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Co-Self-Assembled Monolayers Modified NiOx for Stable
Inverted Perovskite Solar Cells

Qi Cao, Tianyue Wang, Xingyu Pu, Xilai He, Mingchao Xiao, Hui Chen, Lvchao Zhuang,
Qi Wei, Hok-Leung Loi, Peng Guo, Bochun Kang, Guangpeng Feng, Jing Zhuang,
Guitao Feng, Xuanhua Li,* and Feng Yan*

[4-(3,6-dimethyl-9H-carbazol-9yl)butyl]phosphonic acid (Me-4PACz)
self-assembled molecules (SAM) are an effective method to solve the problem
of the buried interface of NiOx in inverted perovskite solar cells (PSCs).
However, the Me-4PACz end group (carbazole core) cannot forcefully
passivate defects at the bottom of the perovskite film. Here, a Co-SAM
strategy is employed to modify the buried interface of PSCs. Me-4PACz is
doped with phosphorylcholine chloride (PC) to form a Co-SAM to improve the
monolayer coverage and reduce leakage current. The phosphate group and
chloride ions (Cl−) in PC can inhibit NiOx surface defects. Meantime, the
quaternary ammonium ions and Cl− in PC can fill organic cations and halogen
vacancies in the perovskite film to enable defects passivation. Moreover,
Co-SAM can promote the growth of perovskite crystals, collaboratively solve
the problem of buried defects, suppress nonradiative recombination,
accelerate carrier transmission, and relieve the residual stress of the
perovskite film. Consequently, the Co-SAM modified devices show power
conversion efficiencies as high as 25.09% as well as excellent device stability
with 93% initial efficiency after 1000 h of operation under one-sun
illumination. This work demonstrates the novel approach for enhancing the
performance and stability of PSCs by modifying Co-SAM on NiOx.

1. Introduction

NiOx, an inorganic p-type semiconductor, is commonly utilized
as the hole transport layer (HTL) in inverted and tandem per-
ovskite solar cells (PSCs) due to its cost-effectiveness, stabil-
ity, and scalability.[1] Notably, the NiOx-inverted PSC has re-
cently achieved a certified power conversion efficiency (PCE)
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of 25.58%.[2] However, there is still room
for improvement as the highest authen-
ticated PCE stands at 26.14%. The pres-
ence of oxygen vacancies and uncoor-
dinated metal ion defects on the NiOx
surface contributes to this potential for
enhancement.[3] Additionally, submicron-
scale defects exist on the lower surface
of the perovskite material.[4] The interac-
tion between NiOx and the perovskite film
also leads to interface reactions, result-
ing in nonradiative recombination at the
interface.[5] These phenomena adversely af-
fect device stability and cause a loss of open-
circuit voltage (VOC), which poses a signif-
icant obstacle to achieving high-efficiency
and highly stable inverted PSCs. Therefore,
addressing these issues is crucial for ad-
vancing the performance of inverted PSCs.

To address the interface problem in
NiOx/perovskite heterojunctions, var-
ious strategies have been employed,
such as the use of inorganic salts,[6] self-
assembled monolayers (SAMs),[7] organic
molecules,[8] and 2D materials,[9] to modify
and passivate the buried interface. Li et al.

successfully improved the interface by utilizing SAM-processed
NiOx nanocrystals, which effectively bridged the perovskite
film. This approach created a hole-selective contact that mit-
igated interface recombination and facilitated hole extrac-
tion. As a result, they achieved a remarkable efficiency of
24.7% (certified as 24.4%) in a flexible all-perovskite tan-
dem solar cell.[10] In a similar vein, Huang et al. employed
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Figure 1. Effect of Co-SAM on NiOx properties. a) Molecular structures of Me-4PACz and PC. b) Schematic illustration of SAM (Me-4PACz) and Co-SAM
(Me-4PACz+PC) of modified NiOx. c) Gaussian calculated electrostatic potential of PC molecule. d) FTIR of PC+NiOx and PC. e) XRD of NiOx, PC, and
PC+ NiOx. KPFM images of f) NiOx/Me-4PACz and g) NiOx/Me-4PACz+PC. h) CPD changes of NiOx/Me-4PACz and NiOx/Me-4PACz+PC films.

