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ABSTRACT: Metal halide perovskites have attracted tremendous attention due to their &
perovskite solar cells (PSCs) have been achieved with the application of self-assembled —
monolayers (SAMs), serving as stand-alone hole transport layers in the p-i-n architecture. \Q(LOWI l xEB NiO

Specifically, phosphonic acid SAMs, directly functionalizing indium—tin oxide (ITO), are e Homerneous
presently adopted for highly efficient devices. Despite their successes, so far, little is known snty ITO e
about the surface coverage of SAMs on ITO used in PSCs application, which can affect the

device performance, as non-covered areas can result in shunting or low open-circuit voltage. g FE

In this study, we investigate the surface coverage of SAMs on ITO and observe that the SAM §

MG-O 2PACZ
ruo+ 1e0-2PACz

of MeO-2PACz ([2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic acid) inhomoge-
neously covers the ITO substrate. Instead, when adopting an intermediate layer of NiO
between ITO and the SAM, the homogeneity, and hence the surface coverage of the SAM,
improve. In this work, NiO is processed by plasma-assisted atomic layer deposition (ALD) with Ni(MeCp), as the precursor and O,
plasma as the co-reactant. Specifically, the presence of ALD NiO leads to a homogeneous distribution of SAM molecules on the
metal oxide area, accompanied by a high shunt resistance in the devices with respect to those with SAM directly processed on ITO.
At the same time, the SAM is key to the improvement of the open-circuit voltage of NiO + MeO-2PACz devices compared to those
with NiO alone. Thus, the combination of NiO and SAM results in a narrower distribution of device performance reaching a more
than 20% efficient champion device. The enhancement of SAM coverage in the presence of NiO is corroborated by several
characterization techniques including advanced imaging by transmission electron microscopy (TEM), elemental composition
quantification by Rutherford backscattering spectrometry (RBS), and conductive atomic force microscopy (c-AFM) mapping. We
believe this finding will further promote the usage of phosphonic acid based SAM molecules in perovskite PV.

KEYWORDS: perovskite solar cells, atomic layer deposition, nickel oxide, indium tin oxide, self-assembled monolayer, surface coverage

B INTRODUCTION based on molecular self-assembly form a promising class of
HTLs for the next generation of p-i-n perovskite solar cells.
Despite its success in perovskite PV, so far, limited
investigation has been carried out on the surface coverage of
SAMs on indium tin oxide (ITO). Surface coverage is
important because noncovered areas can result in low open-
circuit voltage and electrical shunts, thus reducing the device’s

Solar cells based on metal halide perovskites are an attractive
emerging photovoltaic (PV) technology. Their intriguing
material properties offer extraordinary flexibility to tune the
band gap, therefore making this class of absorbers suitable for
both single-junction and multijunction cells." The progress in

the field of halide perovskites for PV application in the last 10 efficiency. In fact, since the early 2000s, there have been several
years is to be attributed to improvements in the absorber’s reports raising concerns around the quality of SAMs grown on
opto-electrical properties, as well as to the engineering of transparent ITO electrodes. The properties of these layers are
appropriate contact layers (hole/electron transport layer, HTL said to heavily depend on the intrinsic properties of the ITO
and ETL, respectively). Most notably, the recent development surface, as well as on the pretreatment of the ITO surface prior
of self-assembled monolayer (SAM) as a stand-alone HTL to SAM deposition. A recent work on tandem perovskite/c-Si
helped in achieving more than 21% efficient single-junction

devices at an absorber band gap of 1.63 eV.”’ These results Received: August 19, 2021 i

have surpassed the paradigmatic polymer HTLs, such as Accepted: December 6, 2021
poly[bis(4-phenyl) (2,4,6-trimethylphenyl)amine] (PTAA).”* Published: December 22, 2021
The use of a SAM HTL has also resulted in record tandem
cells both with crystalline silicon (c-Si) and copper—gallium—
indium—selenide (CIGS) bottom cells.”® Therefore, materials
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with front textured silicon employing a phosphonic acid based
SAM ([2-(9H-carbazol-9-yl)ethyl |phosphonic acid, 2PACz)
hypothesized that this SAM might not cover the peaks of the
pyramids completely, thereby reducing shunt resistance and
Voc in tandem devices when compared to the summation of
two single-junction cells.’ Similarly, it has been shown that the
different facets of crystalline ITO and surface roughness of
ITO affected SAM formation causing defects in the layer.”* In
addition, it has been shown that the pretreatment of ITO
affects the properties of the assembled layers. Al-Ashouri et al.
reported that UV—O; was essential for surface activation of
ITO for SAM formation in perovskite solar cells.” However,
the work function of SAM-functionalized ITO has also been
found to be sensitive to the UV—0; treatment time.” A report
using 2PACz SAM also demonstrated that the performance of
organic solar cells depended on the duration of O,-plasma
treatment preceding SAM deposition.'’ Since the hydroxyl
group concentration on any surface is a key element for
promoting SAM formation via covalent bonds,'"'* hydroxyl
group rich NiO processed by atomic layer deposition (ALD) is
expected to promote controlled and homogeneous SAM
formation. ALD is an attractive deposition method due to its
excellent conformality, reproducibility, and industrial viabil-
ity.13 Moreover, ALD as a deposition method has been used
extensively in the field of perovskite PV, alone or in
combination with buffer layers."*™"” ALD metal oxides not
only serve as charge transport layers but also can be used as
protective layers to prevent perovskite degradation especially
from oxygen and humidity. Thus, ALD NiO layer can create a
universal surface chemistry for SAM formation, which is
independent of the pretreatment of ITO surface and ITO’s
intrinsic properties.

