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2D/3D Heterojunction Carrier Dynamics and Interface Evolution for
Efficient Inverted Perovskite Solar Cells

Abstract

The 2D/3D heterojunction perovskites have garnered increasing attention due to
their exceptional moisture and thermal stability. However, few works have paid
attention to the influence of the subsequent change process of 2D/3D heterojunction
PSC on the stability of PSCs. Moreover, the evolution of the interface and carrier
dynamic behavior of the 2D/3D perovskite films with long-term operation has not been
systematically developed before. In this work, the effects of 2D/3D heterojunction
evolution on the interface of perovskite films and different carrier dynamics during
2D/3D evolution are systematically analyzed for the first time. The decomposition of
2D/3D heterojunction in the perovskite film will have a certain impact on the surface
and carrier dynamics behavior of perovskite. During the evolution of 2D/3D
heterojunction, Pbl crystals will appear, which will improve the interfacial energy level
matching between the electron transport layer and perovskite film. With a long
evolution time, some holes will appear on the surface of perovskite film. The open
circuit voltage (Voc) of PSCs increased from 1.14 V to 1.18 V and the PCE increased
to 23.21% after 300 hours storage in the nitrogen atmosphere, and maintained 89%
initial performance for with 3000 hours stability test in N> box. This discovery has a
significant role in promoting the development of inverted heterojunction PSCs and
constructing the revolution mechanism of charge carrier dynamic.

Keywords: 2D/3D heterojunction, interface, carrier dynamics, evolution, inverted
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1. Introduction

The organic-inorganic hybrid halogenated perovskites have attracted much
attention due to their favorable photoelectric properties [!*], and the PCE of perovskite
solar cells (PSCs) has risen rapidly from 3.8% [ in 2009 to exceeding 26% *! in 2024.
Unfortunately, the three-dimensional (3D) is not stable enough due to its own ion
migration and phase transitions, which seriously hinders the commercialization of PSCs
[6-8] The two-dimensional (2D) perovskites are stable enough, but the PCE is not that
high due to their poor carrier transport ability. Compared with 3D perovskites and 2D
perovskites, the 2D/3D heterojunction perovskites have been widely concerned for their
good stability and excellent photoelectric properties (151,

In the past decade, 2D/3D heterojunction PSCs have undergone significant

[16.17 and various preparation methods of 2D/3D heterojunction perovskite

development
have been proposed, such as bulk phase doping '3, surface treatment 2! and vapor
deposition [*!! methods. One of the most promising ways to constructing 2D/3D
heterojunction is spin-coating organic spacer molecules on top of 3D perovskite film
[22.23] ‘Meanwhile, the residual organic spacers will affect the electronic properties of

2D/3D heterojunction interface [*4,

Furthermore, the presence of 2D/3D
heterojunctions can also suppress the degradation of 3D perovskite crystals in air
environmental conditions !, When the perovskite film is affected by both water and
heat, the water molecules can only penetrate 3D perovskite film after the 2D perovskite
layer disappears, which resulting in the degradation and phase transition of 3D
perovskite [*%. At the same time, in situ X-ray scattering experiments at the 2D/3D
interface, 3D perovskite crystals dynamically transformed into 2D/3D mixed phases
and hindered the degradation of 3D perovskite to Pbl, [?7). Therefore, constructing
2D/3D heterojunctions in perovskites can effectively improves the crystallization of 3D

perovskites by adding 2D perovskites (28]

, enhances carrier transport ability by
constructing 2D passivation layer on the upper interface of 3D perovskites *°!, improves
charge extraction efficiency and reduces non-radiative recombination by constructing

2D perovskites on the bottom interface of 3D perovskites %1 Although 2D/3D
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heterostructure synthesizes the performance advantages of both sides, the degradation
and transition mechanisms of 2D and 3D are different, which will inevitably affect the
photoelectric conversion performance of PSCs.

3D perovskites are susceptible to phase transitions and degradation caused by
moisture, light, and temperature in the environment due to its special crystal structure
321 In the phase structure of 3D perovskites, the black alpha phase perovskites exhibit
strong light absorption capacity, while the yellow delta phase perovskites exhibit poor
photovoltaic effect 33, At the same time, the alpha phase of 3D perovskite
spontaneously transitions to the delta phase because of ion migration within the
perovskite crystal, the accumulation of defect states, and the rotation and tilt of the lead
iodide octahedron [Pbls] *¥. When perovskite is placed under long-term light,
perovskite will destroy the cubic phase crystal due to its own ion migration. In addition,
perovskite is sensitive to humidity, and hydrolysis reaction is easy to occur in high
humidity environment >3¢. The long-term heating can also lead to the degradation of
perovskite, because heating will produce some active substances to destroy the original
stable cubic structure of perovskite 7%, Meanwhile, the 2D perovskites consist of
alternating layers of organic cation spacers and inorganic frames [**). Compared to 3D
perovskites, the 2D perovskites can exhibit more stable performance in humidity and
moisture environments because their layered structure reduces the penetration and
influence of water molecules *°1. However, even though 2D perovskites are more stable
in high humidity and moisture environments, hydrolysis reactions can still occur in
extremely humid environments 3!, In long-term thermal stability tests, the 2D
perovskites also showed excellent performance compared to 3D perovskites, but the 2D

[41

perovskites still degrade at higher temperatures due to thermal stress *!). Among them,

the degradation of 2D perovskite is mainly caused by cationic evaporation under the

42431 In addition, the rigidity and heat resistance of organic

action of thermal stress [
spacer molecules used to construct 2D perovskites will also affect the stability and
thermal decomposition ability of 2D perovskites [*4]. In the process of long-term stable
operation of perovskite, 3D perovskite and 2D perovskite crystals will degrade due to

the influence of external environmental factors, thereby reducing the photoelectric
2
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capacity of perovskite. However, there are few studies on the subsequent evolution
process of 2D/3D heterojunction interfaces and charge carrier dynamic behavior with
the evolution of 2D/3D heterojunction perovskite °1. In addition, many studies have
shown that the stability of perovskite solar cells built with 2D/3D heterogeneous
structures has been greatly improved *°), and the final stability improvement of PSCs
is due to the existence of 2D perovskite, which inhibits the interface defects (47481,
However, few people pay attention to the influence of the subsequent change process
of 2D/3D heterojunction PSC on the stability of PSCs. A better understanding of the
carrier dynamics of this evolution is of great significance for the development of 2D/3D
heterojunctions.

In this work, the 2D/3D heterojunction perovskite films were placed on the heating
table at 60°C to accelerate the evolution process. With time going, a series of changes
will occur on the surface of 2D/3D perovskite films, and it is easier to find the changes
of 2D decomposed surface morphology and carrier dynamics. By studying the changes
of 2D/3D perovskite interface, we can more clearly understand the effects of 2D/3D
heterojunction evolution behavior. Finally, the dynamic behavior of 2D/3D perovskite
films during evolution is compared. The surface variation and carrier dynamics of

perovskite thin films are important factors affecting the stability of PSCs.

2. Test results and analysis

2.1 Evolution of perovskite films

In this experiment, the one-step reverse-solvent engineering was used to fabricate
inverted perovskite solar cells (PSCs) initially. Firstly, as illustrated in Fig. S1, the
electrostatic potential of PEABr molecular structure is analysed by using the Gaussian
view in an ideal state without considering the influence of other external factors. The
results show that the Br™ containing end exhibits a notably intense signal of negative
charge region signal, suggesting that the Br~ containing branch chain has a stronger
attraction towards positively charged ions within PEABr molecules. However, the
benzene ring shows positive charge accumulation, and the nitrogen atom in the side

chain shows stronger positive charge accumulation. This indicates that both the benzene
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ring and the nitrogen atom have a stronger binding affinity for negatively charged ions.
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Figure 1. (a) Schematic diagram of perovskite film construction by different method. (b) Contact
angle test diagram of perovskite film of control. (c) Contact angle test diagram of perovskite film
of control target. (d) SEM image of perovskite film of control. (¢) SEM image of perovskite film of
target. (f) Surface diagram of perovskite films with target film placed on a hot table at 60°C for
different storage times. (g) schematic diagram of the 2D/3D interface change process of target
perovskite film on the hot table at 60°C for different time.

As shown in Fig. 1a, this is the process of experimentally constructing the 2D/3D
heterojunction by spinning a layer of PEABr on the upper surface of 3D perovskite.
This organic cation on the upper surface of the 3D perovskite will cause the 3D
perovskite to be transformed into a low-dimensional perovskite. In the figure, films that

are not coated with PEABr are labeled as the control, while the films coated with PEABr
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are labeled as the target. In the process of constructing the 2D/3D heterojunction,
compared with the control film, there is a special phenomenon after the PEABr spin
coating on the upper surface of the perovskite film, which showed a colored halo of the
perovskite film. Then, the contact angle test was conducted on the perovskite film to
explore the impact of 2D/3D heterostructures and residual PEABr on the upper surface
of both the control perovskite and the target perovskite films on the subsequent spin
coating process. It can be seen from Fig. 1d and 1e that the contact angle of the control
perovskite film is 54.8°, while the target perovskite film is 66.3°. The water contact
angle of the 2D/3D heterojunction after being constructed with PEABr shows an
improvement of 11.5°. This indicates that the residual PEABr and the 2D/3D
heterojunction on the upper surface of 3D perovskite improved the hydrophobicity of
the film and adjusted the interface morphology of the film. At the same time, a humidity
stability test of the perovskite film was conducted at 25°C and 45%RH (Fig. S2). The
results indicated that the surfaces of both the target film and the control perovskite film
did not exhibit significant changes after 1000 hours of storage. However, in comparison
to the control perovskite film, the colour of the edge of the target perovskite film has
changed significantly, which we believe is caused by the residual PEABr on the surface
of the perovskite. The scanning electron microscopy (SEM) test results, as shown in
Fig. 1d and 1e, reveal that the grain size of both the target and control perovskite films
was similar. However, there were significant gaps between the grains in the control film,
making it easier for PEABT to react with the 3D perovskite. Moreover, these voids will
also cause PEABr molecules to gather around them. It can be clearly seen in the test
results that there are some residual PEABr molecules in the target perovskite film grain
gaps. At the same time, the SEM test results of various scales and positions of
perovskite films in Fig. S3 indicate that this phenomenon is not unique. This
phenomenon also demonstrates that the surface adhesion of residual PEABr molecules
on 2D/3D perovskite plays a role in passivating interface defects, as characterized
through further analysis. Then, as shown in Fig. S4, to investigate the thermal stability
of the perovskite films, both the control and target perovskite films were subjected to

continuous heating on a hot plate at 60°C. It can be observed that the perovskite in the
5
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control film has essentially decomposed after 1400 hours, whereas the target film shows
a certain black phase after the same duration, indicating greater stability in the target
perovskite film. In addition, an unidentified substance precipitated on the upper surface
of the target perovskite film after 300 hours. The presence of this unidentified substance
suggests that the 2D/3D heterojunction of perovskite has changed during long-term
stable operation, which may be caused by the decomposition of the 2D perovskite and
the residue of PEABr molecules on the surface of perovskite. This phenomenon offers
an opportunity to investigate the evolutionary mechanisms of the 2D/3D heterostructure
perovskite films during extended operational periods. Therefore, we can summarize an
evolutionary mechanism by conducting tests and characterizations on the 2D/3D
heterostructure perovskite films with varying annealing durations.

