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The power conversion efficiency (PCE) of inverted perovskite solar cells (PSCs) is still lagging behind that of

conventions PSCs in part because of inefficient carrier transport and poor morphology of hole transport layers

(HTLs). We optimized self-assembly of [4-(3,6-dimethyl-9H-carbazol-9-yl)butyl]phosphonic acid (Me-4PACz)
onto nickel oxide (NiO,) nanoparticles as an HTL through treatment with hydrogen peroxide, which created a
more uniform dispersion of nanoparticles with high conductivity attributed to formation of Ni3* as well as
surface hydroxyl groups for bonding. A 25.2% certified PCE for a mask size of 0.074 cm? was obtained. Along
this device maintaining 85.4% of the initial PCE after 1000 hours of stabilized power output operation under 1
sun light irradiation at ~ 50 Celsius, and 85.1% of the initial PCE after 500 hours accelerated aging at 85
Celsius. We obtained a PCE of 21.0% for a minimodule with an aperture area of 14.65 cm>.

Metal halide perovskite solar cells (PSCs) with inverted (p-i-
n) structures have certified achieved power conversion effi-
ciencies (PCEs) as high as 24% and have better long-term sta-
bility under light and heat stresses compared to the more
efficient n-i-p structures (7-4). Organic materials such as
2,4,6-trimethylphenyl)amine (PTAA) often used as hole-
transport layers (HTLs) suffer from low conductivity, hydro-
phobicity, and energy level mismatch (5-7).

Recently, self-assembled monolayers (SAMs) such as Me-
4PACz, [2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl Jphosphonic
acid (MeO-2PACz) series have been successfully used in PSCs
[Were these introduced to boost PCE, address the stability is-
sues, or both] (8, 9). However, SAM bonding with transparent
conductive oxide substrates such as indium tin oxide (ITO)
and fluoride-doped tin oxide (FTO) may not be strong enough
to create a homogeneous distribution on the substrate
needed to avoid a broad device-performance distribution (8,
10). Several recent results showed that p-type nickel oxide
(NiO,) could form stronger chemical bonding with the SAM
layer compared with ITO or FTO, and help to deposit homo-
geneous SAM (10-12) and could further deliver better device
performance and reproducibility (13, 14).

A high-quality p-type NiO, HTL needs to be compact to
ensure better SAM deposition quality and reduce interface,
recombination and also highly conductive. We developed a
simple dopant-free method to modulate the NiO, nanoparti-
cle (NP) solution by adding H,O, solvent. Incorporation of
H,0, improved the dispersion of NiO, NPs and avoided par-
ticle aggregation that would inhibit full coverage of the
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transparent conductive oxide (TCO) substrate. This approach
also increased the ratio of Ni** in NiO, and formed NiOOH, a
stable component that also has high conductivity. The Me-
4PACz SAM that formed homogenously on the modulated
NiO, surface was more favorable for the growth of the perov-
skite and uniform deposition of large-area perovskite by re-
ducing the contact angle, which improved charge extraction
and lower leakage currents. As a result, the modulated NiO,
combined with SAM bilayer-based devices exhibited the
champion efficiency of 25.5% (Newport certified stabilized ef-
ficiency: 25.2%), the 0.1 cm? size devices retained 85.4% and
85.1% of the initial efficiency after 1000 hours operation un-
der AM1.5G light illumination at 50°C and 500 hours contin-
uous thermal stress at 85°C, respectively. In addition, a large-
area device with 14.65 cm? had a PCE of 21%.

HTL layer synthesis and characterization

We observed that H,O, could interact with commercial NiO,
NPs (nominal size 10 nm) and improve the dispersion in
aqueous solvent (figs. S1 and S2). High-resolution transmis-
sion electron microscopy (HRTEM) showed that the control
NiO, NPs aggregated and the typical size is over 10 nm (Fig.
1A). After H,O, addition, the aggregation was suppressed and
the single particle size also decreases to ~5 nm (Fig. 1B). Dy-
namic light scattering (DLS) confirmed that the statistically
average dispersion NP size decreased from 12 to 9 nm after
H,0, treatment with much narrow particle-size distribution
(Fig. 1C). The formation of hydrated NiO, through reaction
with H,0, likely inhibited NiO, NP aggregation, enhance
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dispersion, and decrease the NP size (15).