[4-(3,6-dimethyl-9H-carbazol-9yl)butyl]phosphonic acid (Me-
4PACz) to address interface defects in the NiOx/formamidinium
lead triiodide (FAPbI3) junction. By reducing these defects and
improving carrier transport, they achieved an PCE of 23.56% in
an inverted FAPbI3-based PSCs.[11] Researchers have continued
to refine the design of SAMs, leading to significant advance-
ments in the development of high-performance photovoltaic
devices.[12,13] SAMs composed of carbazole core and phosphonic
acid, such as 2PACz ([2-(9H-Carbazol-9-yl)ethyl]phosphonic acid)
and Me-4PACz, are particularly prevalent due to their maturity in
industrial applications.[14,15] However, despite the widespread
use of these SAMs, there are certain limitations that need to
be addressed. The steric hindrance of the carbazole core re-
stricts the formation of a dense single molecule layer on the
substrate, hampering effective passivation of bottom defects
in the perovskite film. Consequently, this can lead to issues
such as leakage current and nonradiative recombination, ad-
versely affecting the performance and stability of optoelectronic
devices.

Here, we modify the buried interface of NiOx-based PSCs by
doping Me-4PACz with phosphorylcholine chloride (PC) to form
Co-SAM (Figure 1a) for improving the monolayer coverage. The
phosphate group and chloride ions (Cl−) in PC can inhibit NiOx
surface defects. Meantime, the quaternary ammonium ions and
Cl− in PC can fill organic cations and halogen vacancies defects
at the bottom of the perovskite film. Co-SAM can promote the
growth of perovskite crystals, collaboratively solve the problem of
buried defects, suppress nonradiative recombination, accelerate
carrier transmission, and relieve the residual stress of the per-
ovskite film. Therefore, the maximum efficiency of the Co-SAM
modified device reaches 25.09%. And the operational stability of
the device is improved, maintaining 93% of the initial efficiency
after continuous running for 1000 h under one-sun illumination.

2. Results and Discussion

To highlight the advantages of Co-SAM, we drew a schematic di-
agram in Figure 1b. Spin-coating of SAM alone on NiOx cannot
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form a dense monolayer due to the steric hindrance effect, while
Co-SAM easily forms a dense and uniform single monolayer be-
cause PC can fill the vacancies within the SAM structure, ensur-
ing more complete coverage. The phosphate groups, quaternary
ammonium ions, and Cl− in the PC molecules also increase the
passivation ability of NiOx/perovskite buried defects. This im-
proved passivation helps improve the overall performance of the
device. The chemical interaction between PC in Co-SAM and
NiOx was extensively investigated to explore the defect passiva-
tion effect of PC on the NiOx surface. To gain insights into the na-
ture of these interactions, Gaussian calculations were performed
to analyze the electrostatic potential of PC. The calculation reveals
that the phosphate group and Cl− exhibit a negatively charged
character, indicated by their blue color, suggesting their ability
to donate electrons. On the other hand, the quaternary ammo-
nium ion displays a positive charge, as denoted by its green color
(Figure 1c). Fourier transform infrared (FTIR) spectra demon-
strate that after mixing PC and NiOx, C–N has no shift and P═O
undergoes a red shift of 3 cm−1 compared to pure PC, proving
that P═O in PC can be chelated to the NiOx surface (Figure 1d).[16]

X-ray photoelectron spectroscopy (XPS) reveals that Ni ions on
the NiOx/Me-4PACz surface shift to a lower energy level (Figure
S1a, Supporting Information), and O shifts to a higher energy
level by 0.55 eV (Figure S1b, Supporting Information) than pure
NiOx, proving that the phosphate group in Me-4PACz interacts
with NiOx. Furthermore, when PC is introduced to the NiOx/Me-
4PACz system (NiOx/Me-4PACz+PC), additional shifts in the
energy levels of Ni and O ions are observed. Ni ions further shift
to a lower energy level and O shifts to a higher energy level by
0.09 eV, proving that the phosphate group and Cl– in PC in-
teract with NiOx. Additionally, an increase in N content (Figure
S1c, Supporting Information) and the new element Cl (Figure
S1d, Supporting Information) appear on the surface of NiOx/Me-
4PACz+PC, indicating that Me-4PACz and PC coexist on NiOx
surfaces.

