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ABSTRACT: High-end organic—inorganic lead halide perovskite Sno, ALD g [Perovskite = (Cs, FA, MA)Pb(l, Br), |
semitransparent p—i—n solar cells for tandem applications use a _»H,0 A

phenyl-C¢;-butyric acid methyl ester (PCBM)/atomic layer purge Purge ’

ALD SnO,

deposition (ALD)-SnO,, electron transport layer stack. Omitting \Sn(N(CH 1)
3/2/4

the PCBM would be preferred for manufacturing, but has in ABSHG SnO, + Perovskite N
previous studies on (FA,MA)Pb(Br,]I); and (Cs,FA)Pb(Br,I); and NiG + o » +new states of by |
in this study on CsgosFAg70MA1¢PbBry ;140 (perovskite) led to Nio Pl 2 el . 3
poor solar cell performance because of a bias-dependent light- Au (CM) Perovskite -

generated current. A direct ALD-SnO, exposure was therefore
suggested to form a nonideal perovskite/SnO, interface that acts as
a transport barrier for the light-generated current. To further
investigate the interface formation during the initial ALD SnO, growth on the perovskite, the mass dynamics of monitor crystals
coated by partial p—i—n solar cell stacks were recorded in situ prior to and during the ALD using a quartz crystal microbalance. Two
major finds were made. A mass loss was observed prior to ALD for growth temperatures above 60 °C, suggesting the decomposition
of the perovskite. In addition, a mostly irreversible mass gain was observed during the first exposure to the Sn precursor
tetrakis(dimethylamino)tin(IV) that is independent of growth temperature and that disrupts the mass gain of the following 20—50
ALD cycles. The chemical environments of the buried interface were analyzed by soft and hard X-ray photoelectron spectroscopy for
a sample with 50 ALD cycles of SnO, on the perovskite. Although measurements on the perovskite bulk below and the SnO, film
above did not show chemical changes, additional chemical states for Pb, Br, and N as well as a decrease in the amount of I were
observed in the interfacial region. From the analysis, these states and not the heating of the perovskite were concluded to be the
cause of the barrier. This strongly suggests that the detrimental effects can be avoided by controlling the interfacial design.

KEYWORDS: perovskite solar cell, ALD, in situ QCM, HAXPES, interface, SnO,

In situ QCM PES Perovskite/SnO, interface

1. INTRODUCTION interfaces to the perovskite film.”> Inorganic materials would
be the preferred choice for these transporting layers as they
typically have a higher resilience to heat, light, mechanical
stress, and the local chemical environment. From an upscaling
standpoint, they are also costly. However, the interfaces
formed between the perovskite and inorganic materials have,
with the exception of TiO,, not been found to be as good for
carrier transport and electrical surface passivation as that when
the interfaces are formed between the perovskite and organic
materials.” This problem is in general more severe when the
inorganic layer is deposited directly onto the perovskite as

The solar cell is one of the main technologies to generate
renewable energy. One family of solar cell materials that has
been of special interest lately is hybrid organic—inorganic lead
halide perovskites, hereafter denoted as perovskites. This is not
only because of the excellent properties of the material such as
high light absorption and long free charge carrier diffusion
length' but also because of how straightforward it is to
synthesize the material with high quality.” Solar cells using
these perovskite materials as absorbers have already reached
efficiency beyond 25%’ but are often found to have stability
issues under long-term operation. The focus of the research

field has therefore expanded to include understanding and Received: September 29, 2020
solving the above-said stability issues, while still maintaining Accepted:  December 18, 2020
good solar cell performance.4 Published: January 4, 2021

The stability of the perovskite solar cells is not only
dependent on the perovskite itself but also to a large degree on
the charge carrier transport materials that form direct
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Figure 1. Different sample stacks for (a) p—i—n solar cell evaluation, (b) PES analysis of the buried SnO,/perovskite interface, and (c) QCM
monitoring of mass changes during the SnO, ALD exposure of bare perovskite.

compared to that when the perovskite is deposited onto the
inorganic layer.”

Depositing inorganic films directly on the perovskite is not
straightforward as the deposition process has to account for the
stability of the perovskite in terms of heat, chemical exposure,
and material softness. So far, the most successful deposition
processes have been using spin coating of inorganic particles
with minor postannealing and very slow evaporation without
substrate heating, where the thermal energy is kept low and no
aggressive chemicals are introduced.”” Unfortunately, the
resulting interfaces and films have not been able to perform
as well as their organic counterparts or as well as that when the
perovskite is deposited onto the inorganic layers.””"°

Thermally activated atomic layer deposition (ALD) should
be a good candidate to grow high-quality inorganic films
directly onto the perovskite, as it uses a relatively low
deposition temperature and does not rely on adding energy
to the surface from incoming species. It does however rely on
chemical reactions. So far, most studies that perform ALD
directly on perovskites have shown that the employed
chemistry is too reactive and damages the perovskite surface
or even bulk."'~** The amount of available ALD chemistries
and growth conditions is however large,23_25 and there are
thus a lot of possibilities to alter the growth process in order to
form a more intact perovskite/inorganic interface. Studies have
also shown that even if the surface does become modified, thin
layers of AlL,O; can still be grown by ALD directly on the
perovskite and improve both solar cell performance and long-
term stability.”®*” A parallel study also showed that TiO, could
successfully be deposited on (Cs,FA)Pb(Br,I);.>*

Similarly, previous studies and a parallel study have shown
that high-quality SnO, can be grown on (FA,MA)Pb(Br,I),
and (Cs,FA)Pb(Br,I); surfaces as an electron transport layer
(ETL) using a thermal ALD process with tetrakis-
(dimethylamino)tin(IV) (TDMASn) and H,O as the
precursors, without harming the perovskite bulk.'”'®** The
resulting solar cell performance was unfortunately found to be
low, despite the seemingly successful process, and upon closer
inspection, an interface layer was identified as a possible cause
of failure,'”'%**

In contrast, SnO, was found to be one of the best
performing inorganic ETLs for the regular stack (n—i—p)
solar cell in a previous study,”® which indicates that the SnO,/
perovskite interface can be made benign and that the band
alignment for electron transport out of the perovskite is good.
SnO,, also has other benefits such as less photocatalytic activity
compared to TiO,, higher transparency to sunlight, high
chemical stability, and high thermal stability. Thus, to be able
to include SnO, as the ETL in the inverted stack (p—i—n) is
very interesting to increase the performance and stability.
Because SnO, is transparent and able to withstand subsequent

processing such as sputtering of, for example, transparent
conducting oxides (TCO), it also makes an ideal candidate for
an ETL in a perovskite top cell for tandem applications. In fact,
all of the high-end tandem solar cells using perovskite top cells
already utilize SnO, as part of their ETL stack.”” > In these
cases the perovskite is protected using a thin layer of either Cq,
or phenyl-Cy;-butyric acid methyl ester (PCBM) prior to the
SnO, ALD deposition. As mentioned above, moving away
from using organic layers would be preferable for several
reasons. To achieve this, it is imperative to continue working
on forming high-quality junctions between perovskites and
inorganic materials such as SnO,. A key to success would be to
identify how the detrimental interface is formed when the
perovskite is exposed to the SnO, ALD process and whether it
can be prevented.