NiO is a wide-band-gap p-type semiconductor due to the
presence of nickel vacancies, which is widely used in perovskite
solar cells and has enabled good device performance in both
single-junction'®™* and tandem devices.”””” More impor-
tantly, its tolerance to thermal stress delivers high operational
stability to perovskite solar cells.”"”** Previous work on plasma-
assisted ALD NiO using Ni(MeCp), precursor and O, plasma
as co-reactant resulted in more than 17% efficient single-
junction devices on account of high optical transparency and
good electrical properties of the NiO layer.”* Further
implementation of ALD NiO in the recombination junction
of perovskite/CIGS tandem devices led to 21.6% power
conversion efficiency (PCE).”* In this case, NiO exhibited
suitable optical and electrical properties in the tunnel
recombination junction and conformably grew on the rough
surface of CIGS, preventing electrical shunts.”” Nonetheless, it
has been shown that the quality of the NiO/perovskite
interface remains a key challenge to achieve high open-circuit
voltage (V) values in NiO-based perovskite solar cells, which
is commonly attributed to the presence of surface defects of
NiO.” Several reports suggested the presence of a non-
photoactive (“dead”) layer between NiO and perovskite, which
reduces the V.’ *® For instance, nickel defects (especially
Ni**) have been proposed to react with organic cations in the
perovskite precursors, resulting in a lead-rich layer at the
interface.”® Another hypothesis is that the nickel defects could
act as hole-trapping centers, negatively affecting device
performance.”” ™" This motivates research to improve the
NiO/perovskite interface, for example by using SAMs for
surface passivation.”> ¢
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In this manuscript, we report on MeO-2PACz ([2-(3,6-
dimethoxy-9H-carbazol-9-yl)ethyl Jphosphonic acid SAM) and
its surface coverage on ITO and ITO/NiO. The choice of this
specific SAM with phosphonic acid anchoring chemistry is due
to its proven implementation in high-efficiency single-junction
perovskite solar cells devices, delivering a more than 21%
efficiency champion device with a 1.55 eV band gap
perovskite.” In our study, we conclude that ALD NiO provides
a suitable surface for the homogeneous growth of SAM,
compared to direct growth on ITO. This result leads to a
narrow distribution of device efficiency values, specifically in
terms of fill factor (FF). The presence of MeO-2PACz on
metal oxides is evidenced from X-ray photoelectron spectros-
copy (XPS) and Rutherford backscattering spectrometry
(RBS). Transmission electron microscopy (TEM) imaging
complemented by spectroscopic ellipsometry (SE) indicate a
higher density of molecules on the surface of NiO. The
difference in the spatial distribution of the SAM molecular
density on ITO and NiO is further supported by conductive
atomic force microscopy (c-AFM) measurements. We attribute
the increase of shunt resistance seen in ITO/NiO/MeO-
2PACz-based devices compared to ITO/MeO-2PACz-based
devices to the homogeneous coverage of the SAM on NiO.
Simultaneously, the formation of a MeO-2PACz SAM is key to
improve the NiO/perovskite interface resulting in a V¢ gain
of more than 50 mV and 7% absolute FF. At the same time, the
presence of the NiO layer in combination with this SAM
reduces the spread in device efficiency compared to ITO/
MeO-2PACz devices reaching an overall higher average device
efficiency. Thus, the homogeneous packing of MeO-2PACz on
ALD NiO and a well-performing interface enable a champion
device with 20% PCE and a narrow efficiency distribution.

B RESULT AND DISCUSSION

In this study, we adopt the following p-i-n structure of
perovskite cells: ITO/NiO/MeO-2PACz/CsFAMA/Cg,/
BCP/Cu (where CsFAMA stands for CsgosFAgg,MAgq;Pb-
(Iys3Bro17); with FA as formamidinium, MA as methylammo-
nium, and BCP as bathocuproine). The employed NiO is
fabricated by plasma-assisted ALD following the procedure in
previous reports.””>* To process MeO-2PACz, we utilize the
dip-coating method,” which can be suitable for upscaling
(details in the Method Section). Here, the MeO-2PACz
molecule with the phosphonic acid anchoring group can bind
with the hydroxyl surface groups of the metal oxide by a
condensation reaction:” "

R
| {
O
Z P 4
=4 7N
OH -H0 0" o

M

where R is 3,6-dimethoxy carbazole and M is the metal of the
metal oxide, in this case, it is either In (in the case of ITO) or
Ni (in the case of NiO).

