
Nanoscale

PAPER

Cite this: Nanoscale, 2025, 17, 8861

Received 11th October 2024,
Accepted 22nd February 2025

DOI: 10.1039/d4nr04205k

rsc.li/nanoscale

Impact of processing atmosphere on nanoscale
properties of highly efficient Cs0.05MA0.05FA0.9PbI3
perovskite solar cells†

Muhammad Uzair Farooq, a Sevan Gharabeiki, a Ding Yong,b

Joana Ferreira Machado, a Jean-Nicolas Audinot, c Tom Wirtz, c

Mohammad Khaja Nazeeruddin, b Susanne Sienbentritt a and
Alex Redinger *a

The fabrication process of triple-cation-halide organic inorganic perovskites must be tightly controlled to

make high-efficiency solar cells. After precursor deposition, the amount of oxygen and moisture during

the annealing process is important but not always well-monitored and understood. In this study,

Cs0.05MA0.05FA0.9PbI3 perovskite films were annealed in different environments, namely N2, O2 and air, to

systematically explore the relationship between the evolution of PbI2, the grain boundary band bending

and the optoelectronic properties. We find higher amounts of PbI2 after air annealing, accompanied by an

increased number of grain boundaries that show downward band bending. Photoluminescence measure-

ments showed that absorbers annealed in the absence of air or O2 (i.e. N2 environment) exhibit the best

optoelectronic properties, which however did not translate to the highest VOC of the devices. Drift-

diffusion simulations show that the interface between the perovskite and the Spiro-OMeTAD is very sensi-

tive to the defect density. Consequently, the higher amount of PbI2 is likely to passivate some of the inter-

face defects, which means better translation of the opto-electronic absorber quality into open-circuit

voltage. Although this strategy was adequate for the perovskite/Spiro-OMeTAD solar cell architecture that

was used in this study, our results show that an even better way would be to grow perovskites without

intentional incorporation of air or oxygen, which reduces PbI2 and grain boundary band bending, allowing

higher quasi Fermi-level splitting. This layer would need to be combined with an optimized hole extrac-

tion layer with improved band alignment.

Organic–inorganic halide perovskites are among the most
promising candidates for topcells in next-generation tandem
solar cells. The tunability of the bandgap, the low production
costs, and the easy manufacturing1,2 have allowed the
researchers to push the record power conversion efficiency
beyond all traditional thin film technologies in only a couple
of years, now reaching 26.7% for single junction devices and
34.2% for perovskite/Si tandems.3

The formation and stabilization of the perovskite structure
is of key importance to meet the high-stability demand for
commercialization. It is well known that methylammonium
(MA)-based absorbers are too unstable.4,5 Therefore, formami-
dinium (FA)-based perovskites (FAPI) are nowadays preferred,6

which often include small amounts of Cs and MA to achieve a
stable α-phase,7–12 due to a better Goldschmidt tolerance
factor.13

FAPI perovskites must be prepared in a controlled environ-
ment to maximize stability and power conversion efficiencies
(PCE).14,15 Several studies suggest that incorporating a small
amount of water or moisture within the precursor solution or
during the annealing process leads to a modulation of the
crystal orientation and phase distribution, recrystallization, or
healing of defects in the perovskite film, which ultimately
leads to higher PCEs.16–22

In addition to changes in the perovskite lattice and defects,
changes of the PbI2 secondary phase need to be
considered.23–25 The PbI2 possesses a relatively large band gap
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(Eg ≈ 2.3 eV (ref. 26)) that is not suitable for photovoltaic appli-
cations.27 In addition, light-induced degradation of PbI2 is
also considered detrimental to the overall stability and per-
formance of the device.28,29 However, some reports also
discuss the potential benefits of excess PbI2 in solar cell absor-
bers. Possible reasons include type I band alignment between
the PbI2 layer and the transport layer, creating a barrier for
electrons toward the hole transport layer (HTL) and passivation
of the grain boundaries, which reduces band bending at the
grain boundaries.30–39

A detailed microscopic picture of how different annealing
atmospheres impact the surface properties and grain bound-
aries of perovskite absorbers and their interaction with the
PbI2 secondary phase is not available. In the following study,
perovskite absorbers annealed in three different environments
(N2, O2, and air) will be discussed. We focus on the annealing
process directly after the spin coating, where solvent evapor-
ation and recrystallization takes place.