In this study, the CsyosFAg70MAg 6PbBrys;1,40/ALD SnO,
interface is therefore investigated in more detail by studying
the in situ mass change dynamics of the initial SnO, film
growth at different temperatures and conditions using
perovskite-coated quartz crystal resonators as substrates. Soft
and hard X-ray photoelectron spectroscopy (SOXPES and
HAXPES) analyses are also used to analyze the chemistry of
the buried perovskite/SnQ, interface beneath a thin SnO,, film.
Finally, to separate the influence of the SnO, bulk properties
from the interfaces created by the ALD precursor exposure, n—
i—p solar cells where SnO, is grown before the perovskite and
p—i—n solar cells where SnO, is grown either directly onto the
perovskite or onto a perovskite that is protected with a thin
PCBM film are synthesized and evaluated.

2. RESULTS

2.1. Test Structures. To investigate the interface, we
design our test structures around semitransparent perovskite
p—i—n solar cells as they are currently one of the prime
examples where a direct ALD of SnO, on perovskite could be
beneficial. The full semitransparent p—i—n solar cell stack (see
Figure S1S in the Supporting Information for optical details) in
this study was fluorine-doped tin oxide (FTO)/NiO,/
Cso.0sFAg70MA, 1sPbBry 511, 4o/interlayer/ZnO/Al, as shown
in Figure la, and it was used to evaluate the resulting solar
cell performance from changing the interlayer. In addition to
an interlayer of only SnO,, two variants using either only
PCBM or PCBM/SnO,, are introduced as references. PCBM
has previously shown excellent ETL performance for perov-
skites”'” but has not been able to withstand the subsequent
sputtering of TCO that typically follows in the semitransparent
p—i—n solar cell stack.””>* It has however shown success in
protecting the perovskite from the SnO, ALD process, and as
SnO, was able to protect the perovskite and PCBM from the
TCO sputtering, a stack of PCBM/SnO, or C4/SnO, that
behaves similarly has therefore been included in most

https://dx.doi.org/10.1021/acsaem.0c02405
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semitransparent p—i—n solar cells.””** In order to analyze the

perovskite/SnO, interface using surface-sensitive photoelec-
tron spectroscopy (PES), the TCO top layer was omitted and
the thickness of SnO, was varied. The resulting test structure,
shown in Figure 1b, was FTO/NiO,/
Cs0sFAg70MA| 1PbBr .1, 40, wWhere the perovskite surface
was either left uncoated or was coated by SnO,, using 50 or 500
ALD cycles. To perform QCM monitoring of the mass changes
during the SnO, ALD exposure of bare perovskite, the p—i—n
solar cell stack was further adapted. On delivery, the monitor
crystals came with a Au coating, but Au has been shown to
diffuse into perovskites and organic layers.”> The monitor
crystals were therefore coated with an Al,O; diffusion barrier
for precaution using a low-temperature ALD process. As the
monitor crystals cannot withstand the high temperatures
required for the postannealing of FTO, the layer was omitted
in the stack and NiO, was therefore deposited directly on
Al O;. Figure lc shows the resulting Au/Al,0;/NiO,/
CsoosFAg70MA( 1sPbBry s 1, 40 sample stack used for the
QCM measurements. Further details regarding the sample
synthesis and sample analysis using current density—voltage
(J-V), PES, and QCM are found in the Experimental Methods
section below.

2.2. Quartz Crystal Microbalance Measurements.
2.2.1. Heating of Perovskite Films. To stabilize the substrate
temperature, the in-house baseline ALD process used a 1800 s
preheating step in a 4 Torr N, environment prior to
deposition.”* As a perovskite is known to decompose at
elevated temperatures, the mass change over time for the
Cs0.0sFAg70MA 1PbBry 511, 49 perovskite-coated quartz crystals
in the 4 Torr N, environment was monitored at 60, 90, and
120 °C, and the mass changes are shown in Figure 2. Although
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Figure 2. Mass changes of CsgsFAq9MA, sPbBry ;1,49 perovskite-
coated QCM crystals because of extended heating in the ALD reactor
at different temperatures. A sample where the perovskite is first heated
uncoated for 1800 s and then coated by SnO, using a short CVD
stage followed by 275 ALD cycles is also shown for comparison. The
curves have been shifted to 0 ng/ cm? at 1800 s.

the mass remains stable over time at a temperature of 60 °C, a
continuous mass loss is observed at both 90 and 120 °C. The
calculated mass loss rate is approximately 0.13 ng/cm’ s at 90
°C and 0.22 ng/cm2 s at 120 °C, which for every second
corresponds to 0.2 and 0.3%, respectively, of the mass gained
per SnO, ALD cycle at 90 °C. Furthermore, the mass loss per
second is larger at 120 °C as compared to that at 90 °C. In
contrast, Figure 2 also shows a sample at 90 °C that has, after
an 1800 s heat-up time prior to deposition, been coated with
SnO,, by a short chemical vapor deposition (CVD) stage and

512

then exposed to 275 ALD cycles. In this case, it is clear that the
mass loss over time ceases after SnO, capping. Thus, the
process that leads to the mass loss during heating is induced by
having an uncoated perovskite surface but can be prevented by
capping the surface with SnO,.

2.2.2. Influence of Precursor Exposure. Normal ALD
process conditions are mimicked to test the influence of
TDMASn and water precursor exposures on
Cs0sFAG70MA| PbBr 511, 49 perovskite films. After heating
the substrate at 90 °C for 1800 s under 4 Torr of N, in the
ALD reactor, the perovskite is exposed to a 1 s pulse of either
TDMASn or H,0, and the resulting mass changes along with
an unexposed reference sample are shown in Figure 3. No

200 T T B
— No treatment
& —— Water exposure
—— TDMASN exposure
100 B

Sauerbrey mass (Am/A) [ng/cm

-100 B
-200 ! ] o
1700 1800 1900 2000 2100
Time [s]

Figure 3. Mass changes of the CsgosFAg790MAg 14PbBrys;I; 49
perovskite-coated QCM crystalbecause of 1 s of DI H,O or 1 s of
TDMASn precursor exposures after 1800 s (dashed line) of heating at
90 °C. For comparison, an untreated reference is also included, and all
of the curves are shifted to 0 ng/ cm? at 1800 s.

change in mass besides the slow loss over time is detected for
the reference sample, as expected. The same observation is also
made for the sample exposed to water vapor, despite water
being a known source of degradation for inorganic/organic
hybrid perovskites.* For the TDMASn precursor, there is a
clear mass gain during the pulse that persists after exposure and
that corresponds to 1.6 cycles of ALD SnO, growth at 90 °C.
Then follows a slow mass loss at a similar rate as for the
uncoated perovskite. A continuous exposure of TDMASn gives
a stabilized mass gain rate after a few seconds that is kept until
the pulse is over, where after the slow mass loss seen for the
uncoated sample resumes (Figure S3 in the Supporting
Information).