The effect of the NP size and dispersion distribution on
the growth of NiO, films was reflected in the morphologies of
the NiO, films deposited on FTO substrate. The H,O,-modu-
lated NiO, film was more compact and uniform compared
with the control sample. Cross-sectional scanning electron
microscopy (SEM) images (fig. S3) revealed the modulated
NiO, film was dense and conformal. Cross-sectional transmis-
sion electron microscopy (TEM) and energy dispersive spec-
troscopy (EDS) mapping results(fig. S4) further confirm this
finding. . The root-mean-square (rms) roughness of NiO, film
was reduced from 4.4 nm to 3.2 nm and 2.9 nm after adding
20 mol% H,0, and 40 mol% H,0,, respectively (fig. S5). The
improvement of the NiO, morphology was expected to reduce
the leakage current and recombination when applied as
HTLs in perovskite devices.

X-ray photoelectron spectroscopy (XPS) was performed to
investigate the chemical states of the deposited NiO, thin
film. For the NiO, film, with and without H,O,-modulation,
the Ni 2p spectrum showed peaks at 857.1, 855.8 and 854.1 €V,
which represent the Ni*, Ni** and Ni?* species, respectively
(Fig. 1, D and E) (16). Usually, Ni** originates from the Ni va-
cancies and mainly distributes in the grain boundaries of
non-stoichiometric oxygen-rich NiO, (17, 18), which is benefi-
cial for hole transport. As illustrated in the Ni 2p spectrum,
the ratio of Ni** increased from 31.3% to 38.3%, was evidence
for the generation of Ni vacancies in H,O,-modulated sample.
In the O 1s spectrum (fig. S6), we assigned peaks at binding
energies of 529.5, 531.0, 532.2, and 533.2 eV to the NiO, hy-
droxide (-OH), Ni**-O and Ni**-O, respectively (16). The ratio
of -OH decreased from 29.6% to 22.4% in H,O,-modulated
sample. On the contrary, the ratio of Ni**-O increases from
11.2% to 18.35%, which is likely caused by the transition from
Ni(OH), to NiOOH in H,0O,-modulated NiO, film. The pres-
ence of NiOOH could not only improve the conductivity of
NiO, films (19), but also provide more surface hydroxyl
groups for SAM bonding (20).

Both FTIR and Raman spectroscopy further verified the
conversion from Ni(OH), to NiOOH. The FTIR absorption
peaks at 410 cm ' and 500 cm™ in the control NiO, film, which
we assigned to the bending vibration modes of v(Ni-OH) and
8(Ni-OH), respectively (21, 22), were absent in the H,O,-mod-
ulated NiO, sample and indicating the reaction Ni(OH), in-
side the treated film (Fig. 1F). In the Raman spectrum (fig.
S7), the intensity of 2LO (1075 cm™) was suppressed in the
H,0,-modulated NiO,. The intensity of 2L0O is inversely pro-
portional to the concentration of Ni®* inside NiO,, (23), so this
result was consistent with decreased density of Ni** in the
H,0,-modulated samples.

Conductive-mode atomic force microscope (C-AFM) re-
sults also indicated that the conductivity of NiO, has been
increased obviously after modulation (fig. S8). For the NiO,
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film mobility, it was increased from 2.24x10~* to 2.03x107*
cm?V-is! after treatment based on space-charge-limited cur-
rent (SCLC) measurement (fig. S9) (24). We found that the
both the control and modulated NiO, can keep its original
electrical properties after aging at 85°C for 100 hours (fig.
S10).

Kevin probe microscopy (KPFM) was used to measure the
surface potential distribution of Me-4PACz on the different
substrates (FTO, FTO/control NiO,, and FTO/modulated
NiO,, respectively (Fig. 2, A to C). The line profile comparison
of KPFM as depicted in Fig. 2, D to F. Although Me-4PACz
could cover most of the FTO substrate, some inhomogeneous
regions were present. The SAM layer coverage was more uni-
form after inserting a NiO, buffer layer, which could be
caused by bonding between PA group and surface hydroxyl
groups of the NiO,, through strong P-O---Ni or P=0---Ni
bonds (20). As expected, Me-4PACz was almost fully-uniform
assembled on the FTO/modulated NiO, substrates, indicating
that condensed and uniform NiO, layer with more surface
hydroxyl groups provided a better site for the growth of high-
quality SAM layer.