In this work, we will show how different atmospheres
change the amount of excess PbI2 on the surface. We will
discuss changes at grain boundaries and correlate the micro-
scopic analysis, carried out by atomic force microscopy and
secondary ion mass spectrometry, with photoluminescence-
based techniques. This will allow us to link the changes at the
surface to the carrier lifetimes, photoluminescence quantum
yields, and absorber doping. Finally, the absorber properties
will be compared with the device efficiencies, and we will use
drift diffusion simulations to better understand the results.

We show that changes in grain boundary band bending are
not likely to be responsible for the changes in power conver-
sion efficiency. However, the amount of PbI2 varied. We found
the best optoelectronic quality for the lowest amount of PbI2
in the perovskite absorbers. However, devices with more PbI2
perform slightly better. We relate this to changes in the inter-
face quality between the hole extraction layer and the perovs-
kite. This will be discussed with the help of drift-diffusion
simulations.

1 Experimental methods

The device with an architecture of FTO glass/compact TiO2

layer (c-TiO2)/compact SnO2 layer (c-SnO2)/
Cs0.05MA0.05FA0.9PbI3 (PVK)/spiro-OMeTAD (HTM)/Au structure
was fabricated. The patterned FTO substrate (Asahi FTO glass,
12–13 Ω per square) was sequentially cleaned with detergent
(5% Hellmanex in water), deionized water, acetone and isopro-
panol in an ultrasonic bath for 30 min each. The FTO substrate
was then further cleaned with ultraviolet-ozone surface treat-
ment for 15 min. The compact TiO2 layer (c-TiO2) and the
SnO2 layer were sequentially deposited on the clean FTO sub-
strate by the chemical bath deposition (CBD) method.40 The
substrate was annealed on a hotplate at 190 °C for 60 min.

The perovskite precursor solution (1.4 M) was prepared by
adding 645.4 mg of PbI2, 216.7 mg of formamidium iodide
(FAI), 11.1 mg of methylammonium iodide (MAI), 11.8 mg of

CsCl, and 33.1 mg of MACl into 200 µL of N,N′-dimethyl-
sulfoxide (DMSO) and 800 µL of dimethylformamide (DMF)
mixture. After UV ozone treatment of the substrates for
15 min, the perovskite precursor solution was spin coated on
the surface of the FTO/c-TiO2/c-SnO2 substrate at 1000 rpm for
10 s, accelerated to 5000 rpm for 5 s, and maintained at this
speed for 20 s. This process was carried out in an N2-filled glo-
vebox. The substrate was then placed on home-made rapid
vacuum drying equipment, as previously reported.41 After
pumping for 20 s, a brown, transparent perovskite film with a
mirror-like surface was obtained. The fresh perovskite layer
was annealed at 100 °C for 1 h and then at 150 °C for 10 min
in N2, O2, or air atmosphere. Afterwards, 60 µL of PEAI solu-
tion (5 mg mL−1 in isopropanol) was spin-coated on the per-
ovskite film at 5000 rpm for 30 s. A hole transport layer was
deposited on the perovskite film by depositing a doped
spiro-OMeTAD solution at 3000 rpm for 30 s. The doped
spiro-OMeTAD solution was prepared by dissolving 105 mg
of spiro-OMeTAD and 41 µL of 4-tert-butylpyridine in
1343 µL of chlorobenzene with an additional 25 µL of bis(tri-
fluoromethane)sulfonimide lithium salt solution
(517 mg mL−1 in acetonitrile) and 19 µL of cobalt-complex
solution (376 mg mL−1 in acetonitrile). Finally, a ∼70 nm-
thick gold layer was evaporated on the spiro-OMeTAD layer
as the back electrode.

The characterization of the grain structure and the grain
boundaries was performed with an atomic force microscope.
The topography was acquired in amplitude modulation (AM-
mode) while the KPFM was performed using frequency modu-
lation (FM-mode, side band excitation) based on reports from
the literature showing that FM-KPFM yield more reliable
results.42,43 The topography and work function maps were
acquired in a single-pass mode. To translate the contact poten-
tial difference between the tip and the sample into a work
function, the tip work function was calibrated with a reference
sample (highly oriented pyrolytic graphite, work function: 4.6
eV). All measurements were performed under ambient
pressure in a nitrogen-filled box. During the measurements or
the transfer process, the samples were not exposed to ambient
conditions.

