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1. Introduction

Inhibition of ion diffusion/migration in perovskite
p—n homojunction by polyetheramine insert layer
to enhance stability of perovskite solar cells with
p—n homojunction structurey

Dong Wei, (2 *12 Qingrui Cai,* Shidong Cai,® Yongjing Wu,? Mingliang Wang,?
Peng Cui,*® Jun Ji,*¢ Zhirong Zhang,® Luyao Yan,® Jiahuang Zhang,? Jiaqi Luo,?
Xiaodan Li ¢ and Meicheng Li () *°

Perovskite p—n homojunctions (PHJ) have been confirmed to play a crucial role in facilitating carrier sep-
aration/extraction in the perovskite absorption layer and provide an additional built-in potential, which
benefits the inhibition of carrier recombination in perovskite solar cells (PSCs) and ultimately improves
device performance. However, the diffusion and migration of ions between n-type and p-type perovskite
films, particularly under operational and heating conditions, lead to the degradation of PHJ structures and
limit the long-term stability of PSCs with PHJ structure (denoted as PHJ-PSCs). In this study, we propose
an insert layer strategy by directly introducing an ultra-thin polyetheramine (PEA) layer between the
n-type and p-type perovskite films to address those challenges arising from ion movements.
Femtosecond transient absorption (fs-TAS) and photoluminescence (PL) measurements demonstrate that
the PHJ (without and with the insert layer) enhances carrier separation/extraction compared to the single
n-type perovskite film. Monitoring the evolution of bromine element distribution reveals that the insert
layer can efficiently suppress ion diffusion between perovskite films, even under long-term illumination
and heating conditions. Consequently, an efficiency of 23.53% with excellent long-term operational stabi-
lity is achieved in the optimized PHJ-PSC with the insert layer.

and lessen the undesired non-radiative recombination, various
efficient modification methods, such as passivation strategy,

Organic-inorganic hybrid perovskite solar cells (PSCs) have
received much attention in the past decade owing to their cea-
seless breakthroughs in power conversion efficiencies (PCEs);
therefore, they are regarded as promising candidates for next-
generation photovoltaic technologies.'” Throughout the devel-
opment of PSCs in recent years, it has become obvious that
the rocket-like improvement of PCE is mainly related to the
suppression of carrier recombination in devices.*'* To
promote the transport efficiency of photo-generated carriers
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2D/3D interface engineering and energy band alignment strat-
egy, have been developed.'*° Moreover, ingenious structural
design, such as bulk heterojunction structure, perovskite-per-
ovskite tandem structure and graded perovskite homojunction
structure, have been certified to be valid for inhibiting carrier
recombination in PSCs.>'"?” Therefore, the utilization of modi-
fication materials and innovative structures are beneficial to
suppress carrier losses and enable a PCE closer to the theore-
tical value.

Benefiting from the self-doping property of perovskite
materials, the conducting type of as-prepared perovskite films
could be regulated facilely between n type and p type just by
adjusting the perovskite component and annealing
process.?*° This makes it possible to construct PSCs with p-n
homojunction structure similar to those of the highly efficient
crystalline silicon (c-Si) solar cells. In 2019, the perovskite p—n
homojunction (PHJ) was constructed successfully for the first
time, which can orient the carrier transport and suppress
carrier recombination by the built-in electric field produced
from the PHJ structure.*’ By introducing PHJ into PSCs, the
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efficiency increased dramatically from 20.88% to 21.88%, and
the carrier recombination rate decreased obviously in the per-
ovskite absorption layer, as reported in the published study.
Although the PHJ-PSCs exhibit striking improvement of
efficiency and attractive application potential, the long-term
stability issues of PHJ structure have impeded its development
towards mass production.