Figure la shows that NiO only based devices achieve 16%
PCE on average, in agreement with previously reported values
of NiO-based devices with postannealing treatment.”* It has
been shown that post-annealing treatment improved the
perovskite solution wettability and the conductivity of the
NiO layer, which overall results in higher device perform-
ance.”* Meanwhile, solar cells using MeO-2PACz as the HTL
can reach a higher PCE value, with the champion device

7N\ ]
HO" on * m > M
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Table 1. Average PV Parameters and Standard Deviation of Different Devices Based on Different HTLs"

PCE (%) Voc (mV) Jsc (m_A/cmZ) FF (%)
NiO 160 + 0.8 1071 + 14 217 + 04 70.7 + 3.7
MeO-2PACz 19.0 + 1.1 1123 + 13 217 + 04 77.5 £33
NiO + MeO-2PACz 19.0 + 0.4 1124 + 13 22.1 + 0.2 773 + 1.1
“Standard deviation obtained from 36 different devices.
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Figure 1. Box charts of PV parameters of devices using ALD NiO with postannealing at 300 °C for 20 min in air, MeO-2PACz, and ALD NiO
(without post-treatment) + MeO-2PACz: (a) PCE, (b) open-circuit voltage (Voc), (c) fill factor (FF), (d) short-circuit current (Jsc). The data are
collected from reverse second J—V scan with 100 mV/s scan rate. Box charts represent 25—75%. Whiskers are 5—95%, and the rest are outliers.
Data are collected from 36 devices (active area of 0.16 cm?), with each condition reported from several different batches.

surpassing 20% (Figure S1), in agreement with previous
literature work with the same SAM.” NiO-only devices lag
behind MeO-2PACz-only devices both in FF and V¢, which
suggests inefficient charge extraction by NiO and higher
recombination at the NiO/perovskite interface compared to
that of MeO-2PACz/perovskite. It has been reported that the
energetic alignment of NiO with perovskite could be
unfavorable, leading to a lower FF and Vqc.'” Nevertheless,
in our case, the work functions of NiO and MeO-2PACz are
quite similar at approximately 4.6—4.7 €V.”** Moreover, the
valence band maximum of NiO is 5.3 eV, deeper compared to
that of MeO-2PACz having a value of 5.1 eV. This means that
NiO exhibits a better band alignment to the perovskite (VBM
of 5.6 eV) compared to MeO-2PACz. Hence, the difference in
efficiency cannot be explained by band alignment between the
HTL and the perovskite layer. Instead, it is likely that lower FF
and V¢ values are due to the presence of NiO surface defects.
Such defects can react with the perovskite forming undesirable
interlayers between NiO and perovskite””** and/or act as hole
traps.”"*? The presence of SAM improves the NiO/perovskite
interface, which is evidenced by higher FF and V¢ of NiO/
SAM compared to NiO alone devices. In particular, the Vo of

NiO + MeO-2PACz-based devices reaches 1.12 V on average
compared to 1.07 V for NiO-based devices as can be seen in
Table 1. Thus, it is likely that MeO-2PACz improves the
interface between NiO and the perovskite absorber, though
further work needs to be done to understand the underlying
reason behind this improvement.

Despite having a significantly higher PCE compared to NiO-
based devices, MeO-2PACz-based devices suffer from a larger
distribution of device efliciency. This spread of efficiencies is
the result of the large spread in FF (Figure 1b and Table 1).
Instead, when we use ALD NiO in combination with MeO-
2PACz, the devices perform uniformly across the batch with an
average efficiency of 19.0%. We argue that this improvement is
due to the higher surface coverage of SAM on the metal oxide
(on which we will elaborate later). Thus, the advantage of
using the combination of ALD NiO and MeO-2PACz is clear
thanks to the narrower distribution of NiO + MeO-2PACz
devices’ efficiency compared to ITO + MeO-2PACz counter-
parts and higher performance of the NiO + MeO-2PACz
compared to that of NiO-alone based devices. Moreover, the
NiO + MeO-2PACz devices exhibit higher stability compared

https://doi.org/10.1021/acsami.1c15860
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Figure 2. High-angle annular dark-field images of a cross section of the (a) ITO/MeO-2PACz device and (b) ITO/NiO + MeO-2PACz device. O
1s spectra of (c) ITO and ITO + SAM and (d) NiO and NiO + SAM samples.

to MeO-2PACz-alone devices in an accelerated aging test at
85 °C (Figure S2).

Before addressing the earlier formulated hypothesis on the
difference in MeO-2PACz surface coverage directly on ITO
and on ITO/NiO, we investigate the crystallinity and
morphology of the perovskite layer deposited on the two
different stacks by X-ray diffraction (XRD) and scanning
electron microscopy (SEM). We observe negligible changes in
the perovskite layer in XRD patterns (Figure S3) or in the
apparent grain size in SEM micrographs between perovskite
layers grown on different substrates. Moreover, steady-state
photoluminescence (PL) curves of the perovskite layers on
ITO + MeO-2PACz and NiO + MeO-2PACz in Figure S$4
show negligible differences between the two PL spectra in
terms of peak position and peak shape. Since PL peak position
and peak shape can correlate to the defect chemistry of the
perovskite layers,*”*' the similar steady-state PL curves can
indicate identical perovskite layers on different HTLs. Hence,
we conclude that the difference in device performance can be
attributed primarily to the layers (ITO or NiO) underneath
MeO-2PACz.