2.2.3. Growth of SnO, on Perovskite. Figure 4a shows how
the mass of the CsyosFAj;0MA  ¢PbBrys 1,4 perovskite-
coated QCM crystal changes during a 500-cycle ALD SnO,
process at 90 °C. Initially, the mass gain/time or rather the
mass gain/cycle of SnO, is slow because of the chemistry of
the substrate, in this case the perovskite, inhibiting the SnO,
ALD growth. The mass gain/cycle slowly increases over time
as SnO, grows more and more on itself and less on the
perovskite until it finally saturates as SnO, only grows on
SnO,. To illustrate the mass dynamics of the individual ALD
cycles, Figure 4b shows five SnO, ALD cycles (0.4 s
TDMASn/0.8 s N, purge/0.4 s H,0/0.8 s N, purge) during
the saturated growth regime. The mass gain only occurs during
the TDMASn pulses (highlighted red in Figure 4b). In the
following N, purge (highlighted blue in Figure 4b), a little bit

of mass is initially lost, possibly because of the desorption of
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Figure 4. (a) Overall mass gain of a CsyosFAg70MAq6PbBrysL; 40
perovskite-coated QCM crystal from a 500-cycle SnO, ALD process
deposited at 90 °C and started at 1800 s. Close-up images of (a)
showing (b) five cycles of the saturated growth regime, and (c) first
five cycles of the ALD process. TDMASn (red), H,O (green), and
purge (light blue) have been highlighted in (b,c) to show the ALD
cycle. The change in mass during the TDMASn pulses (red), H,O
pulses (green), and ALD cycles (black) is also shown in (b,c). (b) and
(c) use the same time axis as (a) for comparison but have been shifted
in mass.

unreacted TDMASn. A more distinct mass loss follows during
the water pulse (highlighted green in Figure 4b) as —DMA
ligands still bound to the SnO, surface are in the ideal case
exchanged for the lighter —OH groups, forming H-DMA as a
reaction product. From the PES analysis below, it was however
apparent that the SnO, film contains both C and N, indicating
that the intended ALD reaction is not always complete. During
the following N, purge (highlighted blue in Figure 4b), the
mass remains almost unchanged. Figure 4b also shows the
mass gain for each individual TDMASn pulse, mass loss for
every H,O pulse, and mass gain for each ALD cycle, all of
which nicely correspond to the respective averages of 77 + §,
—10 + S, and 64 + 5 ng/cm” for the saturated growth regime.
In contrast, the mass changes during the first five ALD cycles
shown in Figure 4c are not as large and not as consistent as
that for the film-on-film growth. The most striking observation
is that the mass gain for the first TDMASn pulse is 40 ng/cm”
compared to the approximately 20 ng/cm” gain per pulse for
the following cycles. Unlike the initial TDMASn pulse
dynamics, the mass loss during the first H,O pulse is small
but slowly becomes larger for subsequent cycles. Except for the
first cycle with a mass gain of 35 ng/cm’, the mass gain/cycle
starts out small at around 10—15 ng/ cm?. From there, it
gradually increases for about 50 cycles until it reaches the
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saturated value of 64 +

+ 5 ng/cm® discussed above. For
comparison, when the SnO, process nucleates on the gold
surface of an uncoated QCM crystal, it requires fewer cycles
(about 15) to reach a saturated growth per cycle, and the initial
mass change is not as pronounced (Figure Sla in the
Supporting Information). The initial growth per cycle and
mass changes per pulse are also closer to those of the saturated
growth regime of the same process (Figure S1b in the
Supporting Information).

The initial mass dynamics of the SnO,, ALD process grown
on perovskite at 60, 90, and 120 °C are shown in Figure Sa.

1500 T T

(a)

1000 B

o

=]

=]
T

—60°C
—90°C

90 °C, no MA
—120°C

Sauerbrey mass (Am/A) [ng/cmz]

1 L
1900 2000

Time [s]

2000

1500

o

o

=]
T

Preheating time: 4
— 1800 s

—— 1800 s, CVD start
—120s

o
=3
=]

Sauerbrey mass (Am/A) [ng/cmz]

0 L
0 50
Time [s]

100 150
Figure S. (a) Initial mass gain dynamics of the S00-cycle SnO, ALD
process that started at 1800 s for the CsyosFAy7oMA1sPbBrys I, 40
and the MA-free Csg,FAjg3PbBrosi], 49 perovskite-coated QCM
crystals as a function of (a) temperature and perovskite composition,
and (b) starting conditions of the 90 °C process. For an easier
comparison, the curves have been shifted in mass in (a) and in mass
and time in (b).

The 60 and 120 °C processes show the same type of mass
dynamics for TDMASn exposure as for the 90 °C process
discussed above. Thus, there is a large mass gain for the first
TDMASn pulse of 40—60 ng/cm?® and then smaller mass gains
for the following TDMASn pulses that slowly increase for each
pulse until reaching the saturated growth regime. This process
takes more pulses as the temperature increases, and the
implication of this is that the mass gain per cycle will follow a
similar trend, as shown in Figure Sa. It is interesting to note
that even the sample at 60 °C where no mass loss was observed
prior to the ALD deposition still shows the same trend for the
initial mass dynamics. As shown in Figure Sa, the general mass
dynamics are also kept when the 90 °C ALD process is
performed on MA-free Cs,,,FAg:PbBrs;1, 40 perovskite
films, but the number of cycles to reach the saturated mass
gain per cycle is at the same time slightly increased. We
observe this in general for our experiments on MA-free
Cso.17FA(3PbBry 511,40 even at other temperatures and
conditions not shown.

Figure 5b shows that very similar mass dynamics were also
achieved when the preheating time was reduced from the
baseline 1800 s to 120 s for the 90 °C process in an attempt to
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Figure 6. N 1s, Br 3d, Pb 4f, and I 4d core levels measured with photon energies of 758 and 2200 eV. Intensities are normalized to I 4d and Sn 3d
total area for the perovskite and perovskite + 500 cycles of SnO,, respectively. The binding energy is calibrated against Au 4f,,, at 84 eV. Vertical
lines indicate the peak positions obtained from the curve-fitting analysis of 2200 eV, with the spin—orbit doublet positions indicated by dashed

lines.
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Figure 7. O 1s and Sn 3d core levels and the valence band measured with a photon energy of 758 and 2200 eV. Intensities are normalized to I 4d
for the perovskite and Sn 3d total area for the SnO, reference. The binding energy is calibrated against Au 4f;,, at 84 eV.

grow on a more pristine perovskite film that has lost less mass
prior to deposition. The mass dynamics show that it takes
fewer cycles to reach the saturated growth regime, resembling
the dynamics at 60 °C mentioned above. Perhaps, this is
related to the sample not being able to reach 90 °C during the
short preheating time prior to deposition. A starting SnO,
CVD step was also introduced to see if the suspected reaction
between the perovskite surface and TDMASn mentioned
above could be prevented by simultaneously providing H,O
into the reactor. This should facilitate a competing reaction
where TDMASn reacts with H,O to form SnO, and H-DMA.
During the CVD step, the mass increases rapidly without any
visible inhibition, as shown in Figure 5b. The ALD growth that
follows approximately 30 s later immediately shows a saturated
mass gain per cycle.

2.3. Photoelectron Spectroscopy. Figures 6 and 7 show
the core-level spectra of Pb 4f, I 4d, Br 3d, N 1s, O 1s, and Sn
3d and the valence band spectra for the bare perovskite sample,
the sample with 50 cycles of ALD SnO, at 90 °C on the
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perovskite, and the sample with 500 cycles of ALD SnO,, at 90
°C on the perovskite. Additional data (C 1s, Cs 4d, and Pb 5d
core-level spectra) are shown in the Supporting Information
(see Figure S4). Each sample is measured with SOXPES and
HAXPES using photon energies of 758 and 2200 eV,
respectively. The different photon energies enable an escape
depth for the electrons of about 4.5 nm for SOXPES and about
8 nm for HAXPES according to the universal curve for the
inelastic mean free path.”> Although these escape depths do
not account for the differences in kinetic energies of electrons
escaping from different core levels, they give a good
approximation for the lower binding energy core levels Pb
4f, Br 3d, and I 4d and an upper limit for the higher binding
energy core levels N 1s, O 1s, and Sn 3d. The SnO,/perovskite
N 1s, Pb 4f, Br 3d, and I 4d core levels were analyzed by
comparing with the bare perovskite. The curve-fit procedure is
described in the Experimental Methods section and shown in
Figures SS and S6 in the Supporting Information. The
positions of the new interfacial components in relation to
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the bare perovskite for the sample with 50 cycles of ALD are
shown in Figure 6.