As the p-type and n-type perovskite films in PHJ structure
contact directly, ions with different concentrations in the two
layers tend to spontaneously diffuse into each other, changing
the composition of p-type and n-type films, especially under
operation conditions. This can easily lead to the damage of
PH] structure after a period of operation, thus accelerating the
degradation of PSCs. Hence, it is critical to inhibit the
diffusion and migration of ions in the PHJ structure to over-
come the stability issues under long-term operation con-
ditions. Ji et al. introduced phenethylammonium iodide (PEAI)
into the n-type perovskite film to inhibit the doping defect
diffusion in the PHJ structure.”* They confirmed that mole-
cular PEAI can block the vacancy transition channel of intersti-
tial methylamine and bind iodine atoms through hydrogen
bonds, which increases the active energy of ion diffusion.
Thus, PSCs with PEAI-modified PH]J structure exhibited more
stable performance compared with control devices, maintain-
ing 75% of their initial PCE after an 80 °C aging process for
240 h. The bismuth insert layer was also employed to block
the diffusion of iodide ions in the perovskite/metal interface.
The thin and compact bismuth interlayer not only can protect
perovskite film from being corroded by external moisture but
also protect the metal electrode from iodine corrosion. Thus,
the unencapsulated device with bismuth interlayer exhibited
much stable performance.*® In addition, organic materials
with functional groups, such as cellulose, n-hexyl trimethyl
ammonium bromide (HTAB) and gallium(m) bromine, were
utilized as the insert layer to enhance the stability of PSCs.>*73¢
Despite the clear improvement, questions regarding the inhi-
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bition of ion diffusion for enhancing the stability of PHJ-PSCs
are still open.

In this study, we adopted the insert layer strategy to
enhance the stability of PHJ structure and corresponding
PSCs. By introducing an ultra-thin PEA layer between the
n-type and p-type perovskite films, the PHJ with an insert layer
could be fabricated successfully. The PEA insert layer efficien-
tly suppresses the diffusion and migration of ions between the
n-type and p-type perovskite films under heating and light-
exposure conditions. The efficiency of PHJ-PSCs with the
insert layer exhibits an obvious improvement, up to 23.53%
compared with that of traditional planar PSCs (20.92%). The
unencapsulated PHJ-PSCs with the insert layer demonstrate
outstanding stability, maintaining their initial efficiency of
over 80% for 500 hours under one-sun illumination and MPP
tracking. This study highlights a facile way to enhance the
stability of PH]J structure, which is beneficial for the future
commercialization of PHJ-PSCs.

2. Results and discussion

The process of fabricating the PHJ is shown in Scheme 1.
Initially, the n-type perovskite film is directly deposited on the
FTO/TiO, substrate through the spin-coating method. During
the spin-coating process, one milliliter of diethyl ether, as the
antisolvent, was dripped onto the surface of the perovskite
film. Then, the wet film was annealed at 150 °C for 15 minutes
to obtain a black perovskite film. Subsequently, the diluted
PEA solution (diluted with IPA) was spin-coated onto the
n-type perovskite film, followed by the fabrication of a 300 nm
PbI, film (Fig. S11) on the PEA layer using the vacuum evapor-
ation method. The employed PEA had an average molecular
weight of approximately 230 Da, and its molecular structure is
depicted in Fig. S2.1 Finally, the FAI solution was spin-coated
onto the Pbl, film, and the p-type perovskite film was formed
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Scheme 1 Fabrication process of the PHJ with PEA insert layer.
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after the annealing process. In the Experimental section, a
more detailed description of the fabrication process can be
found. The formation of n-type and p-type conductive perovs-
kites is attributed to deviations from the ideal stoichiometry
during the preparation of the perovskite films, which lead to
the emergence of defects and consequent self-doping phenom-
ena within the perovskite structure. When the perovskite film
exhibits a Pb-rich/I-deficient condition, donor defects are
introduced, thereby giving rise to n-type doping in the perovs-
kite film. Conversely, when the film exists in a MA-rich/Pb-
deficient state, acceptor defects occur, resulting in the develop-
ment of p-type doped perovskite layers.>”*