As shown in Fig. 1f, the residual PEABr molecules exist on the upper surface of
the fresh (0 day) perovskite film. From the top view of the perovskite film, there are
some incomplete substances in the grain gap of perovskite. Moreover, after the same
piece of perovskite film was placed on the heating platform for 6 days, some white
bright parts appeared in the top view of the SEM, which was proved to be Pbl in the
previous literature. With the increase of time, the Pbl> disappeared in the SEM top view
of the target perovskite film after 12 days annealing. The lead iodide present during the
decomposition of the 2D perovskite may interact with the original FA™ and PEA™ ions.
At the same time, it can be clearly found that more tiny holes appear on the upper
surface of the perovskite film after 12 days of placement, and the grain size of the
perovskite film hardly changes during the placement process, which means that the
evolution process of the 2D/3D perovskite is beneficial to the crystal stability of the 3D
perovskite. Through subsequent characterization tests, a structural evolution process of
the upper surface of perovskite films was proposed (Fig. 1g). After the target perovskite
film is left for 6 days, the 2D perovskite within the 2D/3D heterojunction film will
gradually transform. The lead iodide will start to appear on the surface of the film, and
PEABr molecules from inside the perovskite will migrate to the surface as the annealing
process continues. Over time, the lead iodide appearing on the surface of the perovskite

film is covered by the PEABr molecules or reacts with the 3D perovskite at the bottom,
6
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and the PEABr molecules appearing on the upper interface of the perovskite will
continue to play an interface passivation effect on the interface of the perovskite. This

corresponds to the stability test results in the following section.

2.2 Evolution of perovskite carrier dynamics

The study of carrier transfer kinetics in 2D/3D perovskite films using femtosecond
transient absorption spectroscopy (fs-TA) is crucial for comprehending enhancements
in their photoelectric properties. Fig. 2a-2¢ and Fig. S5a are two-dimensional false-
color images of perovskite film on quartz glass substrate with laser excitation of 700
nm, pump flow of 5 pJ-cm™, and carrier density of 1.34x10!'7 cm™. The spectra of the
four samples show a ground-state bleaching (GSB) centered at 1.58 eV. This bleaching
feature indicates that the carrier in the perovskite film transitions from the ground state
to the excited state under laser excitation, causing the light absorption difference AA to
change significantly on a ps scale due to the pumping process. As shown in Fig. 2a-2c,
it can be found that the duration of bleaching region of the 2D/3D heterostructure
perovskite films does not change significantly. Moreover, the variation range of the
light absorption difference AA of the samples at different placement times is small, and
it also indicates that the decomposition of 2D/3D heterojunction has a certain protective
effect on 3D perovskite. The Fig. 2d-2f and Fig. SSb show the normalized time spectra
of the control and target perovskite films in the time delay range of 0.4 ps to 10 ps. We
found that both the control and the 2D/3D heterojunction perovskite film have a distinct
750-800 nm high-energy tail region (marked in blue) in the TA spectrum, which also
reflects the cooling process of the hot carrier. It is noteworthy that the high-energy tail
shrinkage rate of 2D/3D heterojunction perovskite films is faster than that of control
films, which indicates that 2D/3D heterojunction changes the carrier cooling dynamics

in perovskite films.
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Figure 2. Fs-TA measurements of the 2D/3D perovskite films. (a-c) Two-dimensional false-color

image of TA spectral perovskite film on a hot table at 60°C for different time. (d-f) The TA spectra

recorded at several delay times from 0.4 to 10 ps. (g) The corresponding normalized attenuation

kinetics curve at 788 nm. (h) Hot carrier cooling time curve of target perovskite film. (i) The

interface is between the schematic diagram of electron generation and extraction HTL and

Perovskite. (j) PL spectra of control and target perovskite films with different storage times on 60°C

hot table. (k) PL spectra of control and target perovskite films with 550-600 nm wavelength. (1)

TRPL spectrum of perovskite films with ITO substrate.

Fig. 2g and Fig. SSc¢ show the carrier dynamics curves of perovskite thin films

obtained from the highest point of excitation signal. The fitting results obtained by the

three-exponential function fitting method on the data in the figure are shown in Tab.
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S1. At a delay time of 1 ns, the normalized decay rate (AA) of the initial 2D/3D
perovskite was only 65.17%, while the control perovskite film reached 72.38%. The
AA of target-6 days perovskite is only 64.38%, compared to 73.61% for target-12 days
perovskite films. 2D/3D perovskite films show a higher charge density and slower
decay rate. In addition, TA decay can be well fitted using a three-exponential fitting
model, and the corresponding parameters are listed in Tab. S1. Compared to a pure 3D
perovskite with a charge recomposite life of 840.8 ps, the 2D/3D perovskite has a longer
life, with a target-0 day of 2070.6 ps, target-6 days of 1190.1 ps, and target-12 days of
828.5 ps. The carrier lifetime of 2D/3D perovskites is longer, indicating that 2D
perovskites can reduce the density of defect states and effectively manipulate carrier
transfer. At the same time, the evolution process of 2D/3D also influences the defect
state and charge transport of perovskite. In the range of 0-1ps, the excitation process of
perovskite thin film is displayed, and the target is almost the same as that of perovskite
thin film, and the target is almost the same as that of controlling the excitation strength
of perovskite thin film. However, it can be clearly seen that the carrier dynamics of the
target device changes more slowly during the subsequent carrier cooling process. This
means that the carrier lifetime and carrier transport behavior change. Moreover, these
high-energy tails gradually disappear from 0.4 ps to 10 ps, suggesting that the hot carrier
cooling process in these samples can be evaluated by a hot carrier temperature (Tc)
higher than the perovskite lattice temperature. By fitting the high-energy region (red
background region) of the above fs-TA spectrum with the following Maxwell-
Boltzmann distribution function (formula 1 and 2), the relationship between the hot

carrier cooling time and the contraction rate of the high-energy tail can be obtained *!:

EF - h(l)
AT (hw) = —Tyexp (—) (formula 1)
kBTc
AT
AA = —log (1 + ?) (formula 2)

where EFris the Fermi level, AT is the amplitude of bleaching at a specific detection
wavelength, 44 is the difference in light absorption at a specific detection wavelength,
and ks is the Boltzmann constant. The initial temperature of the hot carrier depends on

the photoexcitation energy, which can be found in some previous studies [*°. Since the

9



©CO~NOOOTA~AWNPE

wavelength and energy of the initial excitation laser are fixed, the relationship between
the temperature of 2D/3D heterojunction perovskite hot carrier and the delay time can
be determined by formulas 1 and 2. Fig. 2h and Fig. S5d show the change curve of
carrier temperature (Tc) with delay time for perovskite films without and with 2D/3D
heterojunction. The initial Tc of the control perovskite film is about 1511 K, and the
initial Tc of 2D/3D perovskite film is about 1016 K, indicating that 2D perovskite can
change the Tc cooling kinetics of 3D perovskite film. The initial Tc of 2D/3D perovskite
film placed on a 60°C hot table for 6 days is about 1266 K, and the initial Tc of 2D/3D
perovskite film placed on a 60°C hot table for 12 days is about 1147 K. All four
perovskite films exhibit significant Tc decline, which is due to the ultrafast energy loss
of perovskite films through the e carrier-LO-phonon scattering process on several ps
time scales. The hot carrier motion behavior of perovskite thin films on the 1 ps time
scale corresponds to fast carrier cooling via Frohlich interaction %, The decrease in
the thermal carrier temperature relaxation rate represented by another slow cooling
process (1-10 ps) after the initial 1 ps attenuates is due to the hot phonon bottleneck
effect. The carrier temperature of the 2D-free perovskite film attenuates from 1511 K
to 1043 K over a 1 ps time scale, and does not attenuate to 300 K until 8 ps. The carrier
temperature of the initial 2D/3D perovskite film attenuate from 1016 K to 639 K on a
1 ps time scale, and does not attenuate to 300 K until 8.4 ps. The 6 days 2D/3D
perovskite film attenuates carrier temperatures from 1266 K to 634 K on a 1 ps time
scale, and does not attenuate to 300 K until 7.6 ps. The 12 days 2D/3D perovskite film's
carrier temperature attenuate from 1147k to 640 K on a 1 ps time scale, and does not
attenuate to 300 K until 6.6 ps. Therefore, it can be concluded that the hot carrier
cooling of 2D/3D heterojunction perovskite films requires more time, and the increase
of hot carrier cooling time indicates that the carriers inside 2D/3D heterojunction
perovskite have less energy loss during transport. Compared with the initial 2D/3D
perovskite film, the hot carrier cooling time of the perovskite film placed for 6 days is
longer, but the hot carrier cooling time of the perovskite film placed for 12 days is only
6.6 ps. Therefore, it can be concluded that more time is required for hot carrier cooling

of the 2D/3D heterojunction films, and the increase in hot carrier cooling time indicates
10
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that the carriers inside 2D/3D heterojunction perovskites have less energy loss during
transport. Fig. 2i shows the excitation time diagram of perovskite film. The
photoexcitation process of perovskite film can be obtained from the dynamics diagram
of perovskite carrier. The excitation time of perovskite film of free-2D is 1420 fs, and
after modification by PEABT, the excitation decay time of perovskite film is reduced to
1132 fs. Pump photoexcitation of the upper surface of perovskite, due to the presence
of 2D, makes the overall carrier excitation time shorter, which means that the internal
carrier excitation due to 2D/3D perovskite films is easier. For the subsequent electron
extraction and transport process, the presence of 2D perovskite changes the energy level
and morphology of the perovskite interface, making electron transport easier. It can be
found from the carrier dynamic map that the carrier decay time of 2D/3D perovskite is
longer than that of non-2D perovskite films, because 2D perovskite improves the
interface defects of 3D perovskite. At the same time, the overall attenuation process of
the carrier dynamics curve is also affected by the evolution process of 2D/3D
heterojunction, which makes the carrier change more slowly. Then, as shown in Fig. 2j
and Fig. 2k, the Photoluminescence spectroscopy (PL) tests were performed on target
perovskite films with different storage times. The test results show that the fresh target
perovskite film has an obvious low-dimensional perovskite peak of n=2 at the
wavelength of 562 nm. Meanwhile, the main peak of the fresh (0 day) perovskite at the
wavelength of 800 nm has a blue shift, and the main peak of the target perovskite film
moved to a lower wavelength direction than the main peak of the control film. This
indicates that the residual PEABr and the 2D/3D heterojunction has interfacial
passivation effect on perovskite films. With the increase of the storage time, the peaks
belonging to 2D perovskite disappeared, and the peaks of the target perovskite film
began to slowly move to a higher wavelength, which indicate that the passivation effect
of PEABr was gradually weakened. The perovskite peaks of the fresh (0 day) target
perovskite films were significantly higher than those of the control films, suggesting
that the non-radiative recombination in the 2D/3D heterojunction perovskite films was
effectively inhibited. At the same time, after the target perovskite film is placed on the