The nanometric distribution of elements on the surface of
perovskite was determined by using a Helium Ion Microscope
(HIM) coupled with a Secondary Ion Mass Spectrometer
(SIMS).44 HIM-SIMS analyzes were performed using a 25 keV
neon beam with a current of 4 pA to scan a surface area of 8 ×
8 µm2, achieving a spatial resolution below 20 nm. Positive
and negative ions were successively recorded in a 512 × 512
pixel matrix with a dwell time of 1.5 ms per pixel (≈6 minutes
per acquisition). The SIMS images are used to determine the
homogeneity in composition within the grains and grain
boundaries, including the depletion or excess of the signal
intensity of ions of interest.

To study the crystalline structure of the films and confirm
the presence of secondary phases, X-ray diffraction (XRD)
measurements were performed in a Bruker D8 diffractometer
with a θ–2θ Bragg–Brentano configuration. The CuKα X-ray
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source was set to 40 kV and 40 mA with a 8 mm fixed slit. The
integration time was 1 s with a step size of 2θ = 0.02θ.

Absolute Photoluminescence (PL) measurements were con-
ducted at room temperature (here 295 K) under ∼1 sun inci-
dent photon flux density. The temperature was independently
measured with a thermometer. A blue laser with a wavelength
of 405 nm and a beam diameter of ∼1.5 mm was used to excite
the samples. The PL signal was collected using two off-axis
parabolic mirrors and then directed through optical fiber into
a spectrometer where it was detected by a Si detector.
Subsequently, a commercially available halogen lamp with a
known spectrum was employed to spectrally correct the PL
spectrum.

The quasi-Fermi level splitting (QFLs) of the absorbers was
deduced from the measured photoluminescence quantum
yield (Qlum

e ) defined as the ratio of emitted photon flux over
incident photon flux (considering the assumption that the
absorbance is 1). The QFLs and Qlum

e are related via:

QFLs ¼ QFLsrad þ kBT lnðQlum
e Þ ð1Þ

Here QFLsrad is the radiative limit of the semiconductor, kB
the Boltzmann constant, and T the temperature. In the ideal-
ised case where the solar cell shows the step-like absorptance
(A(E)) spectrum, the QFLSrad is equal to the Shockley–Queisser
(SQ) voltage limit (qVSQ

OC). However, real solar cells do not
exhibit a step-like A(E) spectrum, leading to a QFLSrad that is
lower than the qVSQ

OC.
Generally, the extraction of QFLSrad requires exact knowl-

edge of the A(E) spectrum. Nevertheless, one can use the
maximum photoluminescence (PL) emission energy as a radia-
tive band gap in simplified cases. The QFLSrad can then be
estimated with the SQ limit (qVSQOC) of the corresponding radia-
tive band gap. For the present case, this approach was well jus-
tified, since the broadening of the absorption onset was
around 30 meV. More details are explained in ref. 45. All three
absorber types exhibited low Urbach energies (≈12 meV), indi-
cating low sub-bandgap absorption. The Urbach energies and
the broadening of the absorption onset can be found in ESI
Fig. 8.†

Finally, drift-diffusion simulations were performed with the
SCAPS46 version (3.3.11). All parameters relevant to the simu-
lations are described in the main body of the manuscript or
can be found in Table 1 in the ESI.†

2 Results and discussion

Fig. 1 shows the AFM and KPFM measurements obtained from
the different types of samples, namely N2 annealed samples
(Fig. 1(a and b)), O2 annealed samples (Fig. 1(c and d)) and air
annealed samples (Fig. 1(e and f)). All three annealing rou-
tines resulted in absorbers with grain sizes in the micrometer
range. Slightly enlarged grains for the case of air annealing
compared to the other two cases were measured. The grains in
the air-annealed sample averaged 738 ± 148 nm, while the O2-
annealed and N2-annealed samples averaged 625 ± 146 nm

and 596 ± 106 nm, respectively. The air annealed samples
showed slightly enlarged roughness compared to the other two
sample types (RMS roughness; air annealing: 36 nm, O2

annealing: 27 nm and N2 annealing: 29 nm).
Work function maps acquired on the three different sample

types show significant differences. For the N2 and O2 cases,
regions of reduced work functions (dark spots in Fig. 1(b and
d)) were observed. These regions were linked to specific grains
in the topography images (see ESI Fig. 1,† which shows an
overlay of some low work function regions with the sample
topography). The situation was different for the air annealed
case, where most of the low work function areas were gone
and a lot of high work function areas could be found.