To investigate the effect of the insert layer on the mor-
phology and structure of the perovskite homojunction, we
used scanning electron microscopy (SEM) to characterize the
surface and cross-sectional morphology of the films. The
cross-sectional images inset in Fig. 1a and b confirm that the
fabrication process described in Scheme 1 successfully con-
structed the perovskite homojunction structures, without and
with an insert layer. The n-type and p-type perovskite film
thicknesses were 500 nm and 400 nm, respectively. For the
insertion layer, a thickness of 10 nm was optimized based on
the performance of fabricated devices. Moreover, as shown in
Fig. S3,T we utilized SEM coupled with EDS analysis to verify
the presence of the PEA insertion layer. Top-view images show
that the surface morphology of the perovskite homojunction
with the PEA insert layer is more compact and uniform com-
pared to that without the insert layer. In addition, the rough-
ness of upper perovskite films (p-type layer) without and with
PEA confirmed that the PEA insert layer reduces the roughness
of the upper perovskite film, resulting in a more compact and
smoother perovskite film as shown in Fig. 1d and e. The
average grain size of perovskite thin films increased from
350 nm without PEA addition to 800 nm upon the inclusion of
PEA, suggesting that the PEA layer promotes perovskite grain
growth. To understand this phenomenon, contact angle
measurements were conducted, as depicted in Fig. S4.1 The
PEA layer exhibited a contact angle of 76.2°, significantly
higher than the 63.3° observed for the perovskite film. The
increased contact angle following spin-coating of the PEA
insertion layer implies a reduction in nucleation sites, thereby
preventing mutual collisions among grains during the growth
process that can lead to premature termination due to over-
crowding, thus preserving grain size.**™*! Furthermore, com-
parative contact angle tests were performed on samples with
and without PEA insertion layers, featuring device structures
of n-type perovskite film/Pbl, (PEA-free) and n-type perovskite
film/PEA/PbI, (with PEA). As shown in Fig. S5,} the sample
containing PEA displayed a contact angle of 73.8°, distinctly
higher than the 60.7° for the sample without PEA.
Consequently, the PEA insertion layer still impacts the wett-
ability of the overlying PbI, layer, thereby influencing the
growth behavior of p-type perovskite thin films. As shown in
Fig. 1c, X-ray diffraction (XRD) patterns reveal the crystalline
structures of various film samples. In n-type perovskite films,
the n-type perovskite film covered with the PEA layer and the

This journal is © The Royal Society of Chemistry 2024
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p-type perovskite film on the PEA layer, corresponding crystal
planes exhibit distinct diffraction peaks at specific 26 values
indicative of cubic phase perovskite. Notably, extremely
intense diffraction peaks are observed for the (001) and (002)
crystal planes of the perovskites, suggesting that these perovs-
kite films uniformly possess a high degree of crystallographic
orientation and exhibit a highly crystalline quality in their
cubic phase.*>** Furthermore, as depicted in Fig. 1c, pristine
perovskite film samples exhibit PbI, diffraction peaks,
suggesting the presence of residual PbI, within the film
matrix. During the device fabrication process, a PEAI passiva-
tion layer was spin-coated on the surface of the upper perovs-
kite film for all devices. As shown in Fig. S6,7 upon application
of the PEAI passivation treatment, the intensity of Pbl, diffrac-
tion peaks significantly decreases in the n- and p-type perovs-
kite films, indicating that the PEAI passivation layer effectively
reduces the residual PbI, content in the perovskite films. This
reduction minimizes the impact of Pbl, on carrier transport in
the perovskite homojunctions.

To determine the conductive type of the bottom and upper
perovskite films, Kelvin probe force microscopy (KPFM) and
ultraviolet photoelectron spectroscopy (UPS) were also
employed, as shown in Fig. 1f-k. On comparing mapping
images shown in Fig. 1f and g, it is evident that the contact
potential difference (CPD) of the as-prepared n- and p-type per-
ovskite films display notable differences. Three linear sections
were selected from CPD images to estimate the average values
of these films, and corresponding CPD profiles are displayed
in Fig. 1h and i. Then, the work functions of these films can
be calculated by eqn (1):

@s = @ — eVgp, (1)

where ¢, is the work function of Au, e is the elementary
charge, and Vj, is the value of CPD. The work function of the
n-type perovskite was measured to be —4.31 eV and that of the
p-type perovskite was found to be —5.44 eV. The lower the work
function, the closer the Fermi level is to the vacuum level, indi-
cating that the perovskite film has n-type conductivity,
whereas a higher work function suggests that the Fermi level is
closer to the valence level, indicating p-type conductivity. In
addition, dark current measurements were performed on
devices with a structure of FTO/TiO,/perovskite film/Au, as
depicted in Fig. S7.1 In the single-layer perovskite configur-
ation, minimum dark current shifts towards negative bias vol-
tages, whereas in devices incorporating homojunction perovs-
kite films, the minimum dark current is observed to shift
towards positive biases. This observation suggests that the
introduction of the homojunction structure leads to a tran-
sition from a potential dominated by ion accumulation at
interfaces to one governed by the built-in potential within the
homojunction itself. Furthermore, UPS characterization was
performed to gather more precise information about the
energy levels of the perovskite films. The Fermi and valence
levels of the n- and p-type perovskite films were determined by
fitting the profiles in Fig. 1j and Kk, respectively. Therefore, it
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Fig. 1 Structural and conduction-type characterization of the perovskite p—n homojunction. Top-view SEM images of (a) perovskite p—n homo-
junction and (b) perovskite p—n homojunction with the insert layer, inset: cross-sectional SEM images of corresponding samples. (c) XRD patterns of
n-type perovskite film, n-type perovskite film covered with the PEA layer and p-type perovskite film on the PEA layer. (d and e) AFM topography
images of the p-type perovskite film and p-type perovskite film deposited on the PEA layer. (f—-g) KPFM images of the n-type and p-type perovskite
films. (h—i) Potential profiles of the n-type and p-type perovskite films extracted from the selected linear area. (j) Secondary electron cut-off and (k)
valence band of the n-type and p-type perovskite films deduced from helium I, (hv = 21.22 eV) UPS spectra. (1) Energy level alignment schematic of