heating table for different time, the main peak of perovskite shows a downward trend,
1
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which means that the evolution process of the 2D/3D heterojunction influences the
interface characteristics of perovskite. As shown in Fig. 2I, time-resolved
photoluminescence spectroscopy (TRPL) was conducted on the 2D/3D heterojunction
perovskite films to investigate their carrier lifetime. The detailed test results can be
found in the Tab. S2. In general, the fast decay lifetime (t1) can be attributed to defect-
induced non-radiative recombination, while the slow decay lifetime (t2) is associated
with radiative recombination. Control and 2D/3D perovskite films have fast decay life
(t1=6.3ns, 11=19.2ns) and slow decay life (12=158.5ns, 10=211.2ns), the average carrier
lifetime (tave= 154.1ns, Tave= 205.2ns) can be seen the defect and charge recombination
in perovskite. The significant increase of fast decay life and slow decay life means that
the defect state density decreases significantly and the non-radiative charge
recombination decreases. The increase in average carrier lifetime suggests that carriers
in the 2D/3D heterojunction perovskite films can travel longer distances, and non-
radiative recombination within these films is effectively suppressed, consistent with the

PL test findings.
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Figure 3. (a) AFM and KPFM diagram of control sample on a hot table at 60°C for different time.
(b) AFM and KPFM diagram of target sample on a hot table at 60°C for different time. (c) RRMS
profiles of control and target perovskite films. (d) Surface potential spectrogram of control and target
perovskite films. (e) Work function variation diagram of control and target perovskite film. (f)
Simulation diagram of carrier dynamic process and time scale behavior of perovskite.

Afterward, to further verify the process of surface change of the perovskite film,
the atomic force microscopy (AFM) and kelvin probe force microscopy (KPFM) were
used to test the perovskite film, as shown in Fig. 3a and 3b. The root mean square
(Rrms) roughness data of the 2D/3D heterogeneous perovskite films with different
heating times were obtained. The Rrms difference between the control and target
perovskite films (0 days) was not significant. However, the difference of Rrms values

between target film and control film further verified the existence of residual PEABr
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and 2D perovskite on perovskite. The control perovskite film exhibited an Rrwms of 14.5
nm at 0 days, 11.9 nm at 6 days, and 15.7 nm at 12 days of storage. Conversely, the
control perovskite film showed an Rrms of 14.4 nm at 0 days, 17.5 nm at 6 days, and
19.9 nm at 12 days of storage. Meanwhile, the surface roughness of the control
perovskite film after 12 days showed no difference compared to the film at 0 days, while
the surface roughness of the target perovskite film increased gradually. However, the
Rrwms value on the upper surface of the target perovskite film changes more gradually
compared to the control perovskite film, significantly impacting the stability of PSCs.
This observation, coupled with previous test results, suggests that it may be attributed
to the decomposition of 2D perovskites and the emergence of Pbl; crystals, influencing
the surface characteristics of the 2D/3D heterojunction perovskites. At the same time,
the KPFM testing indicated minimal difference in surface potential between the upper
surface of the freshly prepared (0 day) control and target perovskite films (data from
the diagonal). However, it could be seen from the analysis of the overall image that the
upper surface potential of the target perovskite film was more concentrated, which may
be caused by the presence of residual PEABr and the 2D/3D heterojunction perovskite.
Meanwhile, the residual PEABr and the 2D/3D heterojunction perovskite fill the low
potential space at the original 3D perovskite interface, which makes the potential on the
surface of the perovskite appear more uniform. Additionally, the KPFM test was
conducted on a perovskite film placed on a 60°C hot platform for different time. While
the surface potential of the control films exhibited significant fluctuations over time,
that of the target perovskite films remained largely unchanged. The surface potential
and Rrus of the target perovskite film exhibited a gradual increasing trend, while those
of the control perovskite film showed a pattern of initially decreasing and then
increasing. As shown in Fig. 3¢, the surface Rrms changes of target and control
perovskite films show a more gradual change in the surface Rrms of 2D/3D perovskite
films compared with control films. The surface potential variation diagram of the
control and target perovskite film is shown in Fig. 3d. The surface potential of the
control film fluctuates greatly. Fig. 3e shows the relationship between the surface work

function and the energy band change of the control and target perovskite films. Since
14



©CO~NOOOTA~AWNPE

the 2D content of the target perovskite film is very small, the energy level of the target
perovskite is tentatively like that of the control perovskite film. Excessive fluctuation
in the upper surface of the perovskite film during the 12 days placement period can be
detrimental to the final PSCs stability. Around 6 days of the target device, the slow
increase in surface potential and Rrms may be linked to the evolution of the 2D/3D
heterojunction, influenced by the appearance of Pbl, crystals and the decomposition of
2D perovskite, potentially compensating for perovskite film defects. Fig. 3f shows the
entire carrier dynamic behavior relationship of perovskite. The behavior of
photoexcited carrier between the interface of perovskite is affected by the defects in the
perovskite and the carrier transport path. The carrier in perovskite film will undergo
non-radiative recombination between perovskite film and perovskite interface,
resulting in the quenching of the carrier. The carrier transport between interfaces will
also be affected by the defect states and the energy level matching relationship between
the interfaces. Therefore, the evolution of 2D/3D heterojunction is related to the
behavior of perovskite carrier dynamics. Carriers transition from the ground state to the
excited state by optical excitation, and then naturally return from the excited state to
the ground state or are trapped by defects. This process of high-energy carrier return to
the ground state can be described by carrier cooling. Because the process of carrier
generation and transfer occurs very quickly, it will show different dynamics at different
time scales. We use corresponding test methods to study the evolution of 2D/3D
heterojunctions and the dynamic behavior changes of charge carriers. The evolution
process of 2D/3D heterojunction has great influence on the stability of perovskite, and

the fluctuation of perovskite interface can cause the change of carrier dynamics.

15



©CO~NOOOTA~AWNPE

2.2 Analysis of perovskite films and devices
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Figure 4. (a) XRD diagram of control and target perovskite films placed on the 60°C hot platform
for different times. (b) UV-vis absorption spectra of perovskite films with ITO substrate. (c) FTIR
diagram of perovskite films with ITO substrate. (d) FTIR diagram of perovskite films with 500 cm®
2 to 1500 cm wavenumber. (e, f) XPS diagram of perovskite films with ITO substrate.

To investigate the changes that occur on the surface of perovskite films during
extended annealing processes, perovskite films with varying annealing durations
underwent X-ray diffraction (XRD) tests (Fig. 4a). On the initial day (0 day), the target
perovskite film demonstrates a more pronounced signal at the a phase peak of 14.5° in
contrast to the control film. This suggests that the o phase perovskite crystals in the
target film are more oriented along the (001) direction. The better crystallization of the
perovskite also indicates that the presence of the 2D/3D heterojunction can better
protect the crystals inside the 3D perovskite. At the same time, the 6 phase diffraction
peak intensity of the target film at 42° is lower than that of the control perovskite film,
which indicates that the presence of the 2D/3D heterojunction can improve the stability
of 3D perovskite phase. The film subjected to 60°C on a hot platform for 6 days
simultaneously exhibited a weak Pbl, peak at 12.4°, consistent with SEM results. As
storage time increased, the Pbl, peak diminished, while the 6 phase peak continued to

decrease. The observed PEABTr escape during storage appears beneficial for the overall
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perovskite film. Furthermore, the stability of the target perovskite film (001) peak
suggests that PEABr escape does not significantly affect the bulk phase of the
perovskite. Subsequently, the ultraviolet-visible (UV-vis) spectrophotometer tests were
conducted on the control and target perovskite samples. As shown in Fig. 4b, the visible
light absorption range of the target perovskite film is lower than that of the control
perovskite film. This disparity may arise from alterations in the band gap of the target
perovskite film due to the presence of the 2D perovskite and residual PEABr. Then, as
shown in Fig. S6, the optical band gap of both the control and target films was
calculated using ultraviolet data. The results indicate that the optical band gap of the
perovskite film increases from 1.524 eV to 1.529 eV due to the presence of the 2D
perovskite and PEABr. However, between 300 nm and 550 nm, the visible light
absorption capacity of the target film shows a notable improvement compared to the
control film, indicating a reduction in non-radiative recombination in the surface of the
target perovskite film. At the same time, the 2D perovskite can improve the band gap
of perovskite, which has been demonstrated in previous studies. Ziqi Liang et al found
that the band gap of the 2D perovskite is usually higher than that of the 3D perovskite
solar cells 7). Therefore, for two-dimensional passivation layers prepared with PEABE,
it is a normal phenomenon that the band gap of perovskite films is improved. The
increase in the perovskite band gap also provides direct evidence for the increase in the
open circuit voltage (Voc) of the final device. To further investigate the changes in
internal bonding atoms within the control and target perovskite films, Fourier-transform
infrared spectroscopy (FTIR) was conducted, as depicted in Fig. 4¢. It can be found
that the N-H stretching vibration absorption wavelength in perovskite moves from 3440
cm’! to 3515 cm™!, while the vibration absorption wavelength of C=N moves from 1590
cm! to 1596 cm™. The wavelength of N-H and C=N bond moves to higher wavelength,
which indicates that PEABr has certain induction effect on perovskite molecules in
perovskite films. The Fig. 4d shows the low wave number amplification in the FTIR
graph. From the test results, it can be inferred that the bending vibration absorption
wavelength of the C-H bond in the perovskite component ranges from 615 cm™ to 617