Work function distributions of the three sample types are
presented in Fig. 1(g). The first observation was that the
average work function of the three samples was different. An
average work function of 4.55 eV was measured for the N2

case, 4.7 eV for the O2 annealed case, and 4.9 eV for the air
annealed case. The error bar is estimated to be ±100 meV.47

In all three cases, an additional prominent work function
was detected as a shoulder in the histograms, which was con-
sistent with the KPFM images. The work function of this sec-
ondary phase was lower than the average perovskite value for
the N2 and O2 cases and higher for the air annealing, as
shown in the inset of Fig. 1(g).

In that sense, the three different sample types showed at
least one secondary phase, whose chemical nature is still to be
determined. Previously, high-work function areas were
assigned to PbI2,

29,48 which is known to have a high work func-
tion value.49 The strongly reduced values of the secondary
phase for O2 and N2 annealed samples were puzzling, and a
straightforward allocation to PbI2 must be well justified and
will be addressed in the following.

In addition to the secondary phase, the work function of
the perovskite also changed. The lowest value was measured
for the samples that did not see oxygen or air. In the literature,
oxygen incorporation has been reported to lead to p-doping in
methylammonium triiodide, which could be reduced again by
prolonged vacuum exposure.50 In that study, the perovskite
films that did not contain oxygen behaved like intrinsic semi-
conductors. Consequently, for the present case, higher values
of the work function for the air and oxygen cases could be
expected because of oxygen-induced p-doping, which shifts the
Fermi level closer to the valence band. The magnitude of the
shift in work function would be determined by the amount of
oxygen incorporated. From the KPFM measurements, one
could infer that the doping increase was greater for the air-
annealed case compared to the O2 case. As will be discussed
later, the increase was very similar. Furthermore, the oxygen
and air annealed samples changed the secondary phase in a
different way. There are two possibilities to interpret the
results. Either the secondary phase was different for air com-
pared to oxygen and N2 or the moisture changes the properties
of the secondary phase, which led to a different work function.

In the following, the total surface coverage of the secondary
phase was measured with the help of the KPFM images, inde-
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pendent of whether the work functions were lower or higher.
The results are shown for the three types of samples in
Fig. 1(h) and the highest amount of secondary phase was
present on the surface of the air-annealed sample, while the
minimum values were derived for the N2 samples. This
amount will be compared with SIMS mapping results in the
following paragraphs to make an unambiguous assignment.
Importantly, Fig. 1(h) showed that despite the identical com-
position of the precursor, the amount of the secondary phase
was different for the different annealing routines.

Finally, the band bending at the grain boundaries was ana-
lyzed (ESI Fig. 2† for a detailed explanation) for the three
different cases (Fig. 1(i)). In all three cases, low band bending
values were measured that spread between +40 meV and
−50 meV. The average values in all three cases were below the

thermal energy (≈26 meV) and unchanged within the error
bar. Any band bending values below 10 meV were considered a
neutral GB, as this falls within the limitations of the KPFM
measurements. The results were in agreement with previous
measurements carried out in ultra-high vacuum.48 The distri-
butions of the upward, downward and neutral GBs were
different for the three cases. Most grain boundaries showed
negligible band bending for the N2 case and the O2 annealed
samples, as evident from the share of neutral grain boundaries
given for each case in (Fig. 1(i)). The air annealed samples
exhibited a large number of grain boundaries with downward
band bending. The small changes in the band bending values
needed to be treated with care as they were close to the resolu-
tion limit of the techniques (±10 meV).51 The only trend that
could be trusted was the higher fraction of grain boundaries

Fig. 1 (a), (c) and (e) AFM topography images of the three absorbers annealed in N2, O2 and air. (b), (d) and (f ) Work function maps of the same
absorbers at the identical positions shown in (a), (c) and (e). The absolute scales vary but the range (0.3 eV) is identical for the three cases. (g) Work
function distributions deduced from the three images presented in (b), (d) and (f ). Dashed lines show a fit to the main and secondary work function.
Inset: mean work function value of the main and secondary work function. (h) Surface coverage in % of secondary phase measured in multiple AFM
and KPFM images. (i) Grain boundary band bending measured for the three different absorber types. The band bending is always relative to the mean
value of the adjacent grains.
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with small downward bending for the air-annealed case com-
pared to the two other sample types.