X-ray photoelectron spectroscopy (XPS) confirmed im-
proved chemical absorption of SAM layer molecular on the
NiO, substrates (Fig. 2, G to I). For the SAMs deposited on
the FTO substrate, the P 2p;;» and 2ps/» core energy level was
observed at 133.9 and 133.1 eV, respectively, indicative of Me-
4PACz binding (25). The presences of an Sn 4s peak at 138.9
eV indicated incomplete coverage of the FTO surface. After
inserting the NiO, layer, the P 2p peak integrated intensity
increased by 2.35 times compared with the FTO/SAM sample,
indicating a dense and uniform deposition of SAM on NiO,
substrate, The integrated intensity of P 2p increased to 3.0
times on modulated NiO, substrates compared with depos-
ited on FTO directly. In addition, t the Sn 4s peak has almost
disappeared, consistent with full coverage of modulated NiO,
on the FTO substrate.

The energy levels for a very thin film can vary with the
thicknesses and also be affected the underlying substrate
(26). We used ultraviolet photoelectron spectroscopy (UPS) to
measure the highest occupied molecular orbital (HOMO) of
Me-4PACz deposited on different surfaces, which were -5.35,
-5.62, and -5.68 €V for FTO, control NiO,, and modulated NiO,,
surface, respectively (fig. S11). The value of HOMO levels is
more consistent with the intrinsic properties of Me-4PCAz
(27) when depositing on NiO, surface, which could be the re-
sult of better SAM coverage on NiO,. We also measured the
band structure of perovskite nearly pure FAPbI; we used. The
calculated valence band of perovskite at -5.67 eV (fig. S12),
was near the HOMO level of the modulated NiO,/SAM inter-
face (-5.68 eV). These band alignment value could lead to
small energy loss at the interface for solar cells devices (fig.
S13 and table S1).
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We also measured contact angles to study the wetting
properties of the different surfaces (Fig. 3, A to C). The per-
ovskite precursor on Me-4PACz-only substrates had a large
contact angle of 39.8°, which is consistent with previous re-
ports that perovskite deposition on Me-4PACz surface is rel-
atively challenging (20, 28). The contact angle decreased to
27.4° on control NiO,/Me-4PACz surface, and further de-
creased to 20.6° on modulated NiO,/Me-4PACz surface, indi-
cating that the NiO, buffer layer enabled better wetting for
perovskite growth. Improved hydrophilicity could be due to
formation of homogeneous SAM (9) or the NiO, with more
hydroxyl groups (fig. S6). The top perovskite layers had simi-
lar morphologies (fig. S14). We also examined the morpholo-
gies of the buried surface of perovskite layer in contact with
the charge transport layer by peeling off the perovskite layer
from the substrate (9). No obvious morphology defects such
as pinholes were observed for the perovskite film deposited
on Me-4PACz only surface, which could be caused by the de-
wetting of the Me-4PACz surface (Fig. 3D). After inserting
NiO, layer between SAM and FTO, the bottom surface of per-
ovskite became denser, and the crystal was more homogene-
ous (Fig. 3, E and F).

We studied the charge transfer and also the recombina-
tion properties at the perovskite buried interface using pho-
toluminescence (PL) and time-resolved photoluminescence
(TRPL) measurements with the stack of
FTO/HTL/perovskite; for comparison, the results of perov-
skite directly deposited on FTO were also included (Fig. 3, G
and H). The PL intensity of perovskite deposited on SAM sur-
face was greater than that on the FTO surface (Fig. 3G), indi-
cating that the SAM could passivate the buried surface of the
perovskite layer (8). The PL intensity gradually increased
with the coverage of the SAM, inferring that the more com-
pact SAM surface provide more passivation sites for perov-
skite layer. In addition to the PL enhancement, a blue shift
from 815 to 809 nm was observed, further confirming sup-
pression of the interface recombination.

The perovskite TRPL results could be fit by two exponent
decays, except for the film on FTO directly (Fig. 3H). The fast
decay we attributed to the charge extraction (29). The life-
times were 54, 46, and 42 ns for Me-4PACz, control NiO,/Me-
4PACz, and modulated NiO,/Me-4PACz, respectively, indicat-
ing that the hole extraction became more efficient after in-
serting and modulating of the NiO,. This improvement could
have resulted from the better coverage of SAM layer (Fig. 2)
and also the enhanced electronic properties of the NiO, (fig.
S9). A longer decay time was observed for all perovskites on
SAM layers; the perovskite on SAM only had lifetime of 0.7
us, but was 2.3 us for the modulated NiO, surface (Fig. 3H),
which indicated that the fully covered Me-4PACz well passiv-
ated the buried interface of the perovskite.
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Photovoltaic properties

