thin film
and it’s charge transport layers. The impedance response of
PSCs is interpreted in terms of the equivalent circuit shown in
Fig. S15 (ESIT) where R; is the series resistance and C, and R,
refer to the capacitance and transport resistance of the bulk
perovskite thin film, respectively. The chemical capacitance C,
correlates to the charge accumulation at the interfaces of
the perovskite and transport layers and the recombination
resistance (R..) refers to the recombination resistance at the
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interfaces.’>*° The fitted parameters are summarized in Table S1
(ESIt). We observe that Ry is highest in PSCs with ¢(Li)-NP-SnO,
as ETL followed by c-NP-SnO,, c-SnO, and c(Li)-SnO,, reflecting
the lowest recombination in PSCs with ¢(Li)-NP-SnO, as ETL
compared to the others. Since the HTL remains identical for all
PSCs, the change in R is supposed to be originated from the
ETL/perovskite interface. The value of C, suggests that charge
accumulation at the ETL/perovskite interface decreases in the
order c(Li}-SnO, > ¢SnO, > ¢NP-SnO, > ¢(Li)}-NP-SnO,.
As mentioned previously, charge accumulation at the perovskite
interfaces has been demonstrated to be one of the dominant
reasons for J-V hysteresis.”*>> The observed trend in charge
accumulation behavior is consistent with the TRPL results and
the fact that PSCs with ¢(Li)-NP-SnO, and ¢-NP-SnO, ETLs show
the lowest hysteresis (Fig. 2d), while PSCs with c¢-SnO, and
¢(Li)}-SnO, ETL show intermediate and maximum hysteresis,
respectively (Fig. 2c and a). We note that this charge accumulation
does not seem to affect the non-radiative recombination at the
ETL/perovskite interface, as demonstrated by the similar value of
Q™ and therefore the Vy, but does affect the charge extraction
properties and thereby the FF, Jsc and hysteresis.

Finally, to investigate whether charge transport throughout
the perovskite absorber layer is also affected by the different
ETL configurations and whether it correlates with the trend in
device performance, we performed photogenerated charge
extraction by linearly increasing voltage (photo-CELIV)
measurements. Fig. 6b shows the typical photo-CELIV curves
for all the PSCs with the peak position correlating to the
mobility of the carriers (see details in the ESI{). This is because
a peak position at later times indicates that a higher voltage is
required for most efficient charge extraction.'*'°! Hence, for
¢(Li)-NP-SnO, and c-NP-SnO,, comparatively lower voltages
compared to ¢-SnO, and c(Li)-SnO, are required to extract all
charge carriers, which we attribute to an enhanced charge
accumulation in the latter, in line with the EIS results. In
addition, an irregular double peak shape can be observed for
¢(Li)-SnO, ETL, with the total extracted charge carriers, as
derived by integrating over the peak area in Fig. 6b, being
strongly reduced compared to the other ETL configurations.
The calculated mobilities for ¢(Li)-NP-SnO,, c-NP-SnO,, ¢-SnO,
and ¢(Li)-Sn0, are 2.5 x 10*,2.0 x 10"%,1.3 x 10" % and 7.6 x
10™* em® V7' s respectively. Therefore, we have strong
indication that the ETL configuration not only affects the
charge extraction characteristics at the interface, but also
improves the mobility within the perovskite film for PSCs with
¢(Li)-NP-SnO, as ETL as compared to ¢-SnO, and ¢(Li)-SnQ,."*> %>

Conclusions

This work systematically investigates various single- and bilayer
SnO, ETLs and the role of dopants and additives therein for use
in highly-efficient planar n-i-p PSCs. SEM, XRD, and AFM
results show that the different ETL configurations do not affect
the perovskite film morphology and crystallinity. XPS data
reveals that Li is successfully doped in the ¢(Li)-SnO, ETL and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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that K is apparent in the ETLs formed using a commercial SnO,
NPs colloidal solution. We introduce a novel bilayer c(Li)-NP-
SnO, ETL that combines the advantages of Li and K, resulting
in an improved charge extraction in conjunction with sup-
pressed ion migration and reduced charge accumulation at
the perovskite/ETL interface. The champion double-cation PSC
with ¢(Li)-NP-SnO, ETL exhibits a remarkable PCE of 20.4% in
the J-V scan and a stabilized PCE of around 18.5% after MPP
tracking for 300 s. This is a result of a strongly reduced
hysteresis and improvements in both FF and Jsc as compared
to the other optimized ETL configurations. In summary, this
work reports on an effective interface engineering approach
for perovskite photovoltaics to improve their photovoltaic
parameters.
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