To further confirm the interaction between Cl− in PC and
NiOx, we measured the XRD of NiOx, PC, and NiOx+PC. The
XRD pattern of NiOx exhibits prominent (111) and (200) crys-
tal plane peaks (Figure 1e).[17] The introduction of Cl− from PC
results a blue shift of the (200) XRD peak, indicating lattice
expansion.[18] Considering that the ionic radius of Cl− (1.81 Å)
is larger than O2− (1.40 Å), the incorporation of Cl− leads to the
expansion of the NiOx lattice structure. These results prove that
PC-terminal phosphate groups can be chelated to the NiOx sur-
face in a vertically arranged manner. In addition, Cl− can also be
doped into NiOx to suppress Ni ion defects.

We considered the impact of Co-SAM on the surface rough-
ness and electrical properties of NiOx. Atomic force mi-
croscopy (AFM) can conclude that the surface roughness of Me-
4PACz+PC-modified NiOx (3.56 nm) is smaller than that of
Me-4PACz (3.70 nm), with a smoother height change profile
(Figure S2, Supporting Information), indicating that Co-SAM
makes the NiOx surface flatter and helps reduce surface defects.
Kelvin probe force microscopy (KPFM) was employed to evaluate
the average surface contact potential difference (CPD) between
NiOx/Me-4PACz and NiOx/Me-4PACz+PC films. As shown in
Figure 1f–h, the CPD value of NiOx/Me-4PACz+PC film is lower
than that of NiOx/Me-4PACz film. The reduction of CPD is ben-
eficial to the downward shift of the Fermi level (EF) of Me-4PACz

film, and this result is also proved by Ultraviolet photoelectron
spectroscopy (UPS).[19] UPS was employed to measure the va-
lence band (VB) and EF of HTL (Figures S3–S5, Supporting In-
formation). The VB and EF values of the Me-4PACz film are
−5.34 and −4.44 eV, respectively, while the VB and EF of the
Me-4PACz+PC film decrease to lower levels (VB = −5.43 eV, EF
= −4.58 eV). The lower VB and EF are beneficial to reducing
hole transfer barriers and decreasing nonradiative recombina-
tion losses.[20] We further confirmed the densification of SAM or
Co-SAM on NiOx using cyclic voltammetry (CV) measurements.
The areal density of Co-SAM on NiOx is 6.59 × 1013 molecules
cm−2, an increase from 6.06 × 1013 molecules cm−2 in single
SAM (Figure S6 and Note S1, Supporting Information).[21,22] We
conclude that Co-SAM is beneficial to forming a uniform and
dense coating on the NiOx surface and optimizing the energy
band structure of the SAM layer to enhance hole transport.

We conducted FTIR, XPS, and XRD to elucidate the interac-
tion mechanism between PC in Co-SAM and the bottom surface
of the perovskite film. The FTIR spectra show that after mixing
PC and PbI2, P═O and C–N exhibit a red shift of 5 cm–1 and
3 cm−1, respectively, compared to pure PC, proving that P═O and
C–N in PC can interact with Pb ions on the buried bottom sur-
face of perovskite (Figure 2a). XPS shows that, relative to PbI2,
the Pb and I elements experience a downward energy shift after
mixing PC and PbI2 (Figure 2b and Figure S7a, Supporting Infor-
mation). Simultaneously, the Cl, O, and N elements exhibit an up-
ward energy shift when PC is mixed with PbI2 compared with PC
(Figure S7b–d, Supporting Information), proving that the phos-
phate groups, quaternary ammonium ions, and Cl− in PC can
engage in Lewis acid–base interactions with Pb. XRD results in-
dicate that mixing PC with PbI2 completely produces a distinct
phase different from PbI2 and PC, which is a low-dimensional
complex PCPbI2 (Figure 2c). Considering the chelation of phos-
phoric acid in PC to the NiOx surface, the remaining quaternary
ammonium ion and Cl− interact with the uncoordinated Pb de-
fects on the bottom surface of the perovskite. Specifically, the qua-
ternary ammonium ions, like tetra-methyl ammonium ions,[23]

can occupy the FA/MA (methylamine) vacancies within the per-
ovskite lattice and Cl− may fill the vacancies of anions on the per-
ovskite surface.[24,25]