Simulations have shown that band bending at the grain
boundaries is not beneficial to device performance.52,53

Although downward band bending would favor electron
accumulation and hole repulsion at the grain boundaries,
leading to higher current densities, the open-circuit voltage
would be reduced. In the present case, the absolute values of
the band bending are too small to be relevant to the perform-
ance of the device at room temperature. We therefore conclude
that changes in grain boundary properties are not important
in the present study.

To shed more light on the chemical nature and evolution of
the secondary phases, HIM-SIMS measurements were per-
formed for the three types of samples. In Fig. 2(a–c) nano-
meter-resolved SIMS maps of an air-annealed sample are
depicted, while the results for the other two sample types can
be found in the ESI Fig. 3.† In Fig. 2(a) the lateral variation in
FA is shown. Fig. 2(b) (blue) shows the distribution map of Pb
and in Fig. 2(c) (orange) the variation in iodine is shown. The
color coding of each image is normalized, since we discuss
changes in relative intensity across the surface only. The FA
and Pb signals were strongly anticorrelated (ESI Fig. 5†), which
meant that regions with FA depletion showed a lot of Pb. The
same anticorrelation was found for Cs and Pb (ESI Fig. 4†). In
agreement with previous reports,29,48 the lack of FA or Cs com-
bined with an increase in Pb is a strong hint at PbI2. When the
three different sample types were compared, no indication of

other phases could be detected. The samples annealed in N2

or O2 exhibited very similar distribution maps as presented in
Fig. 2. In all cases, an anticorrelation of FA and Pb was found.
The lateral variations in the iodine signal were difficult to
interpret and no correlation was found. The only change
observed was a decrease in the signal for the air-annealed
sample, compared to N2. This hinted at a more iodine-
depleted surface region. However, since SIMS is not quantitat-
ive, these measurements can only be considered indicative.
The oxygen signal was close to the resolution limit for all three
samples.

For the SIMS data, we could conclude that the secondary
phase was PbI2 in all three cases since we did not observe FA
and Cs ions in the regions of the highest Pb. The surface cover-
age of secondary phases (PbI2) can be calculated from SIMS
and can then be compared to the measurements done with
the KPFM. The surface coverage of PbI2 deduced from SIMS
increased from N2 to O2 to air, which was in agreement with
the AFM and KPFM data presented in Fig. 1(h) where the cov-
erage of the secondary phases increased from N2 to O2 and
reached a maximum for the air-annealed samples. The good
correlation between SIMS and KPFM allowed us to conclude
that the secondary phase was PbI2 in all three cases although
the work functions were different for the three different
annealings. The increase in PbI2 for the air-annealed sample
would also be in line with higher losses of iodine, as suggested
by the SIMS maps of I−.

XRD measurements were performed for the three different
types of samples and the results are shown in Fig. 2(d). All
peaks could be assigned to FAPI (ICDD: 01-073-1752), PbI2
(ICDD: 07-0235) or the substrate (fluorine-doped SnO2

54). The
only difference between the samples was the height of the PbI2
peak at a 2θ = 12.8θ with respect to FAPI reflections. This
finding was in agreement with the AFM and SIMS measure-
ments, which suggested lower amounts of PbI2 for N2 and a
higher amount of PbI2 for the air annealed case. No peak
shifts in the perovskite or in the height of the substrate signal
were observed, which showed that the different annealing
environments did not induce differences in the perovskite
composition or crystal quality.

The SIMS maps and the XRD peaks corroborated the exist-
ence of PbI2 and especially the high-resolution chemical
mapping did not show any other secondary phase.
Consequently, the different work functions, found for the sec-
ondary phase in KPFM shown in Fig. 1 could all be assigned to
PbI2. However, the different annealing conditions did change
the PbI2 to a certain degree, since different work functions
were measured. A possible explanation could be that oxidation
or the nature and quantity of iodine vacancies can shift the
Fermi level, which can directly impact the work function of
perovskite/PbI2.