cm’!, whereas the bending vibration absorption wavelength of the C-H bond in PEABr
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ranges from 1347 cm™ to 1349 cm™!. The C-H bond in the FA* and the C-H bond in the
PEABET oscillate simultaneously, indicating the interaction between PEABr and FA™. At
the same time, as shown in Fig. 4e and 4f, X-ray photoelectron spectroscopy (XPS)
analysis was conducted on the target and control perovskite films to investigate changes
in element binding energy peaks on their surfaces. The fitting results revealed that in
the target perovskite film, the Pb* peak shifted towards lower binding energy,
suggesting that the presence of PEABTr altered the environment surrounding Pb ions,
promoting their binding with FA*. The shift of the ¢ peak towards higher binding
energy in the target perovskite film indicates reduced reactivity of I ions within the
perovskite structure, thereby potentially lowering the defect density attributed to iodine
ions. Combining the previous FTIR test results and the molecular electrostatic potential
results of PEABr, the PEA" ions can interact with I element, thus affecting the existence
form of I element, and the Br™ can interact with Pb element, thus changing some of the
action characteristics of Pb element. Meanwhile, the full peak of XPS test results is
shown in Fig. S7. Since the control film does not contain Br element, the content of Br
element in the target film is very small, so there is no strong peak of Br element in the
XPS test results. These phenomena further show that the evolution process of the
2D/3D heterojunction is regular. In previous the 2D/3D studies it was found that 2D
perovskites constructed using some special organic spacer molecules would diffuse to
3D perovskites. This diffusion process destroys the crystal structure of the 3D
perovskite and causes severe ion migration and defect aggregation in the 3D perovskite.
In this experiment, the 2D passivation layer constructed by the PEABr on the upper
surface of the 3D perovskite will decompose and the PEABr molecules will separate
on the upper surface of the perovskite film over time, because the characteristics of Br”

make it migrate to the upper surface of perovskite during the process of ion migration.
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Figure 5. (a-c) Photovoltaic performance diagram of control and target devices. (d) J-V diagram of
0.105 cm? fresh device and after 15 days device in N> boxes at normal temperature. (e¢) Light
intensity dependence test diagram between control and target devices. (f) SCLC test diagram of
control and target devices. (g) EIS diagram of the control and target devices. (h) Mott-Schottky
diagram of control and target devices. (i) Dark current test diagram of control and target devices.
In this experiment, the final prepared device structure is shown in supplementary
Fig. S8. By spinning PEABr on the upper surface of 3D perovskite as the passivation
interface layer of perovskite, the PEABTr can construct 2D perovskite layer on the upper
surface of 3D perovskite and form the 2D/3D heterostructures. The 2D/3D
heterojunction PSCs constructed using this method have significantly improved
performance and stability compared to pure 3D perovskite. First, as shown in Fig. 5a-
¢ and supplementary Fig. S9, the open circuit voltage (Voc) and fill factor (FF) of the
target device with the PEABr and the 2D/3D heterojunction are greatly improved. The
highest PCE of the prepared 0.105cm? PSCs reaches 22.65% (the detailed data are

shown in Tab. S3). The PCE of target device increase is 2.07% compared to the control
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device. Meanwhile, as shown in supplementary Fig. S10, the highest PCE of the
prepared 1cm? PSCs reaches 20.45% and the hysteresis of the HI is 0.013. Finally, the
J-V diagram of the optimal device and in N2 boxes at normal temperature after 15 days
devices is shown in Fig. Sd. The device efficiency increased from 22.65% to 23.21%
after 15 days of storage, with the largest change due to the increase in open circuit
voltage from 1.14 V to 1.18 V, which may be caused by the presence of Pbl; crystals in
2D/3D heterojunction. To verify the accuracy of our device test efficiency, we
conducted external quantum efficiency (EQE) tests (Fig. S11) on the control and target
devices. It was observed that the light absorption images of the target and the control
device were essentially identical at various wavelengths. Additionally, the final
integration current density indicated that there was not a significant difference in the
current between the target device and the control device. However, the integration
current density of the target device is 1.08 mAcm™ higher than the J-V test current, and
the integrated current density of the control device is 0.18 mAcm™ higher than the J-V
current. The error between the EQE Integrating current and the J-V current is less than
4%, which indicates that the J-V test current is consistent with the actual efficiency of
PSCs. Then, we tested the dependence of the light intensity of the device, and the test
results were shown in Fig. Se. Meanwhile, the ideal factor obtained from the linear
fitting of the test data for the final target device is 1.78, which is 0.67 lower than that
of the control device. This indicates that the 2D/3D heterojunction perovskites exhibit
lower non-radiative recombination and superior carrier transport capability. Under the
same conditions, the 2D/3D heterojunction effectively inhibits carrier recombination in
the target device. This is due to the interfacial passivation of 2D perovskite and PEABr
on perovskite film, which reduces the surface defect density of perovskite. Moreover,
this optimization improves the charge transport mechanics at the interface. To
investigate the variation of defect density in perovskite films, as shown in Fig. 5f, the
space charge-limited current (SCLC) measurements on PSCs electron-only devices are
performed. The electron-only devices structure in the image is the device for our test of
the SCLC. The defect density in perovskite films can be calculated by formula 3 based

on the SCLC test results. Where VgL is the starting voltage of the trap filling limit, L
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is the thickness of the active layer, € is the relative perovskite dielectric constant, e is
the basic charge and g is the vacuum dielectric constant. Then, the defect starting
voltage of the control with the target PSCs is 0.55 V and 0.73 V. The decrease of the
defect starting voltage means that the defect density of the device is lower, and it can

also prove that the carrier recombination of the target device is suppressed.
_ 2g0eVpL

- eL?

The electrochemical impedance spectroscopy (EIS) test results are shown in Fig.

(formula 3)

t

Sg. In our device test, both the control and target devices showed a particularly small
internal resistance Ro, the size of which is close to 0 €, so it is very small in the image,
and there is basically no difference. However, the electrochemical impedance fitting
radius of the 2D/3D heterojunction perovskite devices is larger than that of control
devices. The increase in charge transfer resistance means that carrier transport of PSCs
is more difficult. However, due to the presence of the 2D/3D heterojunction, the target
perovskite film has better light absorption capacity, so the final device is more efficient.
At the same time, as shown in Fig. Sh, to explore the differences in internal electric
fields of the 2D/3D heterojunction devices with higher charge transfer resistance, the
Mott-Schottky tests were carried out on the devices. The test results show that the
internal electric field (Vui) of the target device is 0.80 V and that of the control device
1s 0.77 V. The higher Vy; of the target device means that the driving force of charge
separation is enhanced, which is conducive to carrier transport [**). Finally, we placed
the device in a completely dark environment to test the dark current of the device
(shown in Fig. 5i). The results reveal that the dark current density of the control device
is 1.03x10" mA/cm?, whereas that of the target device is 6.41x10* mA/cm?. The dark
current of the target device is lower than that of the control device, suggesting that the
incorporation of the 2D/3D heterojunction perovskite and the residual PEABr in the

target device exerts a mitigating effect on the generation of leakage current.
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Figure 6. (a) Unpackaged devices are tested for stability when placed in air at 25°C and 35%RH.
(b) Unpackaged devices are placed in a constant humidity chamber at 25°C and 45%RH for stability
testing. (c) Stability testing of unpackaged devices on a hot table at 65°C. (d) MPP tracking test of
unpackaged devices in the N> box. (e) Stability test of optimal device in normal temperature N>
atmosphere.

The stability of PSCs is an important difficulty, so the stability test of the final
device is an essential part. Next, the stability of the device is tested by the control device
and the target device in various test environments. B. P. Kore et al studied three organic
cations with different alkyl chain lengths, and used 2D perovskite as the encapsulation
layer on top of 3D perovskite *°l. When the perovskite film is completely immersed in
water, it can remain in water for 3 minutes, which means that the hydrophobicity of the
perovskite film is significantly enhanced. Therefore, using 2D perovskite to improve
the stability of the 3D perovskite is a promising method. Next, the stability of the target

device and the control device will be tested. As shown in Fig. 6a, we placed the control
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and the target device in the air (25°C, 35%RH), and the results showed that the stability
of the target device was greatly improved compared with that of the control device.
Upon storage in ambient air for a specified duration, the efficiency of the control device
exhibited considerable variability, declining by 4% over the course of a single day.
However, the target device efficiency experienced a mere 2% decrease, with any
subsequent fluctuations being notably minimal. This stability improvement, we believe
that 2D/3D perovskite and PEABr play an effective role in inhibiting the defects of the
device. However, we did not observe a tendency of increase in the efficiency of the
target device under these conditions, and we speculate that this is the 2D/3D
heterojunction changes too quickly under the influence of humidity. As shown in Fig.
6b, the same batch of devices was placed in a constant humidity chamber at 45%RH,
and the efficiency of the control devices decreased by 80% after 60 hours. Secondly,
the same batch of devices is placed on a hot table at 65°C for a temperature stability
test (Fig. 6¢), and the device efficiency decreased significantly, possibly due to the
oxidation of the Ag electrode. However, the stability of the target device was still higher
than that of the control device. In various storage stability tests, the stability of the target
device is stronger than that of the control device, which indicates that the interface
action of the PEABr and 2D/3D perovskite pair is worthy of attention.

Finally, the maximum power point (MPP) tracking test on the PSCs with Ag
electrode was conducted (Fig. 6d), and the test results indicated that the efficiency of
the target device decreased to 80% after 3500 minutes of continuous testing. This was
a particularly surprising result in MPP tests of PSCs using Ag electrodes. As shown in
Fig. 6e, the optimal PSCs is stored in the N2 box for stability testing. The results showed
that the efficiency of the target PSCs continued to increase (from 22.65% to 23.21%)
after 300 hours of storage, a phenomenon rarely observed in the study of inverted PSCs.
Simultaneously, this phenomenon is observable due to the relatively slow degradation
of the PSCs within the N> environment. Furthermore, the notable enhancement in initial
stability of the 2D/3D heterojunction perovskite is closely linked to the evolution of the
respective film structures. Notably, the device maintains 89% of its initial efficiency

after 3000 hours in the N> box, marking exceptionally high stability data for PSCs
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employing silver electrodes. Detailed test data is shown in supplementary Tab. S4. This
test result shows that the change of PEABr and the 2D/3D heterojunction on the upper

surface of perovskite is beneficial for the stability of the PSCs.

3.Conclusion

In our research, we discovered that in the 2D/3D heterojunction PSCs tends to
degrade over time during the operation. Additionally, the organic spacer molecules
(PEABr) within the 2D perovskite lattice are separated from the upper surface of the
perovskite during its long-term operation. In this separation process, the Pbl crystals
will appear on the upper surface of the 2D/3D heterojunction perovskite film, which
improves the carrier transport capacity at the interface and reduces the non-radiative
recombination at the interface. In addition, by using optical characterization such as TA
and PL to analyse the evolution process of 2D/3D, the carrier dynamic behaviour
relationship corresponding to the evolution process is obtained. The Voc of the PSCs
increased from 1.14 V to 1.18 V and the PCE increased to 23.21% after the PSCs placed
in the N> box for 300 hours. Finally, the unpackaged devices maintained 89% of their
initial performance for 3000 hours in a room temperature N> box. Our work provides
insights into the evolution mechanism of the 2D/3D heterojunctions and has important
implications for tuning the 2D/3D structures and improving PSCs performance and

stability.
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Abstract

The 2D/3D heterojunction perovskites have garnered increasing attention due to
their exceptional moisture and thermal stability. However, few works have paid
attention to the influence of the subsequent change process of 2D/3D heterojunction
PSC on the stability of PSCs. Moreover, the evolution of the interface and carrier
dynamic behavior of the 2D/3D perovskite films with long-term operation has not been
systematically developed before. In this work, the effects of 2D/3D heterojunction
evolution on the interface of perovskite films and different carrier dynamics during
2D/3D evolution are systematically analyzed for the first time. The decomposition of
2D/3D heterojunction in the perovskite film will have a certain impact on the surface
and carrier dynamics behavior of perovskite. During the evolution of 2D/3D
heterojunction, Pbl crystals will appear, which will improve the interfacial energy level
matching between the electron transport layer and perovskite film. With a long
evolution time, some holes will appear on the surface of perovskite film. The open
circuit voltage (Voc) of PSCs increased from 1.14 V to 1.18 V and the PCE increased
to 23.21% after 300 hours storage in the nitrogen atmosphere, and maintained 89%
initial performance for with 3000 hours stability test in N> box. This discovery has a
significant role in promoting the development of inverted heterojunction PSCs and
constructing the revolution mechanism of charge carrier dynamic.