We utilized Co-SAM to modify NiOx and investigated its ef-
fect on perovskite crystallization through scanning electron mi-
croscopy (SEM). Initially, we use ultraviolet (UV) glue to uncover
the bottom surface of the perovskite and observe the morphol-
ogy (Figure 2d,e, Supporting Information). The bottom surface
of NiOx/Me-4PACz has many small pore defects at the grain
boundary, and there are almost no small particles of NiOx, in-
dicating that there is almost no interaction between Me-4PACz
and the bottom surface of perovskite, while the grain boundary
area on the bottom surface of NiOx/Me-4PACz+PC is denser
and has many small NiOx particles attached. The introduction
of PC molecule exhibits a bridging effect, enhancing the adhe-
sion between NiOx and the perovskite film. Notably, the bottom
surface grains of NiOx/Me-4PACz+PC has obviously increased
from 428 nm (NiOx/Me-4PACz) to 507 nm (Figure S8a,b, Sup-
porting Information). Next, we observed the morphology of the
upper surface of the perovskite film. The mean grain size on the
surface of the perovskite film grown on NiOx/Me-4PACz+PC
reaches 400 nm, while the mean grain size on the surface of
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Figure 2. Effect of Co-SAM on crystallization of perovskite films. a) FTIR of PC+PbI2, PbI2, and PC. b) XPS of Pb 4f for PC+PbI2 and PbI2. c) XRD of
PbI2, PC, and PC+PbI2. d,e) Bottom, f,g) surface (the scale bar is 500 nm), and h,i) cross-sectional views (the scale bar is 1000 nm) of perovskite films
deposited on different transport layers.

the perovskite film grown on NiOx/Me-4PACz is only 308 nm
(Figure 2f,g and Figure S8c,d, Supporting Information), indi-
cating that the presence of Co-SAM facilitates promote grain
growth and reduce defects in the perovskite film. The cross-
sectional SEM images also present that the grains are verti-
cally arranged, which is beneficial to promoting carrier trans-
port (Figure 2h,i). We conducted further investigation on the
changes in crystal quality using XRD. Perovskite films with dif-
ferent transport layers exhibit similar diffraction patterns, which
consistent with the characteristic black 𝛼-FAPbI3 phase (Figure
S9a, Supporting Information).[26] The half-peak width of the (001)
peak of the perovskite film on NiOx/Me-4PACz+PC is found
to be narrower (Figure S9b, Supporting Information), indicat-
ing an increase in the perovskite grain size, which aligns with
the results obtained from SEM. Moreover, the enhanced ab-
sorption in the 500–800 nm band further supports the notion
of improved crystal quality (Figure S10, Supporting Informa-
tion). These findings provide evidence that Co-SAM molecules
can regulate crystallization and promote the increase in grain
size.

As the substrate for perovskite deposition, the surface proper-
ties of the HTL profoundly affected the nucleation and crystal-
lization mechanisms of perovskite film. To characterize the wet-
ting behavior of the perovskite precursor solution on the different
HTL surface, the contact angle was determined. The contact an-
gle of the perovskite precursor solution on NiOx/Me-4PACz+PC
HTL is determined to be 37.29°, while on NiOx/Me-4PACz HTL,
the contact angle is found to be 34.92°, indicating that the qua-
ternary ammonium groups on PC induce a more hydrophobic
surface for precursor solvents (Figure S11, Supporting Informa-
tion). To investigate the perovskite film formation process on dif-
ferent HTL surfaces, in situ UV–visible (UV–Vis) spectroscopy
was performed during spin-coating (Figure 3a,b). Initially, the
perovskite precursor solution is in a dissolved state before 38
s, with negligible nucleation occurring. Upon the dropwise ad-
dition of the antisolvent at 38 s, the absorption intensity across
the entire wavelength range starts to increase, indicating the for-
mation of perovskite crystallites. We used the first derivative to
calculate the nucleation rate based on the relationship between
600 nm and spin-coating time (Figure 3c).[27] The nucleation rate
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Figure 3. Co-SAM-regulated crystallization kinetics, strain, and carrier recombination. a) In situ UV–Vis of perovskite films deposited on a) NiOx/Me-
4PACz and b) NiOx/Me-4PACz+PC. c) Calculation of nucleation rates using first derivatives corresponds to in situ UV–Vis spectra. d) D-spacing values
obtained from (012) plane as a function of incidence angle (interior illustration: schematic of the transformation from tensile stress to compressive
stress). e) Comparison of residual stress for perovskite film deposited on NiOx/Me-4PACz and NiOx/Me-4PACz+PC. f) TRPL spectra of perovskite films
deposited on NiOx/Me-4PACz and NiOx/Me-4PACz+PC.