2.3.1. Uncoated Perovskite. For both SOXPES and
HAXPES, the binding energies and element/Pb ratios of Pb
Sd, I 4d, Br 3d, and N 1s (see Table S2 in Supporting
Information) for the uncoated perovskite resemble previously
measured perovskite films that were made in-house using a
similar deposition process.*® In Figure 6, the N Is signal shows
the presence of an FA" signal at 400.9 eV and small MA" signal
at 402.4 eV.>” The MA/FA ratio of about 1:10 (see Table S2
in the Supporting Information) also corresponds well with the
measured value in the previous in-house study.*

2.3.2. Perovskite after 500 Cycles of SnO,. After 500 cycles
of ALD SnO,, at 90 °C on the perovskite, the ALD reached the
steady-state growth per cycle, as shown in the QCM data
above, and an approximately 50 nm thick closed SnO, layer is
formed on the perovskite surface.'” Thus, the photoelectron
spectra from both SOXPES and HAXPES for the sample with
500 cycles of SnO, ALD on the perovskite will give
information about the bulk of the SnO, film. As expected,
both Sn and O have strong signals for this sample, whereas no
traces of I 4d and Pb Sd doublets from the perovskite are
found (Figures 6 and S2, respectively). However, a weak Br 3d
doublet (Br 3d;/, at 69.5 eV and Br 3d;/, at 70.4 eV) at a
higher binding energy than the perovskite can be detected (see
the Discussion section below). Sn 3d in Figure 7 shows a single
symmetric doublet (Sn 3ds,, at 487.4 eV and Sn 3d;, at 495.8
eV) that most likely originates from the Sn** state in a SnO,
compound, which is also found when SnO, is deposited on
glass (Figure S8 in the Supporting Information). Although the
peak position of the strongest O 1s contribution at 531.2 eV,
shown in Figure 7, suggests a metal oxide, there is an
additional higher binding energy contribution at 532.6 eV that
most likely relates to a metal hydroxide or metal carbonate.*®
The higher binding energy contribution is also more
pronounced for SOXPES than for HAXPES, indicating that
it is more prevalent at the surface than the SnO, bulk.
Furthermore, the O Is signal is similar to that observed when
SnO, is deposited on glass (Figure S8 in the Supporting
Information). There are signals of N both in SOXPES and
HAXPES with similar N/Sn atomic ratios (Table S2 in the
Supporting Information). This indicates that N does not only
stem from surface contamination but must be present within
the SnO, film, which is further reinforced by the observation of
a N signal even when SnO,, is deposited on glass (Figure S9 in
the Supporting Information). This agrees with previous studies
that have measured the presence of N or the presence of DMA
ligands in the SnO, film.***” Analyzing the N 1s signal in
Figure 6 in more detail, it is apparent that it is not a single peak
as it extends in binding energy from 399 to 403 eV. Not only
does this binding energy range include the energies that
correspond to FA and MA environments within the perovskite
but it also extends to lower energies showing the presence of a
more reduced nitrogen species. The N 1s spectrum looks
similar when SnO, is deposited on glass without the presence
of the perovskite (Supporting Information Figure S9). Thus,
although it is still possible that MA or FA is present in the
SnO, film through exchange reactions with DMA when it is
grown on perovskite,'® it seems likelier that the N state
originate from DMA with parts of it being trapped within the
film during the growth.”

2.3.3. Perovskite after 50 Cycles of SnO,. For the sample
with 50 cycles of ALD at 90 °C on the perovskite, the ALD
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process should just have reached a steady growth rate per cycle
based on the data from QCM measurements. Thus, the growth
is terminated just after the perovskite/SnO, interface
formation is complete. Measuring this sample with SOXPES
should therefore mainly sample the perovskite/SnO,, interface,
whereas HAXPES will reach deeper, probing the perovskite
material beneath the interface. By analyzing the resulting
spectra from both SOXPES and HAXPES, it is thus possible to
obtain insights into the chemical environments at the interface,
the integrity of the perovskite material beneath, and to obtain a
rough estimate of the interface layer thickness. The SOXPES
and HAXPES spectra for O 1s and Sn 3d are very similar to
those of the 500 cycles of SnO, on the perovskite sample, as
shown in Figure 7. Sn 3d is symmetrical and has the same peak
position, indicating Sn** in an oxygen environment. O 1s still
has two contributions, one from pure Sn*" oxide at 531.2 eV
and a higher binding energy contribution that is possibly from
Sn hydroxide or Sn carbonate at 532.6 eV. Figure 6 shows an I
4d doublet (I 4ds,, at 49.5 eV and I 4d;, at 51.2 eV) which
corresponds well to the uncoated perovskite. However, some
additional broadening is observed in the SOXPES spectra,
which could be either due to the new chemical species or just
increased disorder at the interface. Figure 6, normalized to I 4d
intensity, also shows an excess of Pb, Br, and N compared to
the uncoated perovskite sample, which is significantly greater
at the interface (SOXPES) than the bulk (HAXPES). This
excess appears to be due to the formation of new chemical
species as their binding energy differs from that of the
uncoated perovskite. As such, the interface is enriched in new
Pb, Br, and N species but deficient in I. Just as for the 500
cycles on the perovskite sample, the N 1s signal spans a large
range of binding energies, as illustrated in Figure 6. In contrast
to the 500 cycles, there is a distinct signal at 400.9 eV
originating from the perovskite and a significant signal from the
more reduced nitrogen at 399.6 eV that possibly originates
from metal-N.*® Furthermore, the reduced nitrogen con-
tribution is found to be stronger for SOXPES than for
HAXPES for this sample. From this, it is apparent that the
reduced N 1s contribution is over-represented at the interface
compared to the SnO, bulk and that it does not seem to exist
to the same extent, if at all, in the perovskite bulk. The Br 3d
spectrum (Figure 6) shows the formation of a new bromine
doublet that is at a higher binding energy than the perovskite
doublet (Br 3d;/, at 68.8 eV and Br 3d;,, 69.7 eV). This new
species stems mainly from the interface region as it is stronger
compared to the perovskite contribution in SOXPES than in
HAXPES. The higher binding energy matches the formation of
Sn—Br oxides, that is, Br in an oxygen-rich surrounding,
observed in MASnBr, perovskites upon air exposure.*’ This
assignment is supported by the detection of the same Br signal
in the 500-cycle SnO, film for which no perovskite signals were
detected. Since the submission of our paper, another study on
the interface of perovskites with oxides deposited by ALD has
been published.”” The X-ray photoelectron spectroscopy
(XPS) analysis of this paper shows core-level features similar
to our spectra in the analysis of a perovskite/SnO, interface,
with the observation of new bromine, lead, and nitrogen
species. However, in this recent study, the new Br feature is
assigned to the formation of Br, at the interface. In our
experiments, we do not expect to observe features related to
Br,, as Br, would be expected to either evaporate or react with
its surroundings either during the ALD deposition at 90 °C or
during PES under ultrahigh vacuum. The Pb 4f signal shows
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the formation of a new Pb 4f doublet (Pb 4f;/, at 139.3 eV and
Pb 4f;,, at 144.1 eV) that is not present in the uncoated
perovskite (Pb 4f,/, at 138.7 eV and Pb 4f;, at 143.6 €V), as
seen in Figure 6. This contribution could be related to the
formation of lead oxides, similar to what has been previously
seen in PbS quantum dots,">** and it is stronger for SOXPES
compared to HAXPES in relation to the perovskite
contribution. Thus, the new Pb 4f component at higher
binding energies is most prevalent at the perovskite/SnO,
interface. Additionally, the new Pb 4f component could also be
related to PbBr,, as was recently suggested.”” We note that we
have observed that the binding energy difference between Pb
4f,,, and Br 3d;/, is about 0.3—0.4 eV larger for PbBr, than for
mixed halide perovskites'* and not 0.6 eV as observed here.
This suggests that the formation of lead—oxygen bonds at least
contributes to the new Pb 4f feature. To summarize the
analysis, the interface contains a SnO, compound with
significant Br and nitrogen contamination as well as lead
oxide but appears to have an iodine deficiency. Below the
interfacial layer, the perovskite appears relatively intact, which
agrees with only perovskite peaks appearing in X-ray diffraction
(XRD) after a direct SnO, exposure (see Figure S10 in the
Supporting Information) and the intact perovskite seen in
scanning tunneling electron microscopy (STEM) high-angle
annular dark-field (HAADF) beneath the interface (see Figure
S11 in the Supporting Information). It is not straightforward to
extract the mixed interface layer thickness between the
perovskite and SnO, because of the complex environment,
but assuming all iodide signals originate from the perovskite, a
rough estimation would put it to be around 2—5 nm (see Table
S3 and eq S1 in the Supporting Information), which also
agrees decently with the not so distinct interface seen in STEM
HAADF (see Figure S11 in the Supporting Information) on
top of the perovskite.

