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To advance perovskite solar cells (PSCs) beyond their present efficiency threshold, it is essential to meld
device-centric insights with strategies addressing defect passivation issues. Given that 2-dimensional
(2D) perovskite, which is commonly utilized to control defects in light-harvesting layers, is used,
understanding 3D/2D junctions is crucial for effective device design, as an electric field can be induced
at this junction. In this study, we introduce that understanding with the formation of an intact 3D/2D
bilayer using (BA),PbBr, (BA: butylammonium) with deeper work functions, leading to a certified
performance of 254% compared to (BA),Pbls. While the optoelectronic and defect-related
characteristics did not significantly change in accordance with 2D perovskites, an enhancement in built-
in potential was observed in the device, which was attributed to the work function of the 2D
perovskites. Additionally, through analysis of the p—p isotype heterojunction, it was observed that the
built-in potential formed by (BA),Pbl, exists in the 2D layer, whereas the introduction of (BA),PbBr4
shifted the formation of the built-in potential to the 3D layer. The device with a 3D/(BA),PbBry
heterojunction maintained 89% of its stabilized efficiency after 770 hours in a long-term operational test
under 1-sun conditions. The stability of the device, as well as its efficiency, was improved at 85 degrees,
offering valuable strategies for the development of high-performance and reliable PSC junctions.

Perovskite solar cells have achieved impressive efficiencies of up to 26.1%. A universally adopted strategy for this is forming a 2D perovskite layer on the surface
of the 3D light-absorbing perovskite, thereby creating a bilayer 3D/2D structure. Traditionally, 2D surface treatments were used to reduce surface defects in
solar cells, with various induced halide salts applied to further minimize these imperfections. In this study, using a distinct intact 3D/2D bilayer structure
without any interference between layers and with a clear composition, we discovered that the difference in work function between 3D and 2D perovskites
directly influences not just the internal electric field but also efficiency. Additionally, it was discovered that this 2D design not only increased the built-in
potential but also altered the distribution of the electric field throughout the device. By amplifying this internal electric field, we successfully developed solar
cells with efficiencies exceeding 25%, exhibiting operational and thermal stability. As a 3D/2D bilayer structure is crucial for high efficiency in PSCs regardless
of their individual structures, we emphasize that controlling the 3D/2D junction enhances the built-in potential, rather than just mitigating defects.

Introduction

carriers. In all solar cells, to enhance the power conversion
efficiency (PCE), prevailing strategies can be grouped into two

Solar cells, including halide perovskite solar cells (PSCs), function
as straightforward photoelectronic devices, first converting photons
into photo-generated carriers, and subsequently extracting these
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main categories: the improvement of the quality of the light-
harvesting layer and refinement of device design.'”® These
methodologies have been continually researched and devel-
oped to align with the state-of-the-art standards for each
respective type of solar cell. For high-quality single-crystalline
solar cells where the light-harvesting layer has already achieved
optimal quality, the focus has shifted towards researching
aspects of device design. Innovative examples of device design
include the integration of back surface fields in GaAs solar cells
and the introduction of heterostructures with intrinsic thin
layers in c-Si solar cells.”** When these specialized designs

This journal is © The Royal Society of Chemistry 2024
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were applied to high-quality single-crystalline light-harvesting
layers, they significantly enhanced the PCE.

Similarly, PSCs, which have already surpassed a PCE of
26.1%," consistently focus on enhancing the quality of per-
ovskite films. Efforts in this direction include incorporating
additives into the perovskite film, such as formamidinium
formate and propylammonium chloride, and passivating the
film surface with agents like octylammonium bromide or
phenylethylammonium iodide."*™® (Pseudo)halide salts have
commonly been used as additives and surface agents in PSCs to
enhance the PCE. These halides effectively address halide
vacancies in the light-harvesting layer, which is predominantly
composed of halides.

Halide materials have been pivotal not only in enhancing
quality but also in device design, serving as essential compo-
nents for the formation of p-n homojunctions, phase hetero-
junctions, and dimensional heterojunctions.'®”** Among these
techniques, the three-dimensional/two-dimensional (3D/2D)
heterojunction is particularly notable. The 3D/2D junction
has always been applied in high-performance PSCs regardless
of the solar cell architecture.>* The 3D/2D heterojunction offers
a unique advantage by enabling precise control of the built-in
potential and band offsets, thanks to the diverse compositions
of 2D perovskites.>® Strategies using this heterojunction exert a
significant influence on the power output by efficiently mana-
ging the flow of photo-generated carriers.