of NiOx/Me-4PACz+PC is lower because the nonwetting surface
inhibits heterogeneous nucleation, resulting in a reduction in
nucleation density and thus a larger grain size.[28] In addition,
the strong chemical interaction between PC and PbI2 in the per-
ovskite leads to a delay in perovskite nucleation, which is also
beneficial to obtain highly crystalline perovskite films with large
grain sizes.[29]

During the crystallization process of perovskite films (i.e., nu-
cleation and crystal growth), residual tensile stress (𝜎, note 2)
was a common occurrence and a significant contributor to the
intrinsic instability of PSCs.[30,31] To investigate the release of
residual stress in the perovskite film, grazing incidence X-ray
diffraction (GIXRD) measurements were implemented at differ-
ent tilt angles (Ψ = 0°, 25°, 35°, 45°, 55°) (Figure S12, Support-
ing Information).[32] Through analysis of the GIXRD images ac-
quired at different depths, we obtained the relationship between
the interplanar distance (dn) and Sin2Ψ. The slope of the dn-
Sin2Ψ fitting curve served as an estimation of the residual stress
release in the perovskite film (Figure 3d). Perovskite films de-
posited on single SAM exhibit positive slopes, indicating the pres-
ence of tensile stress within the films. Conversely, the slope of the
film deposited on Co-SAM becomes slightly negative, confirming
the presence of internal compressive stress.[33] Consequently, the
tensile stress of the perovskite film deposited on single SAM and
the compressive stress of the film deposited on Co-SAM are cal-
culated to be 41.54 and −8.09 MPa, respectively (Figure 3e).[34]

When the organic cation vacancies on the buried bottom sur-
face of the perovskite are occupied by the terminal quaternary
ammonium ions of PC, the lattice undergoes expansion due to

the larger radius of the quaternary ammonium ion (3.20 Å) com-
pared to that of the FA+ (2.53 Å) and MA+ (2.17 Å).[35,36] More-
over, Co-SAM adjusts the crystal orientation and reduces bulk de-
fects of perovskite. These effects may cause the perovskite film to
change from tensile stress to compressive stress, improving the
stability of the perovskite film.[37]

We analyzed the influence of Co-SAM on perovskite car-
rier transport dynamics using photoluminescence (PL) on glass
substrates. Through PL and time-resolved PL (TRPL) spec-
troscopy, we observe that the PL intensity at the interface be-
tween the NiOx/perovskite film, treated with Co-SAM, is signifi-
cantly enhanced (Figure S13, Supporting Information). Addition-
ally, the lifetime is increased by ≈50.5%, from 611 to 1236 ns
(Figure 3f). These findings indicate that the presence of Co-SAM
effectively suppresses interfacial nonradiative recombination
processes.

We constructed a typical inverted NiOx-based PSC device and
investigated the impact of Co-SAM on its photovoltaic perfor-
mance. In our study, we found that PC enhances the defect passi-
vation ability of Me-4PACz at the NiOx/perovskite film interface,
as depicted in Figure 4a. The performance of devices modified
with different concentrations of Me-4PACz or PC is shown in
Figures S14–S16 (Supporting Information). Both 0.5 mg mL−1

Me-4PACz or 0.1 mg mL−1 PC modified NiOx can have beneficial
effects, but the combination of Me-4PACz and PC demonstrates
superior performance. We further investigate the photovoltaic pa-
rameters and curves of devices modified with different concen-
trations of PC doped with Me-4PACz, as shown in Figure 4b. The
optimal doping concentration is determined to be 0.1 mg mL−1.
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Figure 4. Impact of Co-SAM on device PCE. a) Schematic diagram of the inverted device structure and the interaction role of Co-SAM with NiOx
and perovskite films. b) Effect of Me-4PACz doped with different concentrations of PC on device performance. c) The forward and reverse scanning
performance of NiOx-deposited Me-4PACz and Me-4PACz+PC devices. d) EQE and e) steady-state output performance of NiOx/Me-4PACz+PC devices.