2.4. Current Density—Voltage Characterization of p—
i—n Solar Cells. To investigate the quality of the interface
formed between the perovskite and the SnO,, p—i—n solar
cells with 75 ALD cycles of SnO, deposited directly on the
perovskite as the ETL was prepared. In all of the cases where
the film is directly deposited on the perovskite, the
performance is low because of the low open-circuit voltage
(V.o), low short-circuit current density (J,.), and low fill factor
(FF), as seen in Figure 8a and Table 1. The low performance
stems from a strong bias dependence on the light-generated
current. This holds true at 90 °C even for the cases where the
ALD process is started early after only 120 s of heating and for
the process which uses a CVD start after 1800 s. Even the cells
where the SnO,, process is performed at 60 °C, where no mass
loss was seen in the QCM crystal prior to ALD, show the same
poor performance. In contrast, when depositing a 10 nm thick
PCBM layer on the perovskite before the ALD process, we
obtain high V_, high ], and high FF for all of the cells with
SnO, deposited at 90 °C, regardless of the initial starting
conditions, as shown in Figure 8b and Table 1. The increased
performance is clearly observed in the JV measurements as
well, where the light-generated current is only weakly bias-
dependent and the curvature resembles that of a single solar
cell diode. However, the cells with PCBM and SnO,, deposited
at 60 °C have a lower V. and lower FF compared to their 90
°C counterparts because of a double diode-like behavior. It is
possible that this is due to the changes in SnO, properties,
such as band gap and film density, which have previously been
found to change with the growth temperature.””**** Finally,
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Figure 8. J—V measurements of p—i—n perovskite solar cells where
the 75 SnO, cycles are performed using different growth conditions
on (a) bare and (b) 10 nm of PCBM-coated perovskite. For reference,
a sample with only 10 nm PCBM and no ALD SnO, is also shown in

(b).

the reference sample with just PCBM and no SnO, shows
acceptable V,_and J,. but has low FF from a double diode-like
behavior, possibly because of the ZnO/Al sputter process
damaging the PCBM and the perovskite beneath.

3. DISCUSSION

The lower V_ for all of the p—i—n solar cells without PCBM
and the higher saturation current density seen in the dark JV'
comparison (Figure S12 in the Supporting Information)
suggest that there is an increased recombination as a result
of the direct ALD deposition.”** This agrees well with the
lower V,. observed in a previous study under similar
conditions.'® Tt would not be unreasonable to assume that
the increased recombination measured for the cells without
PCBM is due to the chemically deteriorated interface observed
in PES as this is the only change made between the two stacks.
Furthermore, there is also a broadening toward lower energy of
the valence band spectra, as shown in Figure 6. A similar
observation was made in a parallel study and was suggested to
be due to the midgap states within the SnO, band gap that
effectively lower the hole barrier at the interface and thereby
increase interface recombination.”> A more detailed view
regarding the origin of the recombination could perhaps be
achieved through temperature-dependent JV in future
studies.*” The series resistance of the solar cells in this study
was estimated using a basic linear fit at high positive current
densities for both the light and the dark JV curves shown in
Figures 8 and S12. The values are similar for the cells with or
without PCBM and follows no consistent trend, as suggested
by the parallel study.”” However, the model is basic, and a
more in-depth analysis at even higher current densities would
be beneficial for further understanding.*>*® All of the p—i—n
perovskite devices where SnO, is deposited directly on
Cs0sFAg70MA cPbBry ;1,49 show a severe bias dependence
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Table 1. Resulting Performance for p—i—n Perovskite Solar Cells Using 75 SnO, ALD Cycles at Different Conditions and with

Different Interlayer Stacks”

ALD temp. [°C] ALD start PCBM V,. [V]

60 normal no 0.67 + 0.05
60 normal yes 0.98 + 0.04
90 normal no 0.69 + 0.08
90 normal yes 1.07 + 0.02
90 early no 0.63 + 0.16
90 early yes 1.03 + 0.04
90 CVD no 0.61 + 0.14
90 CVvD yes 1.09 + 0.02
PCBM only yes 1.07 + 0.02
p—i—n reference 1.12 + 0.01

“Data for p—i—n reference cells using the same perovskite solution are also included for comparison. Values are listed as: average

Joe [mA/cm?] FF [%] efficiency [%]
0.4 + 0.1 (0.7) 16.7 + 2.0 0.0 + 0.0 (0.1)
11.7 + 1.3 (16.9) 213+ 12 2.4 + 0.3 (3.5)
4.1+ 1.3 (6.3) 18.8 + 0.8 0.5 + 0.3 (0.8)
17.6 + 0.4 (17.9) 55.5 + 3.1 10.4 + 0.5 (10.6)
2.5 +0.7 (5.1) 149 + 2.0 02 + 0.1 (0.5)
16.3 + 0.6 (17.6) 559 + 43 9.4 + 0.8 (10.1)
3.0+ 1.4 (52) 203 +23 0.4 + 0.3 (0.6)
16.7 + 0.6 (17.8) 57.8 + 3.5 10.5 + 0.7 (11.2)
14.5 + 0.9 (16.8) 31.8 +2.8 5.0 + 0.7 (5.7)
18.1 + 1.7 66.1 + 5.1 13.5 + 1.8

+ standard

deviation. The J,. value from the quantum efficiency measurement of a representative cell and the resulting rescaled efficiency are shown in

parenthesis.