the as-prepared perovskite p—n homojunction structure.

can be inferred that n-type and p-type perovskite films were
successfully fabricated. Additionally, the band gaps of these
perovskite films were obtained from Tauc plots depicted in
Fig. S8.1 Accordingly, the energy level diagrams of the n- and
p-type perovskite films were generated, as illustrated in Fig. 11.
The favorable alignment of energy levels of the n-type and
p-type perovskite films can promote the extraction and trans-
port of carriers, as demonstrated in Fig. 1l. This can help
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reduce the recombination of carriers within the perovskite
absorption layer.

To estimate the effects of as-prepared perovskite p-n homo-
junction on carrier extraction and separation, we employed
femtosecond transient absorption (fs-TAS), along with steady-
state and time-resolved photoluminescence (PL) measure-
ments to explore the carrier dynamics of perovskite samples
on picosecond to nanosecond time scales. Three types of per-

This journal is © The Royal Society of Chemistry 2024
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ovskite samples: n-type perovskite (one perovskite film layer),
p-n homojunction (n-type and p-type perovskite film stack),
and the insert layer (n-type perovskite, PEA, and p-type perovs-
kite film stack) were prepared for carrier dynamic characteriz-
ation. All samples were subject to a 480 nm pump pulse with a
pump energy of 2.2 pJ cm™> during fs-TAS measurements to
prevent multiple exciton generation. Fig. 2a displays the
pseudo-color fs-TAS plots of different samples as a function of
delay time and wavelength. The main photobleaching negative
peak (PB) at ~780 nm for all samples was observed clearly,
which is attributed to the state-filling of the carriers at the
band edge.*>"’

In Fig. 2b, the normalized TA spectra of the three types of
perovskite samples, from 0.3 to 2 ps after excitation, are exhibi-
ted. The high-energy tail of the TA spectra gradually disappears
over time, which is attributed to hot-carrier cooling
processes.*®>° The broader bleach signal of the n-type perovs-
kite sample compared to p-n homojunction samples (with or

Paper

without the insert layer) suggests that the p-n homojunction
structure can rapidly separate/extract non-equilibrium carriers
and thus accelerate the hot-carrier cooling process. The delay
time of the non-equilibrium carrier is shown in Fig. S9.1 The
TA decay kinetics at 810 nm exhibited the same trend across
all the three samples, as shown in Fig. 2c. The faster decrease
of AA in the p-n homojunction samples (without and with the
insert layer) than in the n-type perovskite sample indicates
effective carrier separation/extraction in the perovskite p-n
homojunction.