Keywords: 2D/3D heterojunction, interface, carrier dynamics, evolution, inverted

PSCs.



1. Introduction

The organic-inorganic hybrid halogenated perovskites have attracted much
attention due to their favorable photoelectric properties [!*], and the PCE of perovskite
solar cells (PSCs) has risen rapidly from 3.8% [ in 2009 to exceeding 26% *! in 2024.
Unfortunately, the three-dimensional (3D) is not stable enough due to its own ion
migration and phase transitions, which seriously hinders the commercialization of PSCs
[6-8] The two-dimensional (2D) perovskites are stable enough, but the PCE is not that
high due to their poor carrier transport ability. Compared with 3D perovskites and 2D
perovskites, the 2D/3D heterojunction perovskites have been widely concerned for their
good stability and excellent photoelectric properties (151,

In the past decade, 2D/3D heterojunction PSCs have undergone significant

[16.17 and various preparation methods of 2D/3D heterojunction perovskite

development
have been proposed, such as bulk phase doping '3, surface treatment 2! and vapor
deposition [*!! methods. One of the most promising ways to constructing 2D/3D
heterojunction is spin-coating organic spacer molecules on top of 3D perovskite film
[22.23] ‘Meanwhile, the residual organic spacers will affect the electronic properties of

2D/3D heterojunction interface [*4,

Furthermore, the presence of 2D/3D
heterojunctions can also suppress the degradation of 3D perovskite crystals in air
environmental conditions !, When the perovskite film is affected by both water and
heat, the water molecules can only penetrate 3D perovskite film after the 2D perovskite
layer disappears, which resulting in the degradation and phase transition of 3D
perovskite (%%, At the same time, in situ X-ray scattering experiments at the 2D/3D
interface, 3D perovskite crystals dynamically transformed into 2D/3D mixed phases
and hindered the degradation of 3D perovskite to Pbl, [?7). Therefore, constructing
2D/3D heterojunctions in perovskites can effectively improves the crystallization of 3D
perovskites by adding 2D perovskites 28], enhances carrier transport ability by
constructing 2D passivation layer on the upper interface of 3D perovskites *°!, improves

charge extraction efficiency and reduces non-radiative recombination by constructing

2D perovskites on the bottom interface of 3D perovskites %1 Although 2D/3D



heterostructure synthesizes the performance advantages of both sides, the degradation
and transition mechanisms of 2D and 3D are different, which will inevitably affect the
photoelectric conversion performance of PSCs.

3D perovskites are susceptible to phase transitions and degradation caused by
moisture, light, and temperature in the environment due to its special crystal structure
321 In the phase structure of 3D perovskites, the black alpha phase perovskites exhibit
strong light absorption capacity, while the yellow delta phase perovskites exhibit poor
photovoltaic effect 33, At the same time, the alpha phase of 3D perovskite
spontaneously transitions to the delta phase because of ion migration within the
perovskite crystal, the accumulation of defect states, and the rotation and tilt of the lead
iodide octahedron [Pbls] *¥. When perovskite is placed under long-term light,
perovskite will destroy the cubic phase crystal due to its own ion migration. In addition,
perovskite is sensitive to humidity, and hydrolysis reaction is easy to occur in high
humidity environment >3¢. The long-term heating can also lead to the degradation of
perovskite, because heating will produce some active substances to destroy the original
stable cubic structure of perovskite 7%, Meanwhile, the 2D perovskites consist of
alternating layers of organic cation spacers and inorganic frames [**). Compared to 3D
perovskites, the 2D perovskites can exhibit more stable performance in humidity and
moisture environments because their layered structure reduces the penetration and
influence of water molecules *°1. However, even though 2D perovskites are more stable
in high humidity and moisture environments, hydrolysis reactions can still occur in
extremely humid environments 3!, In long-term thermal stability tests, the 2D
perovskites also showed excellent performance compared to 3D perovskites, but the 2D

[41

perovskites still degrade at higher temperatures due to thermal stress *!). Among them,

the degradation of 2D perovskite is mainly caused by cationic evaporation under the

42431 In addition, the rigidity and heat resistance of organic

action of thermal stress [
spacer molecules used to construct 2D perovskites will also affect the stability and
thermal decomposition ability of 2D perovskites [*4]. In the process of long-term stable
operation of perovskite, 3D perovskite and 2D perovskite crystals will degrade due to

the influence of external environmental factors, thereby reducing the photoelectric
2



capacity of perovskite. However, there are few studies on the subsequent evolution
process of 2D/3D heterojunction interfaces and charge carrier dynamic behavior with
the evolution of 2D/3D heterojunction perovskite °1. In addition, many studies have
shown that the stability of perovskite solar cells built with 2D/3D heterogeneous
structures has been greatly improved *°), and the final stability improvement of PSCs
is due to the existence of 2D perovskite, which inhibits the interface defects (47481,
However, few people pay attention to the influence of the subsequent change process
of 2D/3D heterojunction PSC on the stability of PSCs. A better understanding of the
carrier dynamics of this evolution is of great significance for the development of 2D/3D
heterojunctions.

In this work, the 2D/3D heterojunction perovskite films were placed on the heating
table at 60°C to accelerate the evolution process. With time going, a series of changes
will occur on the surface of 2D/3D perovskite films, and it is easier to find the changes
of 2D decomposed surface morphology and carrier dynamics. By studying the changes
of 2D/3D perovskite interface, we can more clearly understand the effects of 2D/3D
heterojunction evolution behavior. Finally, the dynamic behavior of 2D/3D perovskite
films during evolution is compared. The surface variation and carrier dynamics of

perovskite thin films are important factors affecting the stability of PSCs.

2. Test results and analysis

2.1 Evolution of perovskite films

In this experiment, the one-step reverse-solvent engineering was used to fabricate
inverted perovskite solar cells (PSCs) initially. Firstly, as illustrated in Fig. S1, the
electrostatic potential of PEABr molecular structure is analysed by using the Gaussian
view in an ideal state without considering the influence of other external factors. The
results show that the Br™ containing end exhibits a notably intense signal of negative
charge region signal, suggesting that the Br~ containing branch chain has a stronger
attraction towards positively charged ions within PEABr molecules. However, the
benzene ring shows positive charge accumulation, and the nitrogen atom in the side

chain shows stronger positive charge accumulation. This indicates that both the benzene

3



ring and the nitrogen atom have a stronger binding affinity for negatively charged ions.

(a)

Spin coating PVK : 2 um

Spin coatig HTL Control

(c)
j// 418 66.3°
Spin coating PVK Spin coating PEABr

0 day 6 days 12 days
Figure 1. (a) Schematic diagram of perovskite film construction by different method. (b) Contact
angle test diagram of perovskite film of control. (c) Contact angle test diagram of perovskite film
of control target. (d) SEM image of perovskite film of control. (¢) SEM image of perovskite film of
target. (f) Surface diagram of perovskite films with target film placed on a hot table at 60°C for
different storage times. (g) schematic diagram of the 2D/3D interface change process of target
perovskite film on the hot table at 60°C for different time.

As shown in Fig. 1a, this is the process of experimentally constructing the 2D/3D
heterojunction by spinning a layer of PEABr on the upper surface of 3D perovskite.
This organic cation on the upper surface of the 3D perovskite will cause the 3D
perovskite to be transformed into a low-dimensional perovskite. In the figure, films that

are not coated with PEABr are labeled as the control, while the films coated with PEABr



are labeled as the target. In the process of constructing the 2D/3D heterojunction,
compared with the control film, there is a special phenomenon after the PEABr spin
coating on the upper surface of the perovskite film, which showed a colored halo of the
perovskite film. Then, the contact angle test was conducted on the perovskite film to
explore the impact of 2D/3D heterostructures and residual PEABr on the upper surface
of both the control perovskite and the target perovskite films on the subsequent spin
coating process. It can be seen from Fig. 1d and 1e that the contact angle of the control
perovskite film is 54.8°, while the target perovskite film is 66.3°. The water contact
angle of the 2D/3D heterojunction after being constructed with PEABr shows an
improvement of 11.5°. This indicates that the residual PEABr and the 2D/3D
heterojunction on the upper surface of 3D perovskite improved the hydrophobicity of
the film and adjusted the interface morphology of the film. At the same time, a humidity
stability test of the perovskite film was conducted at 25°C and 45%RH (Fig. S2). The
results indicated that the surfaces of both the target film and the control perovskite film
did not exhibit significant changes after 1000 hours of storage. However, in comparison
to the control perovskite film, the colour of the edge of the target perovskite film has
changed significantly, which we believe is caused by the residual PEABr on the surface
of the perovskite. The scanning electron microscopy (SEM) test results, as shown in
Fig. 1d and 1e, reveal that the grain size of both the target and control perovskite films
was similar. However, there were significant gaps between the grains in the control film,
making it easier for PEABT to react with the 3D perovskite. Moreover, these voids will
also cause PEABr molecules to gather around them. It can be clearly seen in the test
results that there are some residual PEABr molecules in the target perovskite film grain
gaps. At the same time, the SEM test results of various scales and positions of
perovskite films in Fig. S3 indicate that this phenomenon is not unique. This
phenomenon also demonstrates that the surface adhesion of residual PEABr molecules
on 2D/3D perovskite plays a role in passivating interface defects, as characterized
through further analysis. Then, as shown in Fig. S4, to investigate the thermal stability
of the perovskite films, both the control and target perovskite films were subjected to

continuous heating on a hot plate at 60°C. It can be observed that the perovskite in the
5



control film has essentially decomposed after 1400 hours, whereas the target film shows
a certain black phase after the same duration, indicating greater stability in the target
perovskite film. In addition, an unidentified substance precipitated on the upper surface
of the target perovskite film after 300 hours. The presence of this unidentified substance
suggests that the 2D/3D heterojunction of perovskite has changed during long-term
stable operation, which may be caused by the decomposition of the 2D perovskite and
the residue of PEABr molecules on the surface of perovskite. This phenomenon offers
an opportunity to investigate the evolutionary mechanisms of the 2D/3D heterostructure
perovskite films during extended operational periods. Therefore, we can summarize an
evolutionary mechanism by conducting tests and characterizations on the 2D/3D
heterostructure perovskite films with varying annealing durations.