of the light-generated current. This curvature is not present in
the dark measurement of a representative device, as shown in
Figure S12 in the Supporting Information, indicating that the
bias dependence is related to the light-generated current only.
In stark contrast, if the same SnO, process is used but the
perovskite is first protected by a thin PCBM film, the bias
dependence of the light-generated current is not present, and a
more ideal single solar cell diode curvature is seen in JV. The
corresponding dark curve of a representative solar cell using
PCBM shows dynamics very similar to the one without (see
Figure S12 in the Supporting Information), indicating that the
diffusion current is almost unaffected by the inclusion of
PCBM. As there is no bias dependence of the light current for
the device with PCBM, thermionic emission must be enough
for the photogenerated carriers to cross all of the interfaces on
their way to the contacts.”>*® This is evidently not the case for
the devices without PCBM. As only the electron-selective
contact has been changed by using or not using PCBM, the
issue of bias-dependent transport must be due to a limited
transport for light-excited electrons across the perovskite/SnO,,
interface. This heavily implies that an energy barrier is present
for the electrons as seen from the perovskite at the perovskite/
SnO, interface, as was previously reported for both (MA,FA)-
Pb(Br,1); and (Cs,FA)Pb(Br,1);.">'® Furthermore, from the
n—i—p devices where a SnO,/perovskite interface is used, it is
observed that there is no bias dependence, as shown in Figure
S14 in the Supporting Information, indicating that there is no
barrier and that thermionic emission is enough to cross the
interface. It also implies that there is nothing intrinsically
wrong with the SnO,, and perovskite band alignments from our
processes. Thus, the barrier only appears when the perovskite
is directly exposed to the ALD process. The nature of the
barrier could be due to the introduction of a positive
conduction band offset, as seen from the perovskite as
previously suggested,'”'® or due to an upward band bending
of the perovskite conduction band toward the interface. The
latter could perhaps be the result of either the charge
accumulation or the interface dipole that was observed in a
parallel study of this interface.”” It is also worth noting that the
cell with PCBM and an ALD process at 60 °C still shows a
bias-dependent light-generated current. From the in-house
experiments and previous studies regarding the same or similar
ALD chemistries, the band gap of SnO, is found to increase
with a decreasing ALD deposition temperature.””**** Tt is
therefore not unreasonable that for a low enough ALD

deposition temperature, the bulk band gap of SnO, increases
enough to create an energy barrier by itself in the conduction
band, as seen from the perovskite.

The QCM data give some interesting insights into the
formation of the barrier from the initial growth dynamics of the
SnO, ALD on the perovskite film. At temperatures of 90 and
120 °C, the perovskite is found to lose mass during the
preheating at 4 Torr in N, gas prior to the ALD process. It is
not unreasonable that the mass loss relates to the thermal
decomposition of the perovskite forming gaseous reaction
products such as, for example, MAI and I, that leave the
perovskite film at the surface,"*” especially when considering
the decreased amount of I found by PES at the perovskite/
SnO, interface. Thus, at 90 and 120 °C, the possibility to form
an ideal perovskite/SnO, interface is potentially lost already
prior to the ALD. Trying to mitigate this effect by using a
lower growth temperature of 60 °C and starting the process at
90 °C after a very short preheating did, however, not improve
the solar cell performance, suggesting that the barrier
formation is related to the direct exposure of ALD precursors
or the process itself. It is somewhat surprising that no mass was
lost during the H,O exposure of the perovskite surface as it
typically facilitates its decomposition into heavier gaseous MAI
and solid Pbl,, but this process has also been found to be
dependent on time and H,O pressure, where a low vapor
pressure over a short time is typically not detrimental.’*~>* As
an example, a previous study found an increase in mass when
pulsing H,O vapor over MAPbL; at 75 °C,'> where the
conclusion was that the amount of H,O was not enough to
induce the decomposition and that H,O would therefore
hydrate the perovskite instead. In this study, the resulting
partial pressure of H,O vapor from the precursor bottle at
room temperature that is further reduced using a needle valve
was perhaps therefore not high enough to distinctly change the
mass loss rate that already appears by heating the perovskite at
90 °C. Not even during extended H,O exposures, as shown in
Figure S3 in the Supporting Information, was there a deviation
in mass loss rate. The quick and persistent mass gain from the
TDMASn pulse exposure, however, suggests that the added
mass during the pulse was a spontaneous and continuous
reaction between the precursor and the perovskite surface
(Figure S3 in the Supporting Information). A similar result was
also shown in a previous study, where a modified surface was
found in conjunction with a mass gain during the low partial
pressure TMAI exposures of perovskite.'> The initial exposure
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of TDMASn during the ALD processes in this study was found
to leave a surface that gave a smaller mass gain for the
following SnO,, cycles as compared to the film-on-film growth
regime. Thus, after the initial exposure of TDMASn, there
seems to be less-than-expected —DMA ligands at the surface,
which would reduce the number of sites that H,O can react
with and in turn would limit the amount of —OH groups that
TDMASn can react with in the next pulse, effectively reducing
the mass gain per cycle. One plausible explanation for the
surface-inhibited growth is that the surface is initially poisoned
by Br, released from the perovskite, and later found in the
SnO, film by the PES measurements. Poisoning by halogen
impurities at lower deposition temperatures is common in
ALD because of the fact that halide precursors generally
require higher deposition temperatures to drive the growth
reaction. This is also true for the growth of SnO, by using the
SnCl,/H,0 and Snl,/H,0 precursor combinations. From the
CVD start process, the growth of SnO, seems to happen
without delay, but the solar cells using this start showed the
same barrier-inhibited performance as those with a regular
ALD process. This indicates that TDMASn still reacts with the
perovskite surface initially or in parallel to the reaction with
H,0O during CVD.

Figure 9 shows the perovskite/SnO, interface chemistry
based on the PES measurements. This complex interfacial

sno, bulk

N (prec.) SnO, Br

SnO,
. ) . Interface
Pb (int.) Br (int.) N (int. + prec.)

(Cs, FA, MA)Pb(l, Br),

Perovskite bulk

(Cs, FA, MA)Pb(l, Br),

Figure 9. Schematic of the perovskite/SnO, interface chemistry based
on SOXPES and HAXPES analyses.

environment suggests that there is a strong interaction between
the TDMASn precursor and the perovskite surface, which was
also shown by QCM measurements. Although their origin is
not certain, a few reactions seem plausible. As Sn has a strong
affinity to Br, the formation of Br—Sn bonds because of
TDMASnh adsorption could weaken the Pb—Br bonds of the
perovskite surface, which, after SnO, formation, could explain
the new Br and Pb signals at the interface. The interfacial Pb
signal could then relate to the formation of Pb—O bonds,
created during subsequent water pulses, especially where Pb—
Br bonds were broken during the initial TDMASn exposure.
The presence of Br in the SnO, bulk also strongly indicates
that bonds have been broken at the perovskite surface during
TDMASn exposure. Furthermore, we find the expected N
signals of FA and MA in the perovskite and a broader peak
presumably related to the incorporation of, or decomposed
parts of, DMA, MA, or FA in Sn0,.*** If we consider the
nitrogen signal in detail, we see that DMA and MA should
provide similar binding energies, whereas FA is at a lower
binding energy. Interestingly, there is an additional nitrogen
species at binding energies lower than that of FA, concentrated
at the interface that could be related to a metal—N bond.* As
the N signal is fairly broad for the SnO, bulk, even when it is
grown on glass, it is not unreasonable that this lowest binding
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energy N species is present in the SnO, bulk already because of
the previously mentioned decomposition of DMA during
growth. Curiously, this species is enriched at the perovskite/
SnO, interface compared to that in the SnO, bulk, suggesting
that the initial reaction with the perovskite promotes the
formation of this species, potentially through a reaction with
the organic cation. The I deficiency at the interface could, as
previously discussed, be a result of the perovskite decomposing
during the ALD preheating, releasing gaseous reaction
products such as I, or MAL A previous study also suggested
that I in the form of I, could leave the perovskite surface as a
by-product from an exchange reaction between DMA of the
TDMASn precursor and FA of the perovskite surface.'®
Judging by the substantial mass loss seen prior to deposition in
QCM crystals for temperatures 90 and 120 °C, the former
seems likely. The initial ALD dynamics are however similar at
all deposition temperatures, which suggests that the surface
reaction is not dependent on temperature and on potential
mass loss from the perovskite surface. Based on this analysis,
there are a few options on what causes the transport barrier for
the p—i—n solar cells with direct perovskite/SnO, interfaces.
Considering that previous studies have found an increasing
band gap of ALD SnO, when there is an increased amount of
C, N, and OH impurities in the film, it is plausible that the
SnO, band gap at the interface in this study increases as well as
there is even more N and significant amount of Br there.””*
Although an increased band gap does not necessarily shift the
conduction band level up enough to prevent the transfer of the
excited electrons from the perovskite, it is not unreasonable to
think that it could. From the PES data, it is observed that the
formation of PbO is also possible at the interface, which would
create a small barrier as the conduction band of PbO is
expected to be at a slightly higher energy than that of pure
Sn0,.>* The PES data also show that the interface layer clearly
contains new Pb, Br, and N species, indicating that the top of
the perovskite becomes degraded during the ALD exposure. If
so, the degraded perovskite could potentially introduce a
different Fermi-level pinning at the perovskite/SnO, interface
of the p—i—n solar cells compared to the working SnO,/
perovskite interface of the n—i—p solar cells and in the worst-
case scenario force the bands to bend upward in the perovskite
toward the perovskite/SnO, interface. This would accumulate
charge carriers and possibly shift the vacuum energy level,
which were the observations made in a parallel study.” Either
of the barrier options are valid by themselves, but it cannot be
excluded that they are also present at the same time as the
perovskite surface, the interface, and the SnO, film all have
been altered.