Fast charge separation/extraction in the p-n homojunction
samples (without and with the insert layer) is further con-
firmed by steady-state and time-resolved PL spectra, as shown
in Fig. 2d and e. Compared to the n-type perovskite, the
steady-state PL peaks of the p-n homojunction samples
(without and with the insert layer) show dramatic PL quench-
ing, indicating that the p-n homojunction facilitates carrier
separation and extraction. The time-resolved PL spectra
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Fig. 2 Carrier dynamics of the single n-type perovskite film, perovskite p—n homojunction, and perovskite p—n homojunction with the insert layer.
(a) Pseudo color plots and (b) high energy tails on the normalized bleaching spectra of three kinds of perovskite samples. (c) Ultrafast carrier
dynamics of photoinduced absorption at 810 nm of the as-prepared perovskite samples. All TA results are obtained under 480 nm pump pulse with
a pump energy of 2.2 pJ cm™2. (d) Steady-state and (e) time-resolved PL spectra of the corresponding perovskite samples. Structures of the three
kinds of samples are: FTO/n-type perovskite, FTO/n-type perovskite/p-type perovskite, FTO/n-type perovskite/PEA insert layer/p-type perovskite.
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present that PL average lifetimes (z.y.) of the n-type perovskite,
p—n homojunction and p-n homojunction with the insert layer
are estimated as 810.60, 142.45 and 139.69 ns, respectively,
fitted by a bi-exponential model. The detailed parameters are
summarized in Table S1 of ESI.t These results clearly illustrate
that the p-n homojunction, with or without an insert layer,
can enhance carrier separation/extraction in the perovskite
layer and thereby suppress carrier recombination in devices.

To assess the inhibition effect of the PEA insert layer on ion
diffusion between two perovskite layers, we doped the bottom
perovskite film (n-type layer) with bromine (Br) ions and aged
the perovskite homojunction with and without the insert layer
for 120 hours under continuous illumination at various temp-
eratures. Simultaneously, X-ray photoelectron spectroscopy
(XPS) was used to track the content evolution of the Br
element over time in the upper perovskite film (p-type layer) to
determine if Br diffused from the bottom layer. For the perovs-
kite homojunction without the insert layer (PHJ sample), as
shown in Fig. 3a, it is apparent that with an increased aging
temperature, the characteristic peak of Br is detected earlier,
with a greater peak intensity. Conversely, for PHJ with the
insert layer (with the insert layer sample), the signal of Br is
weak, even under the aging conditions of 100 °C displayed in
Fig. 3b. When the aging temperature increased to 60 °C, a
visible Br characteristic peak at 68.3 eV was observed in the
PHJ sample after 70 hours of aging, while for the PHJ with the
insert layer sample, there exists no evident signal of Br.
Increasing the temperature to 80 °C, the Br characteristic peak
emerges even earlier in the PHJ sample after 40 hours of
aging, with a more prominent peak intensity, while the PHJ
with the insert layer sample still shows no observable peak.
Then, with a further increase in aging temperature to 100 °C, a
significant Br characteristic peak appears as early as 10 hours
of aging in the PHJ sample, while a faint appearance of the Br
characteristic peak is observed in the PHJ with the insert layer
sample after aging for 100 hours. This indicates that even
under severe conditions for a long time, the PEA insert layer
can efficiently inhibit ion migration between the two perovs-
kite films, which will greatly enhance the long-term oper-
ational stability of the perovskite homojunction. Fig. S10f sub-
stantiates this conclusion through X-ray photoelectron spec-
troscopy (XPS) depth profiling, which demonstrates the vertical
distribution of Br elements along the film thickness in both
PHJ films with and without the PEA insertion layer, before and
after aging at a milder temperature of 60 °C for 120 hours. The
outstanding inhibition effect of the PEA insert layer on the
diffusion/migration of ions in PHJ is due to two reasons: one
is the physical isolation between two perovskite layers and the
other is molecular interactions between PEA and perovskite to
lock halide ions through Pb=0 and H-I bonds, which had
been confirmed in our published study.”* FTIR results shown
in Fig. S117 further verify the molecular interactions between
the PEA and perovskite.

To conduct a more intuitive comparison of the long-term
thermal stability of the perovskite homojunction with and
without the insert layer, digital photos and surface SEM

6674 | Nanoscale, 2024, 16, 6669-6679
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images of these two samples at different aging times are
exhibited in Fig. 3c-f. From Fig. 3c, the color of the perovskite
film shifts from black to yellow with prolonged aging, indicat-
ing severe degradation. Morphological changes in the fresh
and 120-hour aged film in Fig. 3d confirm this trend. In con-
trast, there is no obvious change in the color of the perovskite
homojunction with the insert layer in Fig. 3e, and only slight
alterations to the morphology of the film after 120 hours of
aging are observed in Fig. 3f. These results suggest that the
PH]J structure with the insert layer has better thermal stability
than the control sample.