As shown in Fig. 1f, the residual PEABr molecules exist on the upper surface of
the fresh (0 day) perovskite film. From the top view of the perovskite film, there are
some incomplete substances in the grain gap of perovskite. Moreover, after the same
piece of perovskite film was placed on the heating platform for 6 days, some white
bright parts appeared in the top view of the SEM, which was proved to be Pbl in the
previous literature. With the increase of time, the Pbl> disappeared in the SEM top view
of the target perovskite film after 12 days annealing. The lead iodide present during the
decomposition of the 2D perovskite may interact with the original FA™ and PEA™ ions.
At the same time, it can be clearly found that more tiny holes appear on the upper
surface of the perovskite film after 12 days of placement, and the grain size of the
perovskite film hardly changes during the placement process, which means that the
evolution process of the 2D/3D perovskite is beneficial to the crystal stability of the 3D
perovskite. Through subsequent characterization tests, a structural evolution process of
the upper surface of perovskite films was proposed (Fig. 1g). After the target perovskite
film is left for 6 days, the 2D perovskite within the 2D/3D heterojunction film will
gradually transform. The lead iodide will start to appear on the surface of the film, and
PEABr molecules from inside the perovskite will migrate to the surface as the annealing
process continues. Over time, the lead iodide appearing on the surface of the perovskite

film is covered by the PEABr molecules or reacts with the 3D perovskite at the bottom,
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and the PEABr molecules appearing on the upper interface of the perovskite will
continue to play an interface passivation effect on the interface of the perovskite. This

corresponds to the stability test results in the following section.

2.2 Evolution of perovskite carrier dynamics

The study of carrier transfer kinetics in 2D/3D perovskite films using femtosecond
transient absorption spectroscopy (fs-TA) is crucial for comprehending enhancements
in their photoelectric properties. Fig. 2a-2¢ and Fig. S5a are two-dimensional false-
color images of perovskite film on quartz glass substrate with laser excitation of 700
nm, pump flow of 5 pJ-cm™, and carrier density of 1.34x10!'7 cm™. The spectra of the
four samples show a ground-state bleaching (GSB) centered at 1.58 eV. This bleaching
feature indicates that the carrier in the perovskite film transitions from the ground state
to the excited state under laser excitation, causing the light absorption difference AA to
change significantly on a ps scale due to the pumping process. As shown in Fig. 2a-2c,
it can be found that the duration of bleaching region of the 2D/3D heterostructure
perovskite films does not change significantly. Moreover, the variation range of the
light absorption difference AA of the samples at different placement times is small, and
it also indicates that the decomposition of 2D/3D heterojunction has a certain protective
effect on 3D perovskite. The Fig. 2d-2f and Fig. SSb show the normalized time spectra
of the control and target perovskite films in the time delay range of 0.4 ps to 10 ps. We
found that both the control and the 2D/3D heterojunction perovskite film have a distinct
750-800 nm high-energy tail region (marked in blue) in the TA spectrum, which also
reflects the cooling process of the hot carrier. It is noteworthy that the high-energy tail
shrinkage rate of 2D/3D heterojunction perovskite films is faster than that of control
films, which indicates that 2D/3D heterojunction changes the carrier cooling dynamics

in perovskite films.
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Figure 2. Fs-TA measurements of the 2D/3D perovskite films. (a-c) Two-dimensional false-color
image of TA spectral perovskite film on a hot table at 60°C for different time. (d-f) The TA spectra
recorded at several delay times from 0.4 to 10 ps. (g) The corresponding normalized attenuation
kinetics curve at 788 nm. (h) Hot carrier cooling time curve of target perovskite film. (i) The
interface is between the schematic diagram of electron generation and extraction HTL and
Perovskite. (j) PL spectra of control and target perovskite films with different storage times on 60°C
hot table. (k) PL spectra of control and target perovskite films with 550-600 nm wavelength. (1)
TRPL spectrum of perovskite films with ITO substrate.

Fig. 2g and Fig. SSc¢ show the carrier dynamics curves of perovskite thin films
obtained from the highest point of excitation signal. The fitting results obtained by the

three-exponential function fitting method on the data in the figure are shown in Tab.
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S1. At a delay time of 1 ns, the normalized decay rate (AA) of the initial 2D/3D
perovskite was only 65.17%, while the control perovskite film reached 72.38%. The
AA of target-6 days perovskite is only 64.38%, compared to 73.61% for target-12 days
perovskite films. 2D/3D perovskite films show a higher charge density and slower
decay rate. In addition, TA decay can be well fitted using a three-exponential fitting
model, and the corresponding parameters are listed in Tab. S1. Compared to a pure 3D
perovskite with a charge recomposite life of 840.8 ps, the 2D/3D perovskite has a longer
life, with a target-0 day of 2070.6 ps, target-6 days of 1190.1 ps, and target-12 days of
828.5 ps. The carrier lifetime of 2D/3D perovskites is longer, indicating that 2D
perovskites can reduce the density of defect states and effectively manipulate carrier
transfer. At the same time, the evolution process of 2D/3D also influences the defect
state and charge transport of perovskite. In the range of 0-1ps, the excitation process of
perovskite thin film is displayed, and the target is almost the same as that of perovskite
thin film, and the target is almost the same as that of controlling the excitation strength
of perovskite thin film. However, it can be clearly seen that the carrier dynamics of the
target device changes more slowly during the subsequent carrier cooling process. This
means that the carrier lifetime and carrier transport behavior change. Moreover, these
high-energy tails gradually disappear from 0.4 ps to 10 ps, suggesting that the hot carrier
cooling process in these samples can be evaluated by a hot carrier temperature (Tc)
higher than the perovskite lattice temperature. By fitting the high-energy region (red
background region) of the above fs-TA spectrum with the following Maxwell-
Boltzmann distribution function (formula 1 and 2), the relationship between the hot

carrier cooling time and the contraction rate of the high-energy tail can be obtained *!:

EF - h(l)
AT (hw) = —Tyexp (—) (formula 1)
kBTc
AT
AA = —log (1 + ?) (formula 2)

where EFris the Fermi level, AT is the amplitude of bleaching at a specific detection
wavelength, 44 is the difference in light absorption at a specific detection wavelength,
and ks is the Boltzmann constant. The initial temperature of the hot carrier depends on

the photoexcitation energy, which can be found in some previous studies [*°. Since the
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wavelength and energy of the initial excitation laser are fixed, the relationship between
the temperature of 2D/3D heterojunction perovskite hot carrier and the delay time can
be determined by formulas 1 and 2. Fig. 2h and Fig. S5d show the change curve of
carrier temperature (Tc) with delay time for perovskite films without and with 2D/3D
heterojunction. The initial Tc of the control perovskite film is about 1511 K, and the
initial Tc of 2D/3D perovskite film is about 1016 K, indicating that 2D perovskite can
change the Tc cooling kinetics of 3D perovskite film. The initial Tc of 2D/3D perovskite
film placed on a 60°C hot table for 6 days is about 1266 K, and the initial Tc of 2D/3D
perovskite film placed on a 60°C hot table for 12 days is about 1147 K. All four
perovskite films exhibit significant Tc decline, which is due to the ultrafast energy loss
of perovskite films through the e carrier-LO-phonon scattering process on several ps
time scales. The hot carrier motion behavior of perovskite thin films on the 1 ps time
scale corresponds to fast carrier cooling via Frohlich interaction %, The decrease in
the thermal carrier temperature relaxation rate represented by another slow cooling
process (1-10 ps) after the initial 1 ps attenuates is due to the hot phonon bottleneck
effect. The carrier temperature of the 2D-free perovskite film attenuates from 1511 K
to 1043 K over a 1 ps time scale, and does not attenuate to 300 K until 8 ps. The carrier
temperature of the initial 2D/3D perovskite film attenuate from 1016 K to 639 K on a
1 ps time scale, and does not attenuate to 300 K until 8.4 ps. The 6 days 2D/3D
perovskite film attenuates carrier temperatures from 1266 K to 634 K on a 1 ps time
scale, and does not attenuate to 300 K until 7.6 ps. The 12 days 2D/3D perovskite film's
carrier temperature attenuate from 1147k to 640 K on a 1 ps time scale, and does not
attenuate to 300 K until 6.6 ps. Therefore, it can be concluded that the hot carrier
cooling of 2D/3D heterojunction perovskite films requires more time, and the increase
of hot carrier cooling time indicates that the carriers inside 2D/3D heterojunction
perovskite have less energy loss during transport. Compared with the initial 2D/3D
perovskite film, the hot carrier cooling time of the perovskite film placed for 6 days is
longer, but the hot carrier cooling time of the perovskite film placed for 12 days is only
6.6 ps. Therefore, it can be concluded that more time is required for hot carrier cooling

of the 2D/3D heterojunction films, and the increase in hot carrier cooling time indicates
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that the carriers inside 2D/3D heterojunction perovskites have less energy loss during
transport. Fig. 2i shows the excitation time diagram of perovskite film. The
photoexcitation process of perovskite film can be obtained from the dynamics diagram
of perovskite carrier. The excitation time of perovskite film of free-2D is 1420 fs, and
after modification by PEABT, the excitation decay time of perovskite film is reduced to
1132 fs. Pump photoexcitation of the upper surface of perovskite, due to the presence
of 2D, makes the overall carrier excitation time shorter, which means that the internal
carrier excitation due to 2D/3D perovskite films is easier. For the subsequent electron
extraction and transport process, the presence of 2D perovskite changes the energy level
and morphology of the perovskite interface, making electron transport easier. It can be
found from the carrier dynamic map that the carrier decay time of 2D/3D perovskite is
longer than that of non-2D perovskite films, because 2D perovskite improves the
interface defects of 3D perovskite. At the same time, the overall attenuation process of
the carrier dynamics curve is also affected by the evolution process of 2D/3D
heterojunction, which makes the carrier change more slowly. Then, as shown in Fig. 2j
and Fig. 2k, the Photoluminescence spectroscopy (PL) tests were performed on target
perovskite films with different storage times. The test results show that the fresh target
perovskite film has an obvious low-dimensional perovskite peak of n=2 at the
wavelength of 562 nm. Meanwhile, the main peak of the fresh (0 day) perovskite at the
wavelength of 800 nm has a blue shift, and the main peak of the target perovskite film
moved to a lower wavelength direction than the main peak of the control film. This
indicates that the residual PEABr and the 2D/3D heterojunction has interfacial
passivation effect on perovskite films. With the increase of the storage time, the peaks
belonging to 2D perovskite disappeared, and the peaks of the target perovskite film
began to slowly move to a higher wavelength, which indicate that the passivation effect
of PEABr was gradually weakened. The perovskite peaks of the fresh (0 day) target
perovskite films were significantly higher than those of the control films, suggesting
that the non-radiative recombination in the 2D/3D heterojunction perovskite films was
effectively inhibited. At the same time, after the target perovskite film is placed on the