We fabricated the devices with the architecture of
glass/FTO/NiO,/Me-4PACz/FAPbI;/PCBM/Sn0O,/Cu, where
PCBM is [6,6]-phenyl-Cs-butyric acid methyl ester. The fab-
rication details can be found in Supplementary information.
FAPDI; was used as the perovskite absorber with a bandgap
around 1.52 eV, and the thickness of perovskite film was ~
700 nm with large grains spanning the film. The grain size
was ~ 1 um, as determined from the cross-sectional and top-
view SEM images (figs. S14 and S15). The NiO, layer improved
the device performance (Fig. 4A). For the device based on Me-
4PACz without NiO,, the PCE for an illuminated area of 0.1
cm? was 22.2% with Voc of 1.11'V, Jsc of 26 mA/cm?, and FF of
77.1%. For devices with the NiO, layer, the V¢ and FF in-
creased to 1.14 V and 81.1%, respectively, and a PCE of 24.1%
was achieved. For PSCs based on H,0O,-modulated NiO,, a
PCE up to 25.6% was achieved with a Voc0f 1.16 V, Jsc of 26.15
mA/cm? and FF of 84.1% (Fig. 4A). We also found that the
modulated NiO,/SAM devices showed neglected hysteresis
compared with the NiO, without modification (Fig. 4B and
fig. S16). The detailed device parameters are listed in tables
S2 and S3. To show the enhancement after NiO, insertion is
universal, we replaced the substrates and self-assembled mo-
lecular by using ITO (indium tin oxide) and MeO-2PACz ((2-
(3,6-Dimethoxy-9H-carbazol-9-yl)ethyl)phosphonic acid), re-
spectively, similar trend was observed even though the device
performance is not optimized (figs. S17 and S18 and tables S4
and S5).

The typical external quantum efficiency (EQE) result of
the device was shown in fig. S19, which is almost consistent
with the Jsc from current density-voltage (J-7) sweeps. We
sent one of our best-performing PSC was sent to an accred-
ited laboratory (Newport Corporation PV Lab, USA) for certi-
fication. The device with an illuminated mask area of 0.074
cm? delivered a certified quasi-steady-state (QSS) efficiency of
25.2% with a Voc of 1.18 V, Jsc of 26.2 mA/cm?, and FF of 81.2%
(fig. S20). Compared with the in-house measurement results,
we found that the certificated results showed 2% reduction
in fill factor, which could be due to the contact degradation
during the transportation. Moreover, we collected the PV pa-
rameters of 50 devices for each condition (control and H,O»-
modulated) in fig. S21. The high reproducibility was evi-
denced by the narrow PCE distribution, and the average PCE
with modulation increased from 23.5% to 25.0%, which
mainly reflected increases in Voc and FF.

The reverse leakage after introducing NiO, layer was re-
duced to more than one order after the modulation of NiO,
by H,0,, and also indicated that recombination at the buried
surface was suppressed (Fig. 3I). The current density of the
NiO, modulated sample under forward bias was higher than
that of SAM only and control NiO, samples and reflects better
charge-transport properties.
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We measured transit photovoltage to check and compare
charge recombination (fig. S22). The decay time increased
from 1.44 ps for SAM only to 2.02 us for modulated
NiO,/SAM based devices, indicating that the recombination
has been suppressed, which was consistent TRPL results (Fig.
3H). We also measured the Voc-light intensity dependent (fig.
S23) and found that the ideality factor for the device without
NiO, is 1.71, and indicator of substantial recombination in the
SAM only device, With the NiO, layer, the ideal factor re-
duced to 1.50, and decreased to 1.22 for modulated NiO, based
devices, which is near the value of 1.14 for the champion nor-
mal structure (n-i-p) devices (30).

We also studied the electroluminescence performance of
the devices working as a light-emitting diodes. The modu-
lated-NiO, device had a 2.53% external quantum efficiency,
versus 0.32% for the Me-4PACz device (fig. S24). This ~8 fac-
tor EL enhancement was consistent with a 50 meV V¢ in-
crease (Fig. 4A). We conclude that increase in V¢ was mainly
caused by suppression the defect-related recombination. For
the FF and hysteresis improvement, the better physical con-
tact from improved wetting (Fig. 2, A to C) and improved
charge transport from better band alignment (fig. S13) or en-
hanced NiO, conductivity (fig. S9) also could play a role.