The thermal process is known to accelerate the movement
of ions and promote ion diffusion between films, subsequently
diminishing the structural integrity of perovskite films. Hence,
the Urbach energy (E,) calculated from the Tauc plots (shown
in Fig. S12) were adopted to qualify the changes of defect con-
centrations and structural disorder of PHJ with and without
the insert layer during the thermal aging process. From Fig. 3¢
and h, it is clear that E, values are primarily impacted by the
aging temperature. When the temperature is below 80 °C, the
E, value of the control sample increases from 29.58 meV to
39.87 meV, while the perovskite homojunction with the insert
layer increases from 29.46 meV to 37.76 meV after 120 hours
of aging. Higher E, values correspond to greater defect concen-
trations and higher structural disorders. When the aging temp-
erature is increased to 100 °C, the control sample has an enor-
mous increase in the E, value, rising from 29.58 meV to
245.41 meV. Conversely, the increase in the E, value of the per-
ovskite homojunction with the insert layer is much smaller,
rising from 29.46 meV to 147.24 meV. These results demon-
strate that the insert layer can effectively suppress the increase
of structural disorders and defect concentrations caused by
thermal movement of ions. Accordingly, it can be concluded
that the PEA insert layer can inhibit ion diffusion between the
two perovskite layers, mitigate adverse effects induced by
thermal movement of ions in the perovskite films, and thus
increase the long-term stability of the PH].

The homojunction not only enhances carrier separation/
extraction but also provides additional built-in potential (V4;).
Therefore, we conducted capacitance-voltage (C-V) measure-
ments to determine the Vy; of the prepared perovskite
samples. As shown in Fig. 4a, it is found that the V},; values of
the p-n homojunction and the homojunction with the insert
layer are about 0.53 V and that of the single n-type perovskite
is too small to observed. These results indicate that the as-pre-
pared PHJ possesses a built-in potential of approximately 0.5
V, and the insert layer does not affect the V;; value of the
homojunction. Owing to its ability to enhance carrier separ-
ation/extraction, suppress carrier recombination, and provide
an additional built-in potential, we anticipate a significant
improvement in the performance of PHJ-PSCs. The J-V curves
corresponding to the top efficiencies of PSCs assembled with
the single n-type perovskite, perovskite p-n homojunction and
homojunction with the insert layer are presented in Fig. 4b—d.
These J-V characteristics were recorded during reverse and
forward scans on devices having an effective area of 0.105 cm?

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Stabilization effect of the insert layer on the perovskite p—n homojunction. Evolution of Br 3d peaks (obtained from XPS Spectra) of the PHJ
(a) without and (b) with insert layer. All tested samples were aged under continuous illumination at different temperatures. Photos of PHJ (c) without
and (e) with insert layer during the aging process. Surface SEM images of corresponding samples (d) without and (f) with insert layer before and
after aging. Changes of 2D maps of Urbach energy (E,) of PHJ (g) without and (h) with the insert layer during aging process.

by employing a mask of 0.1 cm” in size. It is evident that the
reverse-scan photoelectric conversion efficiency (PCE) of PHJ-
PSCs (with or without the insert layer) exhibits a remarkable
improvement compared to the traditional planar PSCs. The

This journal is © The Royal Society of Chemistry 2024

short-circuit current density (Jsc) increases from 24.24 to
26.06 mA cm >, and the open-circuit voltage (Voc) increases
from 1.11 to 1.13 V, resulting in an increase in PCE from
20.92% to 23.53%. Notably, the efficiency of the optimized
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Fig. 4 Photovoltaic performance of PSCs. (a) Mott—Schottky plots of single n-type perovskite film, perovskite p—n homojunction and homojunction
with the insert layer. (b—d) J-V curves of best-performing PSCs assembled by n-type perovskite film, perovskite p—n homojunction and homojunc-
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(i) Mott—Schottky plots of PHJ without and with the insert layer after 120 h aging.

PHJ-PSC with the insert layer is comparable to that of the
PHJ-PSC without the insert layer, indicating that the well-
designed insert layer does not interfere with the function of
the perovskite homojunction. The statistical distribution of
the PCE values of PHJ-PSCs with various thicknesses of the
insert layer are also presented in Fig. S13.1 Fig. 4e displays
external quantum efficiency (EQE) spectra and integrated
current densities of optimized PSCs. The integrated current
densities align well with jsc values obtained from the j-V
measurement, reaching 23.34, 25.05, and 25.07 mA cm ™. The
PCE distribution diagram shown in Fig. 4f indicates that the
PHJ-PSCs with the insert layer have enhanced device reprodu-
cibility. Dark j-V curves of PHJ-PSCs without and with the
insert layer are also provided in Fig. S14.1 PHJ-PSC with the
insert layer exhibited an obviously lower dark current than the
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control sample (PHJ-PSC), indicating the lower leakage
current in devices with the insert layer.>*>?