Subsequently, the highest PCE of the control and Me-4PACz +
0.1 mg mL−1 PC modified device is measured during forward
and reverse scans. In reverse scan, the Co-SAM-treated device
exhibits an increase in PCE from 23.42% to 25.09%, an increase
in VOC from 1.153 to 1.175 V, an increase in short-circuit current
density (JSC) from 25.32 to 25.88 mA cm−2, and an increase in
fill factor (FF) from 80.20% to 82.54%. In forward scan, the PCE
of the Co-SAM-treated device increases from 21.62% to 24.38%
(Figure 4c). The hysteresis factor (HF, Note S3, Supporting In-
formation) of Co-SAM-treated is reduced, mainly due to the pas-
sivation inhibition and promotion of carrier transport played by
PC at the interface.[38] The Co-SAM-treated device achieves an
integrated current of 24.62 mA cm−2 through external quantum
efficiency (EQE) spectra (Figure 4d) and a steady-state output
(SPO) efficiency of 24.87% (Figure 4e), both of which are close to
the results obtained by the J–V curve. Figure S17 (Supporting In-
formation) shows the photovoltaic parameter statistics chart. The
average PCE of the device treated with Co-SAM increases from
22.50 ± 0.41% to 24.38 ± 0.36%, with a reduced standard devia-
tion, demonstrating improved repeatability. To verify the univer-
sality of the Co-SAM strategy, we employ O-phospho-dl-serine-
and creatinol phosphate-doped Me-4PACz, as well as PC-doped
2PACz-treated devices, which result in efficiencies of 24.55%,
24.38%, and 24.54%, respectively (Figures S18–S20, Supporting
Information), proving that simple molecular doping can improve
the performance of SAM.

We used the Mott–Schottky method to validate the enhance-
ment of the VOC. The Co-SAM-treated device exhibits a built-in
electric field of 1.16 V, surpassing the value of 1.11 V observed in

the single SAM-treated device. This enhancement in the electric
field is advantageous for facilitating charge transport and improv-
ing the VOC in photovoltaic devices (Figure 5a).[39] The EQEEL val-
ues of 1.90% and 4.35% for the SAM and the Co-SAM-treated de-
vice, respectively, can be obtained from the electroluminescence
(EL) spectra (Figure 5b). The relatively high EQEEL value indi-
cates that Co-SAM, as an interfacial modifier, can suppress VOC
loss caused by nonradiative recombination.[40] In addition, the
VOC improvement amount (ΔVOC, Note S4, Supporting Informa-
tion) after Co-SAM treatment is estimated to be 0.021 V, which is
almost consistent with the VOC difference (0.022 V) obtained by
J–V.[41]

Co-SAM treatment improves the crystal quality of the per-
ovskite film and helps improve the JSC of the device. To investi-
gate the device’s response, we conducted experiments to analyze
the relationship between the VOC and the applied light intensity
(Figure 5c and Note S5, Supporting Information). The control
device shows an ideality factor (n) of 1.52, whereas the Co-SAM-
treated device demonstrates a significantly lower n value of 1.12.
It is known that the n reflects defect-assisted recombination in
devices, and this result further confirms that interfacial recom-
bination in Co-SAM-treated devices has been substantially sup-
pressed, helping to improve the FF of the device.[42]

To explore the amount of defect and hole mobility in the device,
space charge limited current (SCLC) was performed.[43] As de-
picted in Figure 5d, the intersection of the ohmic region and the
trap-filling region represents the trap filling limit voltage (VTFL),
which is determined to be 1.25 V and 0.87 V for Me-4PACz and
Co-SAM treated devices, respectively, with corresponding defect