We now examine the surface coverage of MeO-2PACz on
ITO and on ALD NiO. Figure 2a,b presents high-angle annular
dark-field (HAADF) scanning TEM images of cross-sectional
samples of a MeO-2PACz device and a NiO + MeO-2PACz
device. In the HAADF images, the brightness is roughly
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proportional to Z?, where Z is the atomic number of the
elements constituting the layer.

In the HAADF images, a darker layer is recognizable,
sandwiched by the metal oxide and perovskite layers. This
layer corresponds to the MeO-2PACz layer, based on the
expected low brightness because of the lower atomic number
of the organic molecules. We note that there is evidence of
carbon signal in the XPS spectrum of NiO (Figure SSc).
Nonetheless, this presence of carbon signal is only because of
surface contamination, since gentle Ar ion sputtering of the top
layer totally suppresses the C 1s signal as can be seen in Figure
S7. Hence, there are no unreacted organic ligands in our ALD
NiO films, which can influence TEM analysis. However, from
these images, it cannot be excluded that the apparent dark area
is a void caused by mechanical delamination between the
layers. Identification of the composition of this layer by energy-
dispersive X-ray spectroscopy (EDX) appeared unsuccessful, as
the phosphorus concentration in the SAM is below the
detection limit of STEM-EDX, and the carbon profile in the
dark layer is dominated by the signal from the adjacent
perovskite. Therefore, several other techniques were used to
corroborate the TEM images and confirm the presence of the
MeO-2PACz layer. In the following session, we verify the
presence of MeO-2PACz on ITO and NiO by analyzing the
layers using XPS and RBS.

First, XPS is used to analyze the surface chemistry of the
ITO/MeO-2PACz and ITO/NiO/MeO-2PACz. As shown in

https://doi.org/10.1021/acsami.1c15860
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Figure 3. (a) Schematic of c-AFM where the layers are biased at 100 mV and a metal-coated AFM tip is used to collect the current signal from the
surface. (b) Height and current map of ITO + MeO-2PACz layer and (c) corresponding line profile along the dashed line. (d) c-AFM height and

current maps of NiO + MeO-2PACz layer with line profile plotted in (e).

Figures SS and S6, the presence of MeO-2PACz is confirmed
by the P 2p peak at binding energy of 133 €V (assigned to P in
phosphate) and N 1s at binding energy of 399.5 eV (assi§ned
to C—N bonds) for both ITO and NiO as substrates.”* In
addition, we detect the C—O contribution in the O 1s
spectrum (Figure 2c,d), which belongs to the methoxy groups
of MeO-2PACz in agreement with a previous report.” We also
observe a shift of approximately 0.3 eV for the Ni 2p spectrum
toward higher binding energies in the presence of the SAM
(Figure SSa). This shift is also visible in the O 1s XPS signal of
NiO + MeO-2PACz compared to only NiO as can be seen in
Figure 2d. Similarly, there is a 0.2 eV shift in the In 3d and O
Is spectra when comparing ITO + MeO-2PACz and UV—-0O;-
treated ITO alone as can be seen in Figures S6a and 2c. The
homogeneous shift in the binding energy of the core level
peaks can indicate a change in the work function due to the
presence of a dipole introduced by MeO-2PACz. It has been
reported that the molecule has an intrinsic dipole moment of
0.2D,” which can explain the shift when MeO-2PACz
chemisorbs on the surface of the metal oxides. Furthermore,
from XPS analysis, we observe a higher ratio between hydroxyl
group (—OH) and metal oxide (O*7) calculated from the O 1s
spectra for NiO compared to ITO, which are presented in
Figure 2¢,d (0.59 + 0.06 and 0.41 + 0.04 for NiO and ITO
after UV—0; surface treatment, respectively). Here, the
detected hydroxyl group is likely to concentrate on the surface
of the metal oxides, as evidenced in our previous work using
angle-resolved XPS showing a higher hydroxyl group on the
surface than in the bulk of NiO.”* Because surface hydroxyl
groups are key to the chemisorption of SAM on the metal
oxide, we propose that the difference in MeO-2PACz coverage
can be related to a higher hydroxyl concentration on ALD NiO
surface, compared to ITO. These surface hydroxyl groups are
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also thought to promote the chemisorption of MeO-2PACz on
sputtered NiO in another work published during the
preparation of this work.” It is reported that the absorption
of MeO-2PACz is stronger on NiO due to tridentate binding
resulting in more compact MeO-2PACz layer on NiO than on
ITO," which is well-aligned with our conclusion. Notably, the
good coverage of SAM on NiO is achievable without any
postannealing of ALD NiO, which makes it compatible to low-
temperature requirements in other application such as with
flexible substrates.