To validate the stability enhancement of PHJ-PSCs by the
PEA insert layer, we conducted measurements of steady-state
power output (SPO) at the maximum power point (MPP) under
continuous light exposure and assessed the long-term oper-
ational stability (over 500 hours), as shown in Fig. 4g and h.
The SPO measurement was performed in ambient air (relative
humidity ~70%) at room temperature, while the long-term
stability test was conducted in a nitrogen (N,) atmosphere. The
SPO efficiency of the homojunction PSC without the insert
layer decreased from 22.82% to 22.56%, whereas the homo-
junction PSC with the insert layer and single n-type PSC exhibi-
ted no significant decrease, demonstrating a similar perform-
ance stability to the single n-type PSC (Fig. 4g). In the long-

This journal is © The Royal Society of Chemistry 2024
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term stability measurement (Fig. 4h), the normalized PCE of
the PHJ-PSC without the insert layer experienced a drastic
decrease after 200 hours of aging. In contrast, the PHJ-PSC
with the insert layer demonstrated remarkable stability, indi-
cating that it achieves a comparable level of stability to single-
layer perovskite solar cells, maintaining an efficiency of over
80% of the original value after 500 hours of aging. To further
understand the effect of V},; changes of the p-n homojunction
on the efficiency reduction of devices, we prepared samples
with the structure of FTO/PH] (without and with the insert
layer)/Au and subjected them to continuous illumination at
60 °C in N, atmosphere for 120 hours. As shown in Fig. 4i, the
Vii value of samples without and with the insert layer are all
decreased, and a serious decrease can be observed in the p-n
homojunction sample (without insert layer), which decreased
from 0.5 V to 0.25 V. This decrease is attributed to the
diffusion and migration of ions between the two perovskite
layers during the aging process, which can disrupt the homo-
junction structure and consequently reduce the Vj; values.
Conversely, for the sample with insert layer, the V}; value is
decreased by about 0.1 V after 120 hours aging, highlighting
the significant advantage of the insert layer in inhibiting the
diffusion and migration of ions and enhancing the stability of
the perovskite p-n homojunction.

3. Conclusion

In summary, we successfully constructed the PHJ with an
insert layer by introducing ultrathin PEA film between the
n-type and p-type perovskite films. This insert layer efficiently
suppresses the diffusion and migration of ions between the
perovskite films, greatly enhancing the long-term stability of
PH] and PHJ-based devices under continuous illumination
and heating conditions. The optimized PHJ-PSCs without and
with the insert layer achieved efficiencies of 23.53% and
23.24%, respectively, compared to the mere 20.92% efficiency
of traditional planar PSCs. After 500 hours of continuous oper-
ation under one-sun illumination, the PHJ-PSC with the insert
layer retained over 80% of its initial efficiency. This study
demonstrates that the insert layer strategy can enhance the
long-term operational stability of PHJ-PSCs and provides a
pathway for fabricating more efficient and stable PSCs.

4. Experimental section
Materials

Titanium tetrachloride (TICl,), polyetheramine (PEA) and
chlorobenzene (CB) were purchased from Innochem. N,N-
Dimethylformamide (DMF), dimethyl sulfoxide (DMSO) and
acetonitrile (ACN) were received from Acros Organics.
Isopropanol (IPA) and lead iodide (PbI,) were obtained from
TCI Development Co., Ltd. Formamidine hydroiodate (FAI),
methyl ammonium iodide (MAI) and methylammonium chlor-
ide (MACI) were provided by You Xuan Technology Co., Ltd.

This journal is © The Royal Society of Chemistry 2024
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Later, 2,2,7,7-tetrakis(N,N-dip-methoxyphenylamine)9,9-spiro-
bifluorene (Spiro-OMeTAD) and methyl ammonium bromide
(MABr) were purchased from Polymer Light Technology Corp.
Bis(trifluoromethane) sulfonimide lithium salt (Li-TFSI), 4-
tert-butylpyridine (TBP), tris[2-((1H-pyrazol-1-yl)-4-tert-butylpyr-
idine)cobalt(u)tris(bis(trifluoromethylsulfonyl) imide)]
(FK209) were purchased from Sigma-Aldrich. All chemicals
were used directly without further purification.