Looking forward, the most important issue that needs to be
solved for ALD chemistries on perovskite surfaces is to prevent
unwanted surface reactions during the initial precursor
exposures of the bare perovskite. This could be achieved by
changing the perovskite composition to something inorganic
that has a higher heat tolerance, such as, for example,
CsPbBr;,”* which would limit the amount of possible reactions
prior to and during the SnO, ALD exposure. However, even a
small compositional change as increasing the Br concentration
of (Cs,FA)Pb(Br,I); to increase the moisture stability and
thereby the stability to the ALD process has, in a previous
study, shown to improve the interface quality."® A more
promising route could be to design new ALD precursor
chemistries that allow for film growth on perovskite surfaces
without unwanted interface reactions. Earlier studies hinted
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that high-reactivity ligands such as DMA, alkyls, and alkoxides
caused detrimental damage to the perovskite.n_21 However, in
a parallel study, the DMA ligand was used to deposit both
SnO, and TiO, with H,O as the counter reactant, and the
(Cs,FA)Pb(Br,1);/TiO, interface became more pristine than
the deteriorated (Cs,FA)Pb(Br,I);/SnO, interface that showed
a similar chemistry as in this study.22 Thus, both the metal
center and the ligand clearly need to be taken into account
when designing new precursors for ALD on perovskites.
Although the task of finding a solution to the interface problem
seems daunting, there are a lot of options left to try,
considering that the perovskite composition, the ALD process,
the Sn precursor, and the O precursor can all be changed into
already existing or newly developed alternatives.

4. CONCLUSIONS

ALD of SnO, directly onto CsgosFAg70MAg 4PbBrj 51, 49 led
to poor p—i—n solar cell performance because of an electron
transport barrier. In contrast, good performance was achieved
for the same ALD SnO, when the surface is protected by
PCBM in p—i—n solar cells and when an n—i—p solar cell stack
was used where the perovskite is deposited onto SnO, instead.
To investigate what happens during the direct ALD growth on
the perovskite, PES and QCM measurements were employed.
From the QCM measurements, two main results related to the
interface formation were observed. First, the growth appears to
be nucleation-limited with a slower initial growth per cycle that
eventually picks up to a saturated film-on-film value after 20—
50 cycles depending on the temperature and perovskite
composition. There is one important exception to this as the
quick and irreversible mass gain during the first TDMASn
pulse is similar to the later film-on-film growth but without a
corresponding film-on-film loss during the following H,O
pulse. As this is observed for all the samples, even the ones at
60 °C where no mass loss is observed prior to ALD, it suggests
that TDMASn spontaneously reacts with the perovskite surface
to form the interface layer. Second, there is a slow mass loss
over time during the ALD preheating in a low vacuum for 90
and 120 °C, but not for 60 °C, possibly indicating that the
perovskite decomposes prior to deposition. From PES, it is
observed that the perovskite/SnO, interface is found to be
deficient in I and contains new species of Pb, Br, and N in
addition to the expected perovskite signals and SnO, signals.
This further suggests that there is an unwanted reaction
between the perovskite and the precursors of the ALD process.
Furthermore, the new species originate from an interfacial layer
of a few nanometers on top of the bulk perovskite. Based on
this analysis, the interfacial layer with its nonideal composition
is suggested to be the reason for the electron transport barrier.

5. EXPERIMENTAL METHODS

5.1. General Layer Synthesis. The FTO substrates were cleaned
using Hellmanex and a toothbrush and thereafter ultrasonicated for 30
min in a Hellmanex bath, followed by an ethanol bath and an acetone
bath. Perovskite precursor solutions were prepared in a glovebox in
argon atmosphere. Stock solutions of Pbl, and PbBr, were prepared
in advance, whereas the final precursor solutions were prepared just
before perovskite deposition. Anhydrous N,N-dimethylformamide/
dimethyl sulfoxide (DMSO) in the proportion of 4:1 was used as the
solvent. The Pbl, and PbBr, solutions were close to the saturation
point, and to ensure that the lead salts are completely dissolved, the
solutions were heated under stirring using a hotplate set at
approximately 100 °C for 20 min and then cooled down to room
temperature just before use. Two different perovskite compositions
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were explored: (1) CsgosFAg70MAq 6PbBr 5,1, 4o (normal perovskite)
and (2) Csy;FAgs3PbBry g1, 49 (without MA perovskite), where MA
is methylamine, CH;NHj, and FA is formamidinium, CH(NH,),. For
(1), two master solutions were prepared (a) 1.25 M Pbl, and 1.14 M
FAI and (b) 1.25 M PbBr, and 1.14 M MABr. These were mixed in
the proportion a/b = 83:17. To this solution, 5% (by volume) of 1.38
M Csl in DMSO was added. The solutions for (2) needed to be
carefully prepared because of the lower solubility of CsI. In this case,
three master solutions were prepared: (a) 1.25 M Pbl, and 1.125 M
FAJ (b) 1.25 M PbBr, and 1.125 M MABr, and (c) 1.25 M Pbl, and
1.125 M Csl. These were mixed in the proportion a/b/c = 66:17:17.
CsI does not dissolve properly, wherefore solutions (a) and (b) were
poured into (c) in the right proportion. The MA and FA salts were
bought from Dyesol, the lead salts from TCI, solvents from Fisher,
and the remaining chemicals from Sigma-Aldrich. All chemicals were
used as received without further treatment. The perovskites were spin-
coated in a nitrogen-filled glovebox. For each sample, with the
dimensions of 1.4 X 2.4 cm? 35 uL of the precursor solution was
spread over the substrate, which thereafter was spin-coated using a
two-step program. The first step was a spreading step using a rotation
speed of 1000 rpm with an acceleration of 200 rpm/s for 10 s. This
step was immediately, without pause, followed by the second step
where the films were spun at 6000 rpm for 20 s using an acceleration
of 2000 rpm/s. During the second step, when approximately 5 s of the
program remains, 100 L of anhydrous chlorobenzene was applied on
the spinning film with a handheld automatic pipette. NiO,, films were
deposited on cleaned FTO by reactive pulsed DC sputtering at 500 W
from a metallic Ni target. The gas flows into the chamber were 25
sccm of O, and 25 sccm of Ar, and the resulting pressure was
regulated to be 6 X 107> Torr. The deposition time was 45 s, resulting
in a 25 + S nm thick film, as measured by profilometry and cross-
sectional SEM. PCBM, if included, was thermally evaporated to a
thickness of 10 nm from a tungsten boat in an evaporator from Leica
(EM MED020) at a pressure of around 2 X 107 Torr and at a slow
rate of 0.1 A/s. SnO,, was deposited by thermal ALD at 60, 90, or 120
°C in an F120 Microchemistry reactor using an ALD cycle of
TDMASn (Pegasus)/N, purge/deionized (DI) H,O/N, purge with
the corresponding pulse times of 0.4/0.8/0.4/0.8 s. These pulse times
were chosen as they gave an almost saturated pulse and purge
dynamic at 90 and 120 °C when deposited on soda lime glass in a
previous in-house study using the same ALD reactor and precursors.*®
At 60 °C, the TDMASn pulse did not fully saturate in 0.4 s (see
Figure S2 in the Supporting Information), and the following N, purge
also suggests that part of TDMASn is physisorbed as the sample loses
mass during the purge. A total of 75 ALD cycles were used to grow
the SnO, layer in the p—i—n solar cells. SnO, CVD was performed in
the same F120 Microchemistry reactor by keeping the water pulse
valve continuously open and then opening the valve to the TDMASn
precursor, where the mass change seen by QCM crystals is measured.
The ZnO/Al sputtering mostly followed an established baseline
procedure.®® Compared to the baseline, the RF sputter power was
increased to 400 W and the time shortened to 125 s, resulting in a
film thickness of 230 &+ 20 nm and sheet resistance of 50 + 5 Q/[], as
measured on glass reference pieces. To deposit Al,O3, thermal ALD
was performed at 200 °C in a PICOSUN R200 reactor using
tri(methyl)aluminum (TMA) (EpiValence) and DI H,O, with a
TMA/N, purge/DI H,O/N, purge ALD cycle, using corresponding
pulse times of 0.1/0.4/0.1/0.6 s, respectively. This ALD cycle was
repeated 200 times with a saturated growth per cycle value of
approximately 1 A/cycle.