Next to the qualitative analysis of the interface by XPS, RBS
is employed to quantify the molecular areal densities of
phosphorus (atoms/cm?), which represents the number of
MeO-2PACz molecules. As can be seen in Figure S8, the
spectra show a peak associated with phosphorus for both ITO/
MeO-2PACz and ITO/NiO/MeO-2PACz, thereby confirming
the finding of XPS. Simulated spectra indicate that there are
0.3 + 0.1 X 10" atoms/cm’ of phosphorus for both ITO/
MeO-2PACz and ITO/NiO/MeO-2PACz. Since there is one
phosphorus in every MeO-2PACz molecule, this number also
represents the areal density of MeO-2PACz. The relatively
high uncertainty of RBS data roots from the fact that the signal
is close to the detection limit of the measurement. Although
we can quantify the areal density of MeO-2PACz layer, it was
not possible to conclude about any difference between the
areal density of P in case of ITO/MeO-2PACz and ITO/NiO/
MeO-2PACz. However, we can conclude that the XPS and
RBS analyses strongly suggest that the dark layer in the TEM
images (Figure 2a,b) corresponds to MeO-2PACz.

Furthermore, we note that the MeO-2PACz layer is
characterized by a variation in local thicknesses on ITO as
can be seen in Figure 2a. In particular, the MeO-2PACz
thickness varies from 1.5 to 4.5 nm when considering ITO
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Figure 4. (a) Dark current density—voltage curves of low- and high-efficiency MeO-2PACz devices and a NiO + MeO-2PACz device. (b)
Distribution of shunt resistance of MeO-2PACz devices and NiO + MeO-2PACz devices obtained from the data set in Figure 1.

peaks and valleys, respectively. This thickness variation
effectively smoothens the ITO surface. In contrast, the
thickness of the MeO-2PACz layer is homogeneous on the
NiO layer with approximately 3 nm as inferred from the TEM
image in Figure 2b. Finally, we note that the thickness of MeO-
2PACz detected by TEM is larger than the estimated 1 nm of
SAM molecular length. This value originates by considering
the bond lengths from the C atom of the methoxy group to the
O atom of the phosphonic group, not accounting for the
Coulomb force, or the rotation of methoxy group, or the tilting
of the molecule on the surface. This difference between
estimated and detected SAM thickness implies that MeO-
2PACz might form multiple layers of molecules, which can
bond with each other via hydrogen bonds.**~*

We acknowledge that the acronym of SAM (self-assembled
monolayer) may not be applicable in this study as more than
one monolayer of MeO-2PACz may be present. Therefore, we
refer here to SAM as self-assembled monolayer or multilayers
following the suggestion in literature.”” This is also because
MeO-2PACz layer formation still results from self-assembling
of the molecules, which by nature can still be defined as a
SAM.””** The self-assembly process has a distinct self-limiting
behavior. To demonstrate this self-limiting nature of MeO-
2PACz layer formation, we fabricated layers with different
concentrations of MeO-2PACz and quantify the P-to-In (in
case of MeO-2PACz deposited on ITO) and P-to-Ni (in case
of MeO-2PACz deposited on NiO) ratios from the XPS core
level peaks (P 2p;/5, In 3ds,,, and Ni 2p;),). The calculated
ratios reach a saturation value confirming the self-limiting
behavior of the MeO-2PACz layer as can be seen in Figure S9.
Therefore, this self-limiting characteristic can warrant MeO-
2PACz to be referred to as SAM.

As can be seen from TEM images in Figure 2 (also
evidenced in lower magnification images in Figure S10), we
found an area where the molecular density of MeO-2PACz
appears to be lower than the rest of the layer, as indicated by
the circle in Figure 2a. In contrast, MeO-2PACz forms a
homogeneous layer on NiO, as highlighted in Figure 2b.
Multiple images of different areas of a cross section made on
an ITO/NiO/MeO-2PACz device are shown in Figure S11,
confirming the homogeneity of MeO-2PACz on NiO. To
support the increased homogeneity of MeO-2PACz on NiO/
ITO layer with respect to MeO-2PACz on ITO observed in
TEM images, we use c-AFM on the two layers. Figure 3a
represents the schematic of the setup where a bias is applied to
the layer and a metal-coated highly doped n-Si-based AFM tip
is used to record the current from the surface of the layers. A
bias of 100 mV was applied to the samples using a tunnelling
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AFM setup (TUNA), which is extremely sensitive to low
current (detailed in Method section). As can be seen from
Figure 3b, ITO/MeO-2PACz layer shows a crater feature
visible in the height map of the layer. Corresponding to the
valley of the layer, the current map shows a cluster of high
current regions. To clarify this, we overlay the current and
height line profiles obtained along the white dash line. It can be
seen in Figure 3¢ that the high current position coincides well
with the valley of the ITO layer. Considering that ITO has
higher conductivity than MeO-2PACz itself, it is plausible that
the high current is due to exposed ITO or low molecular
density of SAM area allowing current to tunnel through. On
the contrary, as shown in Figure 3d, the current map of the
ITO/NiO/MeO-2PACz sample is comparatively homoge-
neous despite having similar isolated valley features. We also
focus on a valley on ITO/NiO/MeO-2PACz and plot
corresponding current and height line profiles. Figure 3e
shows that MeO-2PACz layer on NiO exhibits a relatively
constant and low current. These current maps support that the
MeO-2PACz molecules forms a homogeneous layer on NiO in
agreement with TEM analysis. We acknowledge that the ITO/
NiO/MeO-2PACz layer is less rough, as observed in the TEM
cross-sectional image (Figure 2), thereby contributing to the
homogeneity of the SAM. This is also evidenced by the slightly
decrease in surface roughness of ITO/NiO/MeO-2PACz
(RMS = 2.0 nm) compared to ITO/MeO-2PACz (RMS =
2.2 nm). These surface roughness values are calculated from
10 X 10 ym? AFM images in Figure S13 (ESI). This change in
roughness is quite small, which is expected to play a minor role
in the observed trend.