Until now, the creation of 3D/2D heterojunctions has
depended mainly on solution processing. The process entails
dissolving organic salts, which can form a 2D perovskite
through reaction with a 3D surface, in solvents like isopropyl
alcohol and applying this solution to the 3D surface to initiate
the formation of 2D perovskites.>®>° Although the resultant
upper quasi-2D layer is formed with compositional uncertainty,
the power output is improved.**~*> However, it poses challenges
in managing the thickness, composition, and crystallinity of
the 2D layers, as well as the overall stability of the PSCs. Recent
discoveries indicate that acetonitrile, with its suitable dielectric
constant and donor strength, supports the growth of phase-
pure 2D layers on 3D perovskite without dissolving the under-
lying layers due to its ability to control thickness and
composition.>® However, as acetonitrile can dissolve quasi-2D
materials (a mixture of pure 2D and 3D), there is a risk it might
dissolve the underlying 3D perovskite as well. A recent study
successfully generated an internal electric field within an intact
3D/2D structure without interference between the 2D and 3D
perovskites by using a solid-phase pure 2D (BA),Pbl, thin
film.>*

However, despite the common approach of 3D/2D halide
heterojunctions in PSCs, there remains a significant gap in the
fundamental understanding of the precise design methodology
for this structure. For instance, while there is information
about the stability and the local electric field when various
2D organic cation salts are applied, there is insufficient infor-
mation on how these electric fields are distributed and vary
within the device. Formalizing design rules for 3D/2D hetero-
junctions will increasingly involve treating each 3D and 2D
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layer as a semiconductor and addressing these junctions from a
fundamental solid-state physics perspective.

In this study, as we design PSCs with 3D/2D junctions, our
goal is to evaluate the impact of changes in the energy levels of
the inserted 2D layer on PSC performance while proposing
strategies for creating high-performance, viable junctions.
Altering the halide in BA-based pure 2D perovskite from iodide
to bromide resulted in changes in the bandgap and energy
levels. It was also confirmed that this Br-based 2D perovskite
can form an intact 3D/(BA),PbBr, via the solid-phase in-plane
growth (SIG) method. The formed 3D/(BA),PbBr, bilayer did
not show significant optoelectronic improvement or a
reduction in defect density compared to the 3D/(BA),Pbl,
bilayer. However, in devices with (BA),PbBr, inserted, the
performance exceeded 25%, compared to the 24% efficiency
observed with (BA),Pbl,. To analyze this improvement, we
utilized the feature of the intact 3D/2D bilayer, whereby each
layer is accessible as a semiconductor. We interpreted this
junction as a p-p isotype heterojunction and confirmed that
the distribution of built-in potential (V};) induced by the work
function (¢) of 2D perovskite was significantly different. It was
confirmed that in the device with a 3D/(BA),Pbl, junction, the
Vi was predominantly applied to the 2D perovskite, whereas in
the device with the 3D/(BA),PbBr, junction, the V},; was primar-
ily formed in the 3D perovskite. The 3D/(BA),PbBr, device
demonstrated a Tgoo of 730 hours, which is the time it main-
tained 90% of its stabilized efficiency in a long-term opera-
tional stability test. This marks an improvement of more than
six times compared to the 118 hours of Tge, observed in the
standard 3D device. Additionally, it was confirmed that the Tsyg
exceeded 200 hours in a thermal stability test under 85 degrees
Celsius involving the introduction of Li-free PTAA.