heating table for different time, the main peak of perovskite shows a downward trend,
1



which means that the evolution process of the 2D/3D heterojunction influences the
interface characteristics of perovskite. As shown in Fig. 2I, time-resolved
photoluminescence spectroscopy (TRPL) was conducted on the 2D/3D heterojunction
perovskite films to investigate their carrier lifetime. The detailed test results can be
found in the Tab. S2. In general, the fast decay lifetime (t1) can be attributed to defect-
induced non-radiative recombination, while the slow decay lifetime (t2) is associated
with radiative recombination. Control and 2D/3D perovskite films have fast decay life
(t1=6.3ns, 11=19.2ns) and slow decay life (12=158.5ns, 10=211.2ns), the average carrier
lifetime (tave= 154.1ns, Tave= 205.2ns) can be seen the defect and charge recombination
in perovskite. The significant increase of fast decay life and slow decay life means that
the defect state density decreases significantly and the non-radiative charge
recombination decreases. The increase in average carrier lifetime suggests that carriers
in the 2D/3D heterojunction perovskite films can travel longer distances, and non-
radiative recombination within these films is effectively suppressed, consistent with the

PL test findings.
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Figure 3. (a) AFM and KPFM diagram of control sample on a hot table at 60°C for different time.
(b) AFM and KPFM diagram of target sample on a hot table at 60°C for different time. (c) RRMS
profiles of control and target perovskite films. (d) Surface potential spectrogram of control and target
perovskite films. (e) Work function variation diagram of control and target perovskite film. (f)
Simulation diagram of carrier dynamic process and time scale behavior of perovskite.

Afterward, to further verify the process of surface change of the perovskite film,
the atomic force microscopy (AFM) and kelvin probe force microscopy (KPFM) were
used to test the perovskite film, as shown in Fig. 3a and 3b. The root mean square
(Rrms) roughness data of the 2D/3D heterogeneous perovskite films with different
heating times were obtained. The Rrms difference between the control and target
perovskite films (0 days) was not significant. However, the difference of Rrms values

between target film and control film further verified the existence of residual PEABr
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and 2D perovskite on perovskite. The control perovskite film exhibited an Rrwms of 14.5
nm at 0 days, 11.9 nm at 6 days, and 15.7 nm at 12 days of storage. Conversely, the
control perovskite film showed an Rrms of 14.4 nm at 0 days, 17.5 nm at 6 days, and
19.9 nm at 12 days of storage. Meanwhile, the surface roughness of the control
perovskite film after 12 days showed no difference compared to the film at 0 days, while
the surface roughness of the target perovskite film increased gradually. However, the
Rrwms value on the upper surface of the target perovskite film changes more gradually
compared to the control perovskite film, significantly impacting the stability of PSCs.
This observation, coupled with previous test results, suggests that it may be attributed
to the decomposition of 2D perovskites and the emergence of Pbl; crystals, influencing
the surface characteristics of the 2D/3D heterojunction perovskites. At the same time,
the KPFM testing indicated minimal difference in surface potential between the upper
surface of the freshly prepared (0 day) control and target perovskite films (data from
the diagonal). However, it could be seen from the analysis of the overall image that the
upper surface potential of the target perovskite film was more concentrated, which may
be caused by the presence of residual PEABr and the 2D/3D heterojunction perovskite.
Meanwhile, the residual PEABr and the 2D/3D heterojunction perovskite fill the low
potential space at the original 3D perovskite interface, which makes the potential on the
surface of the perovskite appear more uniform. Additionally, the KPFM test was
conducted on a perovskite film placed on a 60°C hot platform for different time. While
the surface potential of the control films exhibited significant fluctuations over time,
that of the target perovskite films remained largely unchanged. The surface potential
and Rrus of the target perovskite film exhibited a gradual increasing trend, while those
of the control perovskite film showed a pattern of initially decreasing and then
increasing. As shown in Fig. 3¢, the surface Rrms changes of target and control
perovskite films show a more gradual change in the surface Rrms of 2D/3D perovskite
films compared with control films. The surface potential variation diagram of the
control and target perovskite film is shown in Fig. 3d. The surface potential of the
control film fluctuates greatly. Fig. 3e shows the relationship between the surface work

function and the energy band change of the control and target perovskite films. Since
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the 2D content of the target perovskite film is very small, the energy level of the target
perovskite is tentatively like that of the control perovskite film. Excessive fluctuation
in the upper surface of the perovskite film during the 12 days placement period can be
detrimental to the final PSCs stability. Around 6 days of the target device, the slow
increase in surface potential and Rrms may be linked to the evolution of the 2D/3D
heterojunction, influenced by the appearance of Pbl, crystals and the decomposition of
2D perovskite, potentially compensating for perovskite film defects. Fig. 3f shows the
entire carrier dynamic behavior relationship of perovskite. The behavior of
photoexcited carrier between the interface of perovskite is affected by the defects in the
perovskite and the carrier transport path. The carrier in perovskite film will undergo
non-radiative recombination between perovskite film and perovskite interface,
resulting in the quenching of the carrier. The carrier transport between interfaces will
also be affected by the defect states and the energy level matching relationship between
the interfaces. Therefore, the evolution of 2D/3D heterojunction is related to the
behavior of perovskite carrier dynamics. Carriers transition from the ground state to the
excited state by optical excitation, and then naturally return from the excited state to
the ground state or are trapped by defects. This process of high-energy carrier return to
the ground state can be described by carrier cooling. Because the process of carrier
generation and transfer occurs very quickly, it will show different dynamics at different
time scales. We use corresponding test methods to study the evolution of 2D/3D
heterojunctions and the dynamic behavior changes of charge carriers. The evolution
process of 2D/3D heterojunction has great influence on the stability of perovskite, and

the fluctuation of perovskite interface can cause the change of carrier dynamics.
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2.2 Analysis of perovskite films and devices
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Figure 4. (a) XRD diagram of control and target perovskite films placed on the 60°C hot platform
for different times. (b) UV-vis absorption spectra of perovskite films with ITO substrate. (c) FTIR
diagram of perovskite films with ITO substrate. (d) FTIR diagram of perovskite films with 500 cm®
2 to 1500 cm wavenumber. (e, f) XPS diagram of perovskite films with ITO substrate.

To investigate the changes that occur on the surface of perovskite films during
extended annealing processes, perovskite films with varying annealing durations
underwent X-ray diffraction (XRD) tests (Fig. 4a). On the initial day (0 day), the target
perovskite film demonstrates a more pronounced signal at the a phase peak of 14.5° in
contrast to the control film. This suggests that the o phase perovskite crystals in the
target film are more oriented along the (001) direction. The better crystallization of the
perovskite also indicates that the presence of the 2D/3D heterojunction can better
protect the crystals inside the 3D perovskite. At the same time, the 6 phase diffraction
peak intensity of the target film at 42° is lower than that of the control perovskite film,
which indicates that the presence of the 2D/3D heterojunction can improve the stability
of 3D perovskite phase. The film subjected to 60°C on a hot platform for 6 days
simultaneously exhibited a weak Pbl, peak at 12.4°, consistent with SEM results. As
storage time increased, the Pbl, peak diminished, while the 6 phase peak continued to

decrease. The observed PEABTr escape during storage appears beneficial for the overall
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perovskite film. Furthermore, the stability of the target perovskite film (001) peak
suggests that PEABr escape does not significantly affect the bulk phase of the
perovskite. Subsequently, the ultraviolet-visible (UV-vis) spectrophotometer tests were
conducted on the control and target perovskite samples. As shown in Fig. 4b, the visible
light absorption range of the target perovskite film is lower than that of the control
perovskite film. This disparity may arise from alterations in the band gap of the target
perovskite film due to the presence of the 2D perovskite and residual PEABr. Then, as
shown in Fig. S6, the optical band gap of both the control and target films was
calculated using ultraviolet data. The results indicate that the optical band gap of the
perovskite film increases from 1.524 eV to 1.529 eV due to the presence of the 2D
perovskite and PEABr. However, between 300 nm and 550 nm, the visible light
absorption capacity of the target film shows a notable improvement compared to the
control film, indicating a reduction in non-radiative recombination in the surface of the
target perovskite film. At the same time, the 2D perovskite can improve the band gap
of perovskite, which has been demonstrated in previous studies. Ziqi Liang et al found
that the band gap of the 2D perovskite is usually higher than that of the 3D perovskite
solar cells 7). Therefore, for two-dimensional passivation layers prepared with PEABE,
it is a normal phenomenon that the band gap of perovskite films is improved. The
increase in the perovskite band gap also provides direct evidence for the increase in the
open circuit voltage (Voc) of the final device. To further investigate the changes in
internal bonding atoms within the control and target perovskite films, Fourier-transform
infrared spectroscopy (FTIR) was conducted, as depicted in Fig. 4¢. It can be found
that the N-H stretching vibration absorption wavelength in perovskite moves from 3440
cm’! to 3515 cm™!, while the vibration absorption wavelength of C=N moves from 1590
cm! to 1596 cm™. The wavelength of N-H and C=N bond moves to higher wavelength,
which indicates that PEABr has certain induction effect on perovskite molecules in
perovskite films. The Fig. 4d shows the low wave number amplification in the FTIR
graph. From the test results, it can be inferred that the bending vibration absorption
wavelength of the C-H bond in the perovskite component ranges from 615 cm™ to 617

cm’!, whereas the bending vibration absorption wavelength of the C-H bond in PEABr
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ranges from 1347 cm™ to 1349 cm™!. The C-H bond in the FA" and the C-H bond in the
PEABT oscillate simultaneously, indicating the interaction between PEABr and FA™. At
the same time, as shown in Fig. 4e and 4f, X-ray photoelectron spectroscopy (XPS)
analysis was conducted on the target and control perovskite films to investigate changes
in element binding energy peaks on their surfaces. The fitting results revealed that in
the target perovskite film, the Pb* peak shifted towards lower binding energy,
suggesting that the presence of PEABr altered the environment surrounding Pb ions,
promoting their binding with FA*. The shift of the I*¢ peak towards higher binding
energy in the target perovskite film indicates reduced reactivity of I ions within the
perovskite structure, thereby potentially lowering the defect density attributed to iodine
ions. Combining the previous FTIR test results and the molecular electrostatic potential
results of PEABr, the PEA" ions can interact with I element, thus affecting the existence
form of I element, and the Br™ can interact with Pb element, thus changing some of the
action characteristics of Pb element. Meanwhile, the full peak of XPS test results is
shown in Fig. S7. Since the control film does not contain Br element, the content of Br
element in the target film is very small, so there is no strong peak of Br element in the
XPS test results. These phenomena further show that the evolution process of the
2D/3D heterojunction is regular. In previous the 2D/3D studies it was found that 2D
perovskites constructed using some special organic spacer molecules would diffuse to
3D perovskites. This diffusion process destroys the crystal structure of the 3D
perovskite and causes severe ion migration and defect aggregation in the 3D perovskite.
In this experiment, the 2D passivation layer constructed by the PEABr on the upper
surface of the 3D perovskite will decompose and the PEABr molecules will separate
on the upper surface of the perovskite film over time, because the characteristics of Br~