5.2. Quartz Crystal Microbalance Monitoring during ALD of
SnO,. During the SnO, ALD process, the QCM crystals with the
partial p—i—n stack, as shown in Figure 1c, were used to monitor the
growth. An unpolished and AT cut quartz crystal covered by a Cr/Au
metal stack was used as the substrate (Inficon, 6 MHz, 14 mm). The
Al,O; layer was then deposited on Au to prevent it from diffusing into
or reacting with the subsequent NiO, and perovskite materials. The
NiO, layer was used to mimic the perovskite deposition conditions of
the p—i—n solar cell structure, so that the resulting perovskite was as
representative as possible to the one found in the solar cells. Both the
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Al,O; and the NiO, layers were deposited using a shadow mask with a
circular opening in the middle that was slightly larger than the active
area of the quartz crystal resonator (see Figure S16b in the Supporting
Information). The shadow mask was removed before the perovskite
deposition, not to disrupt the spin coating, and the result is shown in
Figure S16c in the Supporting Information. Afterward, the perovskite
was carefully scratched away on the outer contacting area of the QCM
system so that a good electrical contact with the QCM holder was still
achieved. The QCM holder was previously custom-made for the F120
Microchemistry reactor to place the active QCM surface in the center
of one of the reaction chamber walls, where it will be exposed to the
ALD process. The QCM signal was passed through a transducer and
then to an Inficon SQM 160 thin-film deposition monitor, where time
versus frequency output was recorded. The frequency shift was used
to estimate the mass change per area, through the Sauerbrey
equation®® (eq 1), where f, is the fundamental crystal resonance
frequency, A is the active crystal resonator area, y, is the density of
quartz, and p, is the shear modulus of quartz.

2 2
A

AJPoky (1)

In order to detect the effect of precursor exposure and ALD
dynamics with the QCM measurements, it was necessary to determine
the background signal of the measurement. Fictive mass changes in
the QCM signal can be caused by variations in both temperature and
pressure. The heater oscillations from the temperature regulation of
the ovens were found to be small and slow enough (hours) to not be
confused with the pulse signals. The change in the QCM signal
because of the pump down of the system was stabilized within 120 s
as the pressure drop saturated and could thus be easily separated from
the pulse signals. Finally, by pulsing the precursor lines using only
nitrogen carrier gas, no mass gain or loss was observed, enabling us to
separate the effect of the precursor exposure and the potential
pressure changes because of pulsing.

5.3. Current Density—Voltage Characterization of Solar
Cells. The n—i—p cells with nontransparent metal front contacts were
illuminated from the backside, that is, the FTO side. The -V curves
of the devices were measured using a home-built system. To simulate
solar light, a Newport solar simulator (model 91160) with a xenon arc
lamp and an AM 1.5 filter was used. The light intensity was calibrated
with a silicon photodiode. The J—V curves were measured with a
digital source meter (Keithley 2400). No equilibration time or light
soaking was applied before the potential scan. The starting point for
the measurements was chosen as 1.2 V. From this point, the potential
was scanned to short circuit and back again using a scan speed of 20
mV/s. Thereafter, the dark current was sampled using the same scan
speed. The cells were masked with a metal mask in order to limit the
active cell area to 0.126 cm® The J—V curves of the p—i—n perovskite
cells were measured in a Newport ABA solar simulator, where the
light intensity was calibrated using a Hamamatsu $1337-66BR silicon
photodiode to give the same short-circuit current density in the solar
simulator as the photodiode has under AM 1.5 illumination. The
sweep direction went from positive to negative bias at a speed of 400
mV/s, and the illumination was incident from the ZnO/Al side. No
light soaking or equilibration time was applied before sweeping.

5.4. Photoelectron Spectroscopy. PES was carried out at the
109 beamline at the Diamond Light Source using SOXPES at 758 eV
and HAXPES at 2200 eV; 758 eV was generated using the HUS6
undulator and monochromated using a plane grating monochromator.
X-rays of 2200 eV were generated using the U27 undulator and
monochromated using a Si(111) double-crystal monochromator with
a secondary monochromator using back-reflecting Si(111), Si(011),
and Si(001) channel cuts. The beam was defocused in order to reduce
the beam damage. The photoelectrons were detected using a Scienta
Omicron EW4000 HAXPES hemispherical analyzer using a pass
energy of 100 eV at 758 eV and 200 eV at 2200 eV. The survey
measurements were carried out using a step size of 0.5 eV and the
high-resolution measurements using a step size of 0.1 eV. The
measurements were calibrated against the Fermi level or Au 4f core

Af =

520

level at 84 eV of a grounded gold film mounted on the manipulator.
The measured core levels were fitted using a pseudo-Voigt function
with a polynomial, Herrera-Gomez’” and Shirley background.>® The
intensity (peak area, I x) of the species A of core level X derived by
the Voigt function is proportional to the photoionization cross
section® (oax) of the core level X of element A at the photon energy
(hv), and the integral of atomic density (p,) of that species A at depth
z and the probability of escape of the emitted photoelectrons
depending on the mean free path A. This can be summarized in the
following simplified eq 2.

&Y
Iyx & UA,x(hV)f () e/ M) 4y ®)
0
By assuming homogeneous materials and by dividing the cross
section®’ and comparing orbitals with similar binding/kinetic
energies, values here referred to as relative atomic densities for the
different elements and species in the perovskite samples were
extracted. However, because of the exponential decrease in the
escape probability of the photoelectrons in nonhomogeneous
materials, neglecting the p-value correction and variations in
transmission, the atomic density obtained should merely be used to
follow trends when comparing different samples and give estimations
than absolute values.
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