Adv. Mater. 2024, 36, 2311970 2311970 (6 of 9) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 5. Carrier dynamics and stability. a) Mott–Schottky analysis. b) EQEEL values of the PSCs. c) Light intensity dependence of VOC of PSCs.
d) SCLC of the hole-only devices. e) tDOS curves of PSC devices employing NiOx/Me-4PACz and NiOx/Me-4PACz+PC. f) Decay of the bleaching
signal of perovskite films. g) Dark J–V curves of PSCs with different substrates. h) SPO of the encapsulated PSCs measured at MPP under continuous
one-sun illumination.

state densities of 5.52 × 1015 cm−3 and 3.84 × 1015 cm−3 (Note
S6, Supporting Information).[44] Depending on the SCLC region,
the hole mobility is 6.18 and 10.45 cm2 V−1 s−1 for Me-4PACz
and Co-SAM treated devices (Note S6, Supporting Information).
These results prove that Co-SAM can suppress device defects
and accelerate hole transport.[45] Furthermore, to determine the
type of device defect, we conducted an admittance spectrum test
(Figure 5e and Note S7, Supporting Information). Compared
with single SAM, Co-SAM-treated devices reduce both deep and
shallow energy level defects (surface and grain boundary defects),
which shows that Co-SAM regulates perovskite crystallization,
promotes better crystallinity of perovskite, and reduces the grain
boundaries and surface defects of the perovskite film.[46]

Femtosecond transient absorption spectroscopy was further
used to analyze the carrier dynamics in perovskite films de-
posited on single SAM and Co-SAM (Figure S21, Supporting In-
formation). It can be seen that the ground-state bleaching de-
cay rate of the perovskite film deposited on Co-SAM is signifi-
cantly enhanced,[47] and the lifetime of the double-exponential

kinetic model is simultaneously reduced, which once again ver-
ifies that Co-SAM can promote carrier transport (Figure 5f).[34]

Additionally, the better coverage of Co-SAM on the substrate ef-
fectively reduces the leakage current, further demonstrating the
beneficial effect of Co-SAM in optimizing device performance
(Figure 5g).[48]

The operational stability of the encapsulated devices was eval-
uated under maximum power point (MPP) tracking and expo-
sure to a white light-emitting diode (LED) lamp with the same
intensity as one-sunlight (without UV filter) in ambient air at
a temperature of 55 °C. In Figure 5h, it can be observed that
the control device, with an initial efficiency of ≈22.59%, exhibits
relatively rapid degradation, retaining only about 88% of its ini-
tial PCE after 1000 h. According to the principle of linear atten-
uation, the single SAM-treated device retains 80% of its initial
value for an extended duration of ≈2455 h. In contrast, the de-
vice treated with a Co-SAM treatment shows slower decay in per-
formance after 1000 h of continuous running. It retains about
93% of its initial PCE (24.64%). The estimated T80 time for the

Adv. Mater. 2024, 36, 2311970 2311970 (7 of 9) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Co-SAM-treated device is ≈3139 h. The Co-SAM treatment sig-
nificantly improves the operational stability of the encapsulated
PSCs, mainly by suppressing device defects and stabilizing the
perovskite crystals.[49,50]

3. Conclusion

In summary, we use PC together with Me-4PACz to form Co-
SAM on NiOx surface to optimize the buried interface in PSC.
The phosphate group and Cl− in PC can inhibit NiOx surface
defects. Meantime, the quaternary ammonium ions and Cl− in
PC can fill organic cations and halogen vacancies defects at the
bottom of the perovskite film. Co-SAM can promote the growth
of perovskite crystals, passivate buried defects, suppress nonra-
diative recombination, optimize the energy band alignment to
facilitate carrier transmission, and relieve the residual stress of
the perovskite film. As a result, the average device PCE is sub-
stantially enhanced from 22.50 ± 0.41% to 24.38 ± 0.36% with
a champion efficiency of 25.09%. Moreover, the device can re-
tain 93% of the initial value after continuous running for 1000 h
under one-sun illumination. This work demonstrates the advan-
tages of modifying Co-SAM on NiOx HTL in PSCs.
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