Large-area devices and device stability

We fabricated the minimodules with 6 subcells with an aper-
ture area of 14.65 cm?. The structural schematic and photo-
micrograph of the subcell interconnection region are shown
in fig. S25, and details of the minimodule fabrication process
can be found in the experimental section. The device param-
eters were a Vyc of 6.9 V connected in series, Jsc of 3.87
mA/cm? and FF of 78.7%, resulting a PCE of 21% (Fig. 4C and
table S6) is among the highest efficiency for the large-area
PSCs. Based on the geometry design and also the SEM images
of pattern (fig. S25), it can be calculated that the geometric
fill factor (GFF) is 94.5%, which still has some room for im-
provement. Comparing the small device, the performance
loss for the mini-module is mainly from the short circuit cur-
rent and fill factor, it can be further improved by depositing
more uniform of perovskKite layer.

To check the device stabilities, we first compared the sta-
bility of NiO,-based devices without the SAM layer using the
small size device (0.1 cm?). The H,O, modulated strategy had
slightly better stability both in stabilized power output (SPO)
tracking at 50°C and accelerated aging testing at 85°C (fig.
S26), which could be to the contact improvement (16). The
device with modulated-NiO,/Me-4PACz bilayer (small size
devices: 0.1 cm?) maintained ~ 79% of its initial PCE of 24.1%
at maximum power point (MPP) tracking under 1-sun illumi-
nation at 50°C (figs. S27 and S28). The device used for stabil-
ity did not have an antireflection coating, leading to a 2% less
in J,, compared with the champion devices.
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We then fabricated a device in which we deposited a 5-nm
layer of ITO between Cu electrode and SnO, to avoid dif-
fusion. This device retained 85.4% of its initial 23.6% PCE
(fig. S29A) after continuous operation for 1000 hours at
50°C (Fig. 4D), tested under MPP tracking the continuous
bias voltage of 1.02 V. The enhanced stability of the device
after inserting ITO buffer layer could be caused by sup-
pression of ion migration under external stress.

We also investigated the stability of the minimodule.
After 400 hours SPO tracking, the device still showed its
90% of its original PCE of 20.5% original efficiency mini-
module under 1-sun illumination at 50°C. (figs. S30 and
S31). The small-size unencapsulated device with an initial
PCE 23.5% without antireflection coating (fig. S29B) was
subjected to accelerated aging stability by heated at 85°C
in nitrogen condition. The device retained 85.1% of the in-
itial PCE after 500 hours (fig. S32).

Discussion
Self-assembled molecular was widely used for designing
efficient inverted perovskite solar cells, the inhomogene-
ous SAM could lead to the leakage and also the recombi-
nation, which limit the device performance and also the
reproducibility. We have incorporated homogeneous NiO,
nanoparticles for better SAM growth, based on this hole
selecting layer, a small size PSCs with certificate efficiency
of 25.2% and 14.6 cm? mini-module with 21% efficiency
were obtained, and the configured devices own good sta-
bility. Further improvement in device performance could
be achieved by optimizing the buried and also the top sur-
face. Depositing more uniform perovskite layer will be
helpful for further enhancing module devices perfor-
mance. The bilayer HSL could not only be used in the solar
cells, and could be used in other optoelectronic devices
such as light-emitting diodes and photodetectors.
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deposited on different HTLs. (G and H) PL and TRPL measurements of perovskite films on different HTL layers. (1)
Dark J-V measurements of different HTL layers based inverted devices.
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Fig. 4. Photovoltaic performance and stability of devices. (A) J-V curves of the Me-4PACz, control-NiO,/Me-
4PACz and modulated-NiO,/Me-4PACz based devices (device area is 0.108 cm?, and the mask size is 0.0737
cm?) measured under AM 1.5G (100 mW/cm?) illumination. (B) J-V curves of the devices under reverse and
forward scan for the control-NiO, and modulated-NiOy devices, respectively. (C) J-V curves of the modulated-
NiO,/Me-4PACz based devices (14.65 cm?) measured under AM 1.5G (100 mW/cm?) illumination. (D) Steady
power output tracking for the modulated devices (0.1 cm?), the device was applied bias at maximum power
point, under 1-sun illumination at ~50°C, for enhancing the stability, a 5 nm thin film of ITO was used as buffer
layer between SnO, and Cu.
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