Finally, we employ variable angle SE to determine the
optical thickness of the MeO-2PACz layers and confirm the
above-reported findings. SE measurements were carried out
with a range of angles from 40° to 85° with a 5° step to
enhance the sensitivity of the measurement to the thin semi-
absorbing layer. We model the MeO-2PACz layer with the
Cauchy dispersion formula® in the transparent range (1.0—3.0
eV).>* Since it is challenging to accurately determine both
optical constant and thickness of such an ultrathin layer,>"**
we derive the optical thickness of MeO-2PACz layer that is the
product of refractive index (n) and thickness (d). For MeO-
2PACz on ITO, the optical thickness is 3.4 + 0.1 nm (n = 1.8
at 1.95 eV, d = 1.9 + 0.1 nm) whereas a value of 7.2 + 0.1 nm
(n=18at1.95eV,d=40 =+ 0.1 nm) is obtained for MeO-
2PACz on NiO. Because the optical thickness relates to the
density of the material, this comparison strengthens the
conclusion derived by TEM analysis that the MeO-2PACz
layer on NiO is denser than the MeO-2PACz layer on ITO.
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The details of the fit procedure can be found in the discussion
related to Figures $14—S17 (ESI).

On the basis of the opto-chemical and morphological
characterization carried out so far, we argue that the lower
molecular density associated with MeO-2PACz on ITO in
combination with its inhomogeneity in film thickness is
responsible for the spread in device efficiency (Figure 1). Low
molecular density of MeO-2PACz may lead to possible shunt
paths due to direct contact between perovskite and ITO. To
support this conclusion, we report dark J—V characteristics to
analyze the difference in shunt resistance of ITO/MeO-2PACz
and ITO/NiO/MeO-2PACz-based devices. Figure 4a shows
that a low-PCE MeO-2PACz device is characterized by a high
leakage current, which correlates with additional recombina-
tion pathways®” due to charge recombination at poorly covered
ITO surfaces. This is also reflected in the distribution of shunt
resistances presented in Figure 4b. The ITO/NiO/MeO-
2PACz devices have an overall higher shunt resistance on
average (3.2 kOhm-cm?) compared to that of ITO/MeO-
2PACz devices (2.3 kOhm-cm?), and more importantly, the
spread of shunt resistance is narrower than that of ITO/MeO-
2PACz devices. This is attributed to the denser MeO-2PACz
layer on NiO compared to ITO. We note that it is possible to
obtain higher shunt resistance in NiO + SAM due to the low
lateral conductivity of NiO (sheet resistance of a thin NiO film
(ca. 8 nm) is on order of 10° Ohm/sq, as determined by four-
point probe measurement, see details in the Method Section).
Low lateral conductivity reduces the chance for charge carriers
to transport from electrical shunts to recombine and contribute
to the leakage current. This can improve the shunt resistance
of the device.’* However, the shunt resistance of NiO alone
devices, despite having a narrower distribution, has an average
value lower than the average found for MeO-2PACz devices
(Figure S18). Hence, we believe that the higher shunt
resistance seen in NiO + MeO-2PACz devices compared to
ITO + MeO-2PACz devices can mainly be attributed to the
higher coverage of the SAM on NiO.

We conclude that MeO-2PACz forms a more homogeneous
layer on ALD NiO compared to direct processing on ITO,
which leads to a narrow distribution of device efliciency.
Although this study focuses only on MeO-2PACz, we believe
that the finding can be applied to other phosphonic acid SAMs
as well and can be extended to carboxylic acid SAMs because
of their similar chemisorption mechanism. We also expect that
ALD NiO can be applied to ITO with different properties,
thereby delivering a universal surface that is suitable for the
formation of a homogeneous and uniform SAM. We trust that
our finding can further promote the use of SAMs in
combination with NiO in single and tandem junction PV.

B CONCLUSION

It is undeniable that SAMs as hole-selective materials are
attractive for state-of-the-art perovskite solar cells, providing
record efficiencies in single-junction and tandem devices.” > In
this work, we have shown that ALD NiO provides a more
suitable surface for homogeneous SAM formation compared to
ITO. We adopted TEM, in combination with XPS and RBS to
detect MeO-2PACz layers on NiO and ITO surfaces. The
TEM images, supported by c-AFM and SE optical modeling,
point to a denser and more homogeneous SAM layer on ALD
NiO, with respect to the ITO case. In the latter case, we detect
low-molecular-density areas of MeO-2PACz on ITO, respon-
sible for higher dark current and lower shunt resistance as
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observed in some MeO-2PACz/ITO based devices. Instead,
the homogeneous MeO-2PACz layer on NiO leads to a narrow
distribution of device efficiency across different batches of
devices. We trust that our finding can further promote the use
of SAMs in combination with NiO in single-junction and
tandem junction PV.