49

In the next step, the optical properties were measured via
steady-state photoluminescence, and time-resolved photo-
luminescence. In Fig. 3(a) steady-state absolute photo-
luminescence spectra are depicted for the three different
sample types. The curves displayed are averages of six different

Fig. 2 Elemental variations on the surface of an air annealed sample,
acquired with HIM-SIMS. (a) Elemental distribution of FA+ ions, (b) Pb+

ions, and (c) I−. (d) XRD spectra of the three different sample types.
Dashed blue lines correspond to PbI2 reflections, dashed red corres-
ponds to FAPI reflections and green corresponds to the SnO2 substrate.
The XRD spectra are normalized to the highest FAPI peak. The inset
shows the changes in the PbI2 (001) peak intensity.
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spots chosen randomly on one absorber. The samples
annealed in N2 exhibited the highest PL yield, while the
oxygen annealed one was approximately a factor of two lower.
The PL yield of the air-annealed sample was in between the
two other sample types. PL spectra were used to derive the
quasi-Fermi level spitting of the three absorbers,56 which are
shown in Fig. 3(b). Values close to 1.16 eV were measured for
the N2 case, while the oxygen values were approximately
20 meV lower. The air annealed sample exhibited values close
to 1.15 eV. The QFLs values were compared to the measured
VOC of the devices ( JV-curves of the devices can be found in the
ESI Fig. 9†). Open circuit voltages of 1.12 eV were measured for
the N2 case, which were approximately 40 meV lower than the
QFLs. The difference between QFLs and VOC was reduced for
the O2 case, whereas it was within the error bar for air

annealed samples. This showed that the sample with the best
optoelectronic quality, namely the one annealed in N2 did not
lead to the best devices and there was another active recombi-
nation channel, which reduced VOC.

55,57

The three sample types were further analyzed with TRPL to
better understand the carrier dynamics in the films. For the
three cases, the transients could be fitted with bi-exponential
decays as shown in Fig. 3(c). A detailed comparison of bi-expo-
nential and single exponential decay can be found in ESI
Fig. 7 and eqn (3).† The longest decay times were measured on
samples annealed in N2, while the fastest decays were found
for the O2 case, in agreement with the steady-state PL results.
In analogy to steady-state measurements (Fig. 3(a)), the data
for the air-annealed samples were between the two other
cases.

Fig. 3 (a) Absolute Photoluminescence measurements for the three sample types denoted as N2, O2, and air (the spectra are averages of six
different spots). (b) Quasi-Fermi level splitting of the absorber layers and a comparison to the measured VOCs of the devices. The arrows indicate the
losses from the absorber to the final devices. (c) Time-resolved photoluminescence measurements were carried out on the three absorbers (black
line is fitted) representing τ1 and τ2 lifetime values (ns) in the legend. (d) Doping level deduced from the TRPL lifetime values with the formalism dis-
cussed in ref. 55. Green lines represent doping densities, with lighter shades indicating higher densities and vice versa. The N2 annealed samples
could be considered as intrinsic whereas the air and O2 annealed absorbers exhibited a doping level in the order of 1016 cm−3.
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In the following, the values of τ2 are used as they are closer
to the characteristic SRH minority carrier lifetime.58 As dis-
cussed in ESI Fig. 6 and eqn (1), (2),† the decay times deduced
from TRPL measurements are always a convolution of bulk-
and surface-related recombination rates. The deduced decay
time is therefore an effective lifetime, which accounts for both
terms. For the N2 annealed case, where a τ2 value of approxi-
mately 1.3 µs was measured the surface recombination velocity
must be less than 1 cm s−1, assuming that only the exposed
surface contributes to the recombination.

The values for the oxygen-annealed samples were six times
lower than those of the air-annealed case. Since QFLs and
decay times are linked via the doping level, as discussed in55

the same method was used to compare the PL quantum yields,
the decay times and non-radiative losses of the three types of
absorbers (eqn (4) and (6) in ESI†). From this analysis, the
doping level increased from N2 to air to O2. This is shown in
Fig. 3(d) where the measured lifetime values are plotted
against the measured Qlum

e -values on a double logarithmic
plot. The green lines show how the two quantities are linked
with the doping level (varying from 1 × 1013 cm−3 to 1 × 1017

cm−3). The plot clearly shows that the samples annealed in
oxygen and air exhibit a higher doping level than those
annealed in N2.