Device fabrication

FTO glasses (15 Q sq ') were cleaned in the following order, in
an ultrasonic bath for 20 min each, with DI-water, acetone,
and ethanol. FTO substrates were treated with UV-ozone for
15 minutes before usage after being dried with high-purity
nitrogen. For the ETL, chemical bath deposition was used to
deposit TiO, layers on the FTO substrates. The FTO substrates
were immersed in a TiCly/DI-water solution (v/v = 1:8) for
30 min at 70 °C. The FTO substrates were afterwards cleaned
with water and ethanol, dried in air, and later given a
20-minute UV ozone treatment. Using a one-step anti-solvent
technique, n-type perovskite films were created. A mixture of
2.1 M Pbl,, 1.16 M FAI, 0.63 M MAI, 0.14 M MABr, and 0.07 M
MACI were dissolved in a DMF/DMSO mixed solvent (v/v =
9:1) to create the perovskite precursor solution. In a glove box,
the precursor solution was agitated for 4 hours while remain-
ing at room temperature. It was then filtered before use.
Afterward, the perovskite precursor solution was spin-coated at
5000 rpm for 30 s; diethyl ether (1 mL) was poured onto the
substrate at the start of spin coating for 10 s. The yellow trans-
parent films were then transferred to a hot plate and annealed
at 150 °C for 16 min to obtain the n-type perovskite films. The
PEA insert layer was produced by spin-coating the PEA/IPA (v/v
=1:600) solution on the n-type perovskite at 5000 rpm for 30 s
and later annealed at 100 °C for 1 min. For the p-type perovs-
kite film, a 300 nm thick Pbl, layer was prepared on the PEA
insertion layer using vacuum evaporation at a deposition rate
of 0.4 A s7. Subsequently, a mixed solution containing FAI at
90 mg mL™", MACI at 9 mg mL~", and MABr at 9 mg mL ™" in
IPA was spin-coated onto the Pbl, film for 13 seconds at 5000
rpm. In XPS aging experiments, a different mixture with FAI at
90 mg mL~" and MACI at 12 mg mL ™" dissolved in IPA was
employed for spin-coating. After spin-coating, the sample
underwent a pre-annealing step at 80 °C for 30 seconds, fol-
lowed by annealing at 150° C for 16 minutes to yield the p-type
perovskite film. For the HTL, the Spiro-OMeTAD solution was
made by combining 76 mg of Spiro-OMeTAD, 30 pL of TBP,
23 pL of FK209 (300 mg mL ™" acetonitrile), and 20 pL of Li-
TFSI (520 mg mL™" acetonitrile) in 1 mL of chlorobenzene.
The mixture was then agitated for 12 hours at room tempera-
ture. After that, a hole transport layer was created by spin-
coating the Spiro-OMeTAD solution onto the p-type perovskite
film for 20 s at 4500 rpm. Finally, using vacuum evaporation
technological devices, 100 nm thick Au electrodes were formed
at a pressure of 10~ Torr. (Kurt J. Lesker).
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Characterization

After spectral correction, photocurrent density-voltage (J-V)
curves were measured using the IVS-KA5000 measuring soft-
ware and a digital source meter (Keithley 2400) under AM 1.5
simulated sunshine (100 mWem™?) from a solar simulator
(Enlitech Technology Co., Ltd). A HITACHI Regulus SU8010
scanning electron microscope was utilized to assess the mor-
phology of the perovskite films. Steady-state photo-
luminescence (PL) spectra were measured using a fluorescence
spectrometer (Edinburgh FLS1000). XPS (UPS) testing was per-
formed on an ESCALAB Xi+ (Thermo Fisher) instrument. The
absorption spectra of perovskite films were obtained by a UV
spectrophotometer (UV-2450). The static contact angle of the
perovskite films was obtained by a contact angle meter
(OCA15EC). The chemical compositions and structures of the
perovskite films were analysed by X-ray diffraction (Rigaku
Ultima IV Xray diffractometer, Cu-Ka radiation 4 =
0.15406 nm). The surface AFM and KPFM were carried out by a
Dimension Icon SPM (Bruker). FTIR testing was performed
with a Nicolet IS50 (Thermo Fisher) instrument.
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