B METHODS SECTION

Solar Cell Fabrication. The perovskite solutions started from
stock solutions using 1.5 M Pbl, and PbBr, (Tokyo Chemical
Industry, 99.99% purity) in dimethylformamide/dimethyl sulfoxide
(DMF/DMSO) mixed solvent (4:1 by volume, Sigma Adrich,
anhydrous). Then formamidinium iodide (Dyenamo) and methyl-
ammonium bromide (Dyenamo) powders were mixed into the lead
stock solutions to obtain 1.24 M FAPbI; and MAPbBr;. The Cs
source was from Csl (aber GmbH) 1.5 M in DMSO. The final
perovskite solution consists of 92% FA and 3% MA and 5% Cs.
Details of the perovskite solution can be found elsewhere.**>°

Indium tin oxide (ITO) substrates (Automatic Research, 15 Q
cm™?) were cleaned by soap (2% Mucasol in DI water), water,
acetone, and isopropanol in subsequential steps in an ultrasonic bath
at 40 °C for 1S min each. After drying the substrates, they were
treated with UV—0; or O, plasma prior to SAM deposition or ALD
NiO deposition, respectively.

The solution for SAM deposition consisted of 0.1 mmol/L MeO-
2PACz (Tokyo Chemical Industry). Before dissolving in anhydrous
ethanol (Alfa Aesar), the material was exposed to air for S min. The
solution was mixed in a thermal shaker at 60 °C for 5 min, followed
by 1S min of sonication in an ultrasonic bath to ensure full dispersion
of MeO-2PACz in the solution. The cleaned substrates were
immediately transferred to N, glovebox and put in a glass beaker
for full submergence of the substrate in the MeO-2PACz solution.
The substrates were left in this solution for 8—12 h. In literature, it
has been shown that this range of dipping time can ensure a high-
quality, fully saturated coverage of SAM;*® however, longer than 12 h
might lead to ITO damage.® For the spin-coating method, 100 yL of
SAM solution (with different concentration in ethanol from 0.01 to
10 mM) was dropped to the substrates followed by 3000 rpm for 30 s
of spin-coating. Then, the layers were annealed at 100 °C for 15 min
before washing twice with 200 L of anhydrous ethanol during a 3000
rpm spin coating step. The MeO-2PACz molecular length was
estimated by Avogadro molecule editing and drawing software.

The ALD NiO process detail can be found in the previous report.**
In short, the ITO substrates were cleaned with O, plasma for 15 min
to remove contaminants prior to the process. The process consisted of
3 s of plasma dosing and 4 s of precursor dosing with S s of purging in
between steps. The precursor used was bis-methylcyclopentadienyl-
nickel (Ni(MeCp),). The table temperature was set at 150 °C, and
the substrate’s temperature was estimated to be around 100—110 °C.
The growth per cycle of the ALD NiO is 0.03 nm/cycle in agreement
with the previous study.”* Afterward, the ALD NiO layers were
annealed for 300 °C in air for 20 min before perovskite deposition in
the case of ALD NiO-only devices. The postannealing treatment was
to ensure good wetting of the perovskite solution on ALD NiO as
previously reported.”* For the bilayer NiO + MeQ-2PACz, there was
no thermal annealing posttreatment, but the ALD NiO layers were
directly coated with the SAM (as described above). We would like to
point out that although we will refer throughout the manuscript to
ALD NiO thin films both Ni** and Ni** oxidation states are present in
the film.

The perovskite layer was fabricated as followed: First, 100 uL of
perovskite solution was spun on a room-temperature substrate by
spin-coating (4000 rpm for 30 s, ramping for S s). After 25 s of spin-
coating, a quenching step using 250 uL of anisole was used to form a
smooth and compact film. The perovskite films were immediately
annealed at 100 °C for 60 min. Finally, C4, (23 nm, Sigma-Aldrich),
BCP (bathocuproine or 2,9-dimethyl-4,7-diphenyl-1, 8 nm, Sigma-
Aldrich), and Cu (100 nm, Alfa Aesar, 99.95% purity) were thermally
evaporated onto the perovskite layer to complete the devices. The
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data presented in Figure 1 are from several batches of devices. The
devices were fabricated as such all the processes except HTL were
kept identical, e.g., the same perovskite solution was used to spin-coat
onto the HTL. All of these fabrication steps were done in an inert
atmosphere with minimal air exposure. All chemicals were used as
received.

Current Density—Voltage Measurement. The devices were
measured using ABB Xenon solar simulator in N,-filled atmosphere
with 100 ms/V scan rate. The device’s holder was actively cooled
using a copper block and cooling water setting at 23 °C so that the
device reached approximately 25 °C at 1 sun illumination. The solar
simulator was calibrated using a Si diode certified by Fraunhofer ISE.
During the measurement, the reverse scan was performed first. The
data were reported from the second current density—voltage
measurement. The area of the cell was defined as the overlapping
between ITO patterned with the metal electrode which is 0.16 cm?