The plot also shows that the doping level for the N2

annealed films was subject to large error bars (darker green
lines are overlapping in Fig. 3(d) although the doping level
changed by two orders of magnitude). The important point of
this analysis was that the doping level of the perovskite absor-
bers was affected by the annealing atmosphere and the lowest
background doping (probably intrinsic) was found for the case
of N2. Shin et al.59 conducted a study in which perovskite
absorbers were exposed to two different environments: N2 and
air. The study concluded that the absorber prepared in an
inert N2 atmosphere exhibited a very low intrinsic doping level
and a negligible surface state density. In contrast, the sample
prepared under ambient conditions showed a strong p-type
character. DFT calculations revealed that the observed increase
in p-doping was due to native iodine vacancies60 being
replaced by oxygen molecules. This substitution led to a rise in
the sample’s work function as the Fermi level shifted towards
the valence band. Additionally, oxygen incorporation irreversi-
bly reduces metallic lead-related surface states, thus facilitat-
ing surface defect passivation. Oxygen also removes secondary
phases or surface states associated with metallic lead, further
aiding in surface defect passivation. The doping level vari-
ations in this study were in accordance with the results of the
AFM/KPFM data discussed previously where an increase in
work function was found for O2 and air annealed samples
compared to the N2 annealed ones. The optical analysis was
therefore qualitatively in agreement with the KPFM data.
However, as already stated, the work function was also influ-
enced by other factors, and therefore a quantitative compari-
son between the doping level increase and the changes in
work function is not necessarily meaningful. In the present
case, the doping level analysis would suggest that the work

function of O2 and air would be very similar. However, we
found a higher value for air compared to O2. The exact reason
is not yet clear. One possible explanation could be the
different concentrations of iodine that were measured by
SIMS, which would certainly have an impact on the charge dis-
tribution on the surface and thereby also on the work
function.

Combining the results of AFM/KPFM, HIM-SIMS, and PL
showed that an increase in PbI2 was not beneficial for the
absorber properties. The samples with the lowest amount of
secondary phase (the N2 annealed one) exhibited the highest
QFLs and the longest PL decay times. This showed that the
oxygen free perovskite bulk and/or surface had the lowest
defect density. However, after device fabrication, the high
QFLs values could not be retained and a reduced VOC was
found. The cause of this decrease had to be linked to the inter-
face of the extraction layer on top of the perovskite. In particu-
lar, air-annealed samples did not show a drop of VOC com-
pared to QFLs, which meant that in that case the quality of the
interface was preserved. A possible explanation could be that
the deposition of Spiro-OMeTAD deteriorated the interface for
the N2 case, while it affected the surface of the air annealed
samples in a less drastic manner.

In order to see whether the solar cell parameters can be
reproduced with a slightly worse interface in the case of N2

annealed vs. air annealed, drift diffusion simulations were
carried out with the “SCAPS” program.46 In the following, the
most important parameter variations will be discussed. All
parameters used in the simulations can be found in the ESI.†

Fig. 4(a) shows the band diagram (at VOC) of the perovskite
solar cell structure used in the study. A comparison of the
band diagram under illumination and under dark conditions
can be found in ESI Fig. 11.† The electron extraction layer was
FTO and Spiro-OMeTAD was used as a hole extraction layer.
The band alignment is dictated by the electron affinities EA
and the interface band gaps of the materials. For the perovs-
kite absorber EA = 3.9 eV (ref. 61) and Eg = 1.54 eV (from PL
peak position and ref. 48) were used while for the Spiro-
OMeTAD EA = 2.2 eV and Eg = 2.9 eV (ref. 62 and 63) were intro-
duced as starting parameters. As discussed in62 the Spiro-
OMeTAD properties depend on the processing conditions and
doping. As a consequence, the values in the literature scatter
significantly, and a variation of EA will be discussed in the next
paragraphs. The FTO and perovskite conduction bands were
aligned, which meant that EA,FTO = EA,pero.

In Fig. 4(a) the blue and red curves depict the electron and
hole quasi-Fermi levels. For the chosen parameters, the
valence band position of the perovskite and the HOMO level of
the Spiro-OMeTAD resulted in a cliff-like offset (no barrier for
holes), which is known to make the interface very sensitive to
defects.64

Fig. 4(b) illustrates how a cliff-like offset at the interface
between the perovskite and Spiro-OMeTAD affected VOC and
JSC. The bulk properties of the perovskite were fixed (minority
carrier lifetime: 1300 ns, as for the N2 case). The highest VOC
achieved for this set of simulations was 1.14 eV. To achieve
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such values in the simulation, the interface recombination vel-
ocity for electrons and holes Sn,p at the Spiro-OMeTAD/perovs-
kite had to be set to approximately 1 cm s−1. These values are
in agreement with other reported perovskite values65 and with
the estimation of Sn,p from our TRPL measurements (see Fig. 7
in the ESI†). Varying Sn,p by only a factor of two changed VOC
by more than 20 mV, which highlighted that small changes at
the interface were sufficient to reproduce the results of the
solar cells observed in this study. The JSC values did not
change for this set of simulations, which is expected since
there was no barrier for holes at the hole extraction layer and
no barrier for electrons at the electron extraction layer. A com-
parison between the dependence of VOC and QFLs for a larger
range of Sn,p can be found in the ESI Fig. 10.†