make it migrate to the upper surface of perovskite during the process of ion migration.
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Figure 5. (a-c) Photovoltaic performance diagram of control and target devices. (d) J-V diagram of
0.105 cm? fresh device and after 15 days device in N> boxes at normal temperature. (e¢) Light
intensity dependence test diagram between control and target devices. (f) SCLC test diagram of
control and target devices. (g) EIS diagram of the control and target devices. (h) Mott-Schottky
diagram of control and target devices. (i) Dark current test diagram of control and target devices.
In this experiment, the final prepared device structure is shown in supplementary
Fig. S8. By spinning PEABr on the upper surface of 3D perovskite as the passivation
interface layer of perovskite, the PEABr can construct 2D perovskite layer on the upper
surface of 3D perovskite and form the 2D/3D heterostructures. The 2D/3D
heterojunction PSCs constructed using this method have significantly improved
performance and stability compared to pure 3D perovskite. First, as shown in Fig. 5a-
¢ and supplementary Fig. S9, the open circuit voltage (Voc) and fill factor (FF) of the
target device with the PEABr and the 2D/3D heterojunction are greatly improved. The
highest PCE of the prepared 0.105cm? PSCs reaches 22.65% (the detailed data are

shown in Tab. S3). The PCE of target device increase is 2.07% compared to the control
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device. Meanwhile, as shown in supplementary Fig. S10, the highest PCE of the
prepared 1cm? PSCs reaches 20.45% and the hysteresis of the HI is 0.013. Finally, the
J-V diagram of the optimal device and in N2 boxes at normal temperature after 15 days
devices is shown in Fig. Sd. The device efficiency increased from 22.65% to 23.21%
after 15 days of storage, with the largest change due to the increase in open circuit
voltage from 1.14 V to 1.18 V, which may be caused by the presence of Pbl; crystals in
2D/3D heterojunction. To verify the accuracy of our device test efficiency, we
conducted external quantum efficiency (EQE) tests (Fig. S11) on the control and target
devices. It was observed that the light absorption images of the target and the control
device were essentially identical at various wavelengths. Additionally, the final
integration current density indicated that there was not a significant difference in the
current between the target device and the control device. However, the integration
current density of the target device is 1.08 mAcm™ higher than the J-V test current, and
the integrated current density of the control device is 0.18 mAcm™ higher than the J-V
current. The error between the EQE Integrating current and the J-V current is less than
4%, which indicates that the J-V test current is consistent with the actual efficiency of
PSCs. Then, we tested the dependence of the light intensity of the device, and the test
results were shown in Fig. Se. Meanwhile, the ideal factor obtained from the linear
fitting of the test data for the final target device is 1.78, which is 0.67 lower than that
of the control device. This indicates that the 2D/3D heterojunction perovskites exhibit
lower non-radiative recombination and superior carrier transport capability. Under the
same conditions, the 2D/3D heterojunction effectively inhibits carrier recombination in
the target device. This is due to the interfacial passivation of 2D perovskite and PEABr
on perovskite film, which reduces the surface defect density of perovskite. Moreover,
this optimization improves the charge transport mechanics at the interface. To
investigate the variation of defect density in perovskite films, as shown in Fig. 5f, the
space charge-limited current (SCLC) measurements on PSCs electron-only devices are
performed. The electron-only devices structure in the image is the device for our test of
the SCLC. The defect density in perovskite films can be calculated by formula 3 based

on the SCLC test results. Where VgL is the starting voltage of the trap filling limit, L
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is the thickness of the active layer, € is the relative perovskite dielectric constant, e is
the basic charge and g is the vacuum dielectric constant. Then, the defect starting
voltage of the control with the target PSCs is 0.55 V and 0.73 V. The decrease of the
defect starting voltage means that the defect density of the device is lower, and it can

also prove that the carrier recombination of the target device is suppressed.
_ 2g0eVpL

- eL?

The electrochemical impedance spectroscopy (EIS) test results are shown in Fig.

(formula 3)

t

Sg. In our device test, both the control and target devices showed a particularly small
internal resistance Ro, the size of which is close to 0 €, so it is very small in the image,
and there is basically no difference. However, the electrochemical impedance fitting
radius of the 2D/3D heterojunction perovskite devices is larger than that of control
devices. The increase in charge transfer resistance means that carrier transport of PSCs
is more difficult. However, due to the presence of the 2D/3D heterojunction, the target
perovskite film has better light absorption capacity, so the final device is more efficient.
At the same time, as shown in Fig. Sh, to explore the differences in internal electric
fields of the 2D/3D heterojunction devices with higher charge transfer resistance, the
Mott-Schottky tests were carried out on the devices. The test results show that the
internal electric field (Vui) of the target device is 0.80 V and that of the control device
1s 0.77 V. The higher Vy; of the target device means that the driving force of charge
separation is enhanced, which is conducive to carrier transport [**). Finally, we placed
the device in a completely dark environment to test the dark current of the device
(shown in Fig. 5i). The results reveal that the dark current density of the control device
is 1.03x10" mA/cm?, whereas that of the target device is 6.41x10* mA/cm?. The dark
current of the target device is lower than that of the control device, suggesting that the
incorporation of the 2D/3D heterojunction perovskite and the residual PEABr in the

target device exerts a mitigating effect on the generation of leakage current.
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Figure 6. (a) Unpackaged devices are tested for stability when placed in air at 25°C and 35%RH.
(b) Unpackaged devices are placed in a constant humidity chamber at 25°C and 45%RH for stability
testing. (c) Stability testing of unpackaged devices on a hot table at 65°C. (d) MPP tracking test of
unpackaged devices in the N> box. (e) Stability test of optimal device in normal temperature N>
atmosphere.

The stability of PSCs is an important difficulty, so the stability test of the final
device is an essential part. Next, the stability of the device is tested by the control device
and the target device in various test environments. B. P. Kore et al studied three organic
cations with different alkyl chain lengths, and used 2D perovskite as the encapsulation
layer on top of 3D perovskite *°l. When the perovskite film is completely immersed in
water, it can remain in water for 3 minutes, which means that the hydrophobicity of the
perovskite film is significantly enhanced. Therefore, using 2D perovskite to improve
the stability of the 3D perovskite is a promising method. Next, the stability of the target

device and the control device will be tested. As shown in Fig. 6a, we placed the control
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and the target device in the air (25°C, 35%RH), and the results showed that the stability
of the target device was greatly improved compared with that of the control device.
Upon storage in ambient air for a specified duration, the efficiency of the control device
exhibited considerable variability, declining by 4% over the course of a single day.
However, the target device efficiency experienced a mere 2% decrease, with any
subsequent fluctuations being notably minimal. This stability improvement, we believe
that 2D/3D perovskite and PEABr play an effective role in inhibiting the defects of the
device. However, we did not observe a tendency of increase in the efficiency of the
target device under these conditions, and we speculate that this is the 2D/3D
heterojunction changes too quickly under the influence of humidity. As shown in Fig.
6b, the same batch of devices was placed in a constant humidity chamber at 45%RH,
and the efficiency of the control devices decreased by 80% after 60 hours. Secondly,
the same batch of devices is placed on a hot table at 65°C for a temperature stability
test (Fig. 6¢), and the device efficiency decreased significantly, possibly due to the
oxidation of the Ag electrode. However, the stability of the target device was still higher
than that of the control device. In various storage stability tests, the stability of the target
device is stronger than that of the control device, which indicates that the interface
action of the PEABr and 2D/3D perovskite pair is worthy of attention.

Finally, the maximum power point (MPP) tracking test on the PSCs with Ag
electrode was conducted (Fig. 6d), and the test results indicated that the efficiency of
the target device decreased to 80% after 3500 minutes of continuous testing. This was
a particularly surprising result in MPP tests of PSCs using Ag electrodes. As shown in
Fig. 6e, the optimal PSCs is stored in the N2 box for stability testing. The results showed
that the efficiency of the target PSCs continued to increase (from 22.65% to 23.21%)
after 300 hours of storage, a phenomenon rarely observed in the study of inverted PSCs.
Simultaneously, this phenomenon is observable due to the relatively slow degradation
of the PSCs within the N> environment. Furthermore, the notable enhancement in initial
stability of the 2D/3D heterojunction perovskite is closely linked to the evolution of the
respective film structures. Notably, the device maintains 89% of its initial efficiency

after 3000 hours in the N> box, marking exceptionally high stability data for PSCs
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employing silver electrodes. Detailed test data is shown in supplementary Tab. S4. This
test result shows that the change of PEABr and the 2D/3D heterojunction on the upper

surface of perovskite is beneficial for the stability of the PSCs.

3.Conclusion

In our research, we discovered that in the 2D/3D heterojunction PSCs tends to
degrade over time during the operation. Additionally, the organic spacer molecules
(PEABr) within the 2D perovskite lattice are separated from the upper surface of the
perovskite during its long-term operation. In this separation process, the Pbl crystals
will appear on the upper surface of the 2D/3D heterojunction perovskite film, which
improves the carrier transport capacity at the interface and reduces the non-radiative
recombination at the interface. In addition, by using optical characterization such as TA
and PL to analyse the evolution process of 2D/3D, the carrier dynamic behaviour
relationship corresponding to the evolution process is obtained. The Voc of the PSCs
increased from 1.14 V to 1.18 V and the PCE increased to 23.21% after the PSCs placed
in the N> box for 300 hours. Finally, the unpackaged devices maintained 89% of their
initial performance for 3000 hours in a room temperature N> box. Our work provides
insights into the evolution mechanism of the 2D/3D heterojunctions and has important
implications for tuning the 2D/3D structures and improving PSCs performance and

stability.
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Highlights

Highlights

The evolution mechanism of 2D/3D heterojunction was firstly proposed.

The relationship between the evolution mechanism of 2D/3D heterojunction and the
stability of perovskite solar cell devices is systematically demonstrated.

Interface and carrier dynamics changes caused by evolution of 2D/3D heterojunctions

based on ultrafast spectroscopy.
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