External Quantum Efficiency. The device’s EQE was measured
with a Newport 300 W xenon arc lamp in an Oriel Instruments
QEPVSI-b system. A Newport Cornerstone 260 monochromator was
used to create monochromatic light chopped at a frequency of 78 Hz.
Prior to the measurement, the system was calibrated with a silicon
reference cell with a known spectral response. The electrical response
of the device was recorded with a Stanford Research SR830 Lock-In
amplifier. The commercial TracQ_software was used to collect and
evaluate the signal.

X-ray Diffraction. XRD patterns were collected using PANalytical
thin-film analysis system equipped with Cu Ka X-ray source. The
integration time was 1 s per 0.02° step. Because the measurements
were done in an ambient atmosphere, the perovskite layers were
capped with 20 nm of PMMA (Sigma-Aldrich, 20 mg/mL
chlorobenzene) to avoid rapid degradation.

Photoluminescence. Steady-state PL measurements were done
with a lab-built setup utilizing a 520 nm CW laser (Insaneware). The
excitation intensity was calibrated to be equivalent to 1 sun
illumination calibrated using a known absorption spectrum Si diode.

Transmission Electron Microscopy. The TEM studies were
performed using a probe-corrected JEOL ARM 200F TEM. Here, the
images were collected at 200 kV. Cross-sectional TEM sample
preparation was performed using a Focused Ion Beam (FIB) using a
standard lift-out process.

Spectroscopic Ellipsometry. The ellipsometry measurements
were carried out using UV—vis Ellipsometer M2000, J. A. Woollam
Co. using the commercial software CompleteEASE to collect and
analyze the data. Prior to the measurement, a system check was
performed using a known optical constant 10 nm of SiO, on Si
substrate. Then, the measurements were performed with angles from
40 to 85° (in a step of 5°) for a wavelength range of 200—1000 nm.
The glass substrates were covered with Scotch magic tape on the back
side to avoid back reflection. The SE measurements were done prior
to every layer deposition step to ensure a correct fitting of the
individual thicknesses. This meant that SE data were collected for
ITO alone, ITO + NiO, ITO + SAM, and ITO + NiO + SAM and
were modeled accordingly.

X-ray Photoelectron Spectroscopy. XPS studies in this work
used Thermo Scientific KA1066 spectrometer. The excitation source
was a monochromatic Al Ka X-rays having an energy of 1486.6 eV.
The measurements were done without any presputtering procedure,
and the layers were in contact with air for 1 h prior to the
measurement. A gold clamp and an electron flood gun were used to
reduce sample charging during the measurement. The data were
analyzed using commercial software Avantage with Shirley back-
ground subtraction. To avoid possible peak shifts due to charging, the
binding energies of the XPS spectra were corrected by setting the
maximum of the adventitious carbon peak in the C 1s spectra to 284.4
eV. The assignment of the peaks relied on several literatures.*>*”*
We acknowledge that the assignment of different chemical states of
nickel oxide is quite complex in XPS; however, in this case, there was
no detectable change in the shape of Ni 2p spectra with or without
MeO-2PACz but rather a peak shift. Hence, we believed that the
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assignment sufficed for the purpose of elemental identification of our
thin layers.

Conductive Atomic Force Microscopy. AFM images were
collected with a Veeco Dimension MultiMode microscope connected
to a Nanoscope III controller in tapping mode at the scan rate of 1 Hz
using PPP-NCH probes (Nanosensors). The probes were sputtered
with 3 nm tantalum seed layer and 30 nm of platinum. For c-AFM, a
TUNA head was used to apply bias and record currents from the layer
with contact mode configuration at a scan rate of 0.5 Hz. For imaging
analysis, the commercial software NanoScope and the freely available
software package Image] were used.

Rutherfold Backscattering Spectrometry. RBS measurement
was performed with 1000 keV He' beam with perpendicular
incidence.

Four-Point Probe Measurement. The four-point probe
measurement was done to determine the sheet resistance of the
NiO layer deposited on a Si substrate coupon with 450 nm SiO, to
ensure electrical insulation between the layer of interest and the
substrate. The setup consisted of a Signatron probe connecting to a
Keithley 2400 SourceMeter which was controlled by lab-built software
in LabView environment.

Operational Stability Test. A custom-built high-throughput
aging rig was used for the stability test of solar cells in this study,>” in
which each cell's maximum power point (MPP) was individually
tracked by the use of special electronics. MPP tracking used a perturb
and observe algorithm® with a voltage step-width of 0.01 V and a
delay time of 1 s. PCEypp values were automatically recorded for all
cells every 2 min and normalized to the maximum value. J—V
measurements were taken every 24 h that might cause spikes in the
MPP tracking curves and/or the perturbance of the system. During
the aging test, the active area touched a heat pad in order to ensure
direct thermal coupling and Peltier elements were used to keep the
cells at 85 °C. MPP tracking of devices was performed without
encapsulation and under a continuous flow of nitrogen in a closed
box. A metal—halide lamp with a H2 filter was used as a light source
with 100 mW/cm?® intensity, of which the spectrum is shown
elsewhere.® The light source intensity was actively controlled using a
silicon irradiation-sensor which was calibrated using a Silicon
reference from Fraunhofer ISE.
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