In addition to the strong dependence of VOC on Sn,p, the
electron affinity of the Spiro-OMeTAD was important.
Reduction of EA,spiro with respect to EA,pero further deteriorated
VOC as shown in Fig. 4(b and c) On the other hand, an increase
in EA,spiro, was beneficial to device properties. As soon as the
cliff-like offset in the valence band was removed, the properties
of the device became independent of Sn,p, which is very ben-
eficial for the devices.

The impact of doping was checked because the combi-
nation of PLQY and TRPL suggested that air and oxygen
annealing increased doping from intrinsic to approximately
1 × 1016 cm−3. Consistent with55 the increase in bulk doping
did not lead to a significant variation in simulated VOC to
values of 5 × 1015 cm−3. Beyond this point, a slight increase for
p-doping was observed, whereas n-doping reduced VOC. For a
p-doping of 1 × 1016 cm−3, the increase compared to an intrin-
sic semiconductor was only 5 mV in VOC, which was too low to
explain the changes observed experimentally, which meant
that absorber doping was most probably not the dominant
effect. The bulk lifetime of the perovskite absorber was also
not responsible for the observed changes, as the values were
largest for the N2 case, which exhibited the lowest VOC.

The simulations then showed that for the device structure
used in this study, the surface recombination velocity at the

Spiro-OMeTAD/perovskite was the most crucial parameter
because of the cliff-like valence band offset for the holes. The
AFM and SIMS measurements showed that the amount of PbI2
increased for the case of air-annealed samples. Since PbI2 is
known to form spikes in the conduction band and valence
band, leading to blocking of both the electron and hole in the
hole extraction layer,38,66,67 an increase in the amount of PbI2
may explain the results presented here very well. The area
covered with PbI2 would be inactive for additional recombina-
tions, which would reduce the effective defect density. As a
consequence, VOC would slightly increase for the PbI2 rich
film, compared to the PbI2 poor film. The current density is
likely not to be affected by the PbI2 since these regions are
only several hundred nanometers in size, which allows carriers
to diffuse to regions where the surface was not covered with
PbI2.

3 Conclusions

In summary, the study shows that better solar cell performance
is not always a result of better absorber properties. The perovs-
kite films produced via an air annealing step resulted in solar
cells exceeding 25%, while the absorbers annealed in N2 and
O2 showed lower efficiencies. We found that the excess PbI2
was the highest for air-annealed samples. However, optical
analysis showed that this was not beneficial for the perovskite
absorber itself, as lower QFLs and faster decay times were
measured.

In a solar cell, the absorbers are in contact with the extrac-
tion layers. It turns out for the present case where Spiro-
OMeTAD was used as a hole extraction layer that the surface
recombination velocity was the most important parameter that
dictated the VOC. A increased amount of PbI2 reduces the
effective defect density and therefore solar cells become more
efficient. However, it should be taken into account that PbI2
will reduce the long-term stability of the devices, which nulli-
fies the short-term beneficial effect.29

Fig. 4 (a) Simulated band diagram of the perovskite solar cell used in this study. The diagram shown was acquired at VOC. (b) Simulated VOC versus
surface recombination velocity at the perovskite/Spiro-OMeTAD interface (blue). The JSC is not impacted by the variation. (c) VOC as a function of the
Spiro-OMeTAD electron affinity, for a constant interface recombination velocity.
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In literature, different annealing atmospheres are often
linked to changes in grain boundaries. Despite the fact that we
do see subtle changes in grain boundary band bending, it
seems unlikely that these changes are responsible for the
better performance of air annealed samples. Especially since
we find slightly more band bending for air-annealed compared
to the other sample types. The grain size did not change
much, which rules out that this may have a significant impact
on the device properties.

This work clearly shows that the path to even higher per-
formance is to minimize the PbI2 segregation while maintain-
ing high absorber quality and low surface defect densities.29

The hole extraction layer needs to be fine-tuned to exhibit a
small spike for the holes at the valence band. This value needs
to be high enough to reduce interface recombination but low
enough to allow thermionic emission of the holes into the
extraction layer.
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