Results and discussion

Butylammonium-based 2D perovskite properties

For a 3D/2D junction more effective than 3D/(BA),Pbl,, it is
essential to have a pure 2D perovskite with a deep ¢ to achieve a
distinct V4,;.*® The energy level of a Ruddlesden-Popper pure 2D
perovskite hinges on the relative energy levels between the
organic bulky layer and inorganic octahedral layer. Specifically,
the energy levels of the bulky organic layer correspond to the
lowest unoccupied molecular orbital (LUMO) and highest
occupied molecular orbital (HOMO), whereas the levels of the
inorganic layer are characterized by the conduction band
minimum (CBM) and valence band minimum (VBM).>® As
depicted in Fig. 1a, the energy levels of the BA-based pure 2D
family ((BA),PbX,;; X = I and Br) predominantly follow the
characteristics of the inorganic layer of [PbXe]*>~. This was
ascribed to all the energy levels of [PbX,]>~ (represented by
solid red and blue lines) being encompassed within the energy
levels of the BA organic layer (highlighted in purple). Thus, we
noted a change in the energy level when the halide in (BA),Pbl,
was replaced with Br. Fig. 1b displays photographs for
(BA),Pbl, and (BA),PbBr, thin films on ITO, both of which
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Fig. 1 Butylammonium based Ruddlesden—Popper 2D perovskite film characterization: (a) a schematic illustration of (BA),Pbl, and (BA),PbBr4. The pairs
of red lines and blue lines in the band diagrams represent the conduction band minimum and valence band maximum of inorganic [Pbl4]2~ and [PbBr4]%~
octahedral layers, respectively. The broad, semi-transparent pairs of purple lines correspond to the highest occupied molecular orbital and lowest
unoccupied molecular orbital levels of the BA* organic layers. (b) Photographs of (BA),Pbl4 and (BA),PbBr,4 2D perovskite films on ITO. (c) Top-view SEM
images of the 2D perovskite films. Scale bars, 500 nm. (d) Band diagram for (BA),Pbl, and (BA),PbBr4 2D perovskite films by measuring the UPS and UV-
vis by using 2D film on ITO. (e) Schematic illustrations of this work and configuration of the n—i—p perovskite solar cell based on a 3D/2D heterojunction.

were fabricated using solution processing. While the iodide-
based pure 2D perovskite film exhibited a yellow color, sub-
stitution with Br changed the film color to transparent while
maintaining the coverage, as shown in Fig. 1c. To confirm this
optical change more clearly, the absorption spectrum was
examined. As Br was substituted, a blue shift in the bandgap,
similar to that observed in 3D perovskite, was noted (Fig. S1,
ESI+).**?7 These findings align with the predictions mentioned
earlier, and in the BA-based 2D perovskite system, Br substitu-
tion plays a crucial role in altering the energy level of the 2D
perovskite. Specifically, we conducted photoelectron spectro-
scopy (UPS) and Kelvin probe force microscopy (KPFM) to
examine the specific alterations in the CBM, VBM, and ¢
(Fig. S2, S3, ESL,T and Fig. 1d). The (BA),Pbl, film exhibited a
CBM of —3.26 eV and a VBM of —5.63 eV, consistent with
previous reports.** The observed ¢ was —4.94 eV, suggesting a
p-type nature.®® Upon substitution with Br, the VBM remains
similar at —5.66 eV, while the CBM becomes shallower, regis-
tering at —2.62 eV. This change suggests that the increased
bandgap due to Br substitution predominantly stems from the
shift in CBM.*®*” Furthermore, the ¢ of —5.16 eV, which is
approximately 220 meV deeper than that of (BA),Pbl,, high-
lights the potential for a more substantial internal electrical
field in 3D/2D junctions.?® We aimed to assess the impact on
solar cell performance and photovoltaic (PV) parameters when
using these energy-level designed pure 2D perovskite films as
an interlayer (Fig. 1e).
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Intact 3D/2D junction properties via 2D perovskites

To design and analyze the internal electrical field in PSCs with
a 3D/2D junction, one crucial fundamental prerequisite is
paramount: an intact 3D/2D junction between the two semi-
conductors without compositional interference. Consequently,
we designated FAPbI; as the 3D perovskite light-harvesting
layer, fabricated via spin-coating, and later investigated
whether (BA),PbBr, could form an intact 3D/2D bilayer equiva-
lent to that of (BA),Pbl,. To evaluate the formation of this intact
3D/2D bilayer, we used the SIG process.** According to this
process, we facilitated the solid-state growth of the 2D perovs-
kite on top of the 3D film. This was achieved by aligning pre-
deposited 2D and 3D films surface-to-surface, followed by the
application of appropriate heat and pressure. Henceforth, the
2D layer grown on the 3D perovskite surface via SIG will be
referred to as SIG-2D. For instance, 3D/SIG-I denotes a 3D/2D
bilayer where 2D (BA),Pbl, is on top of 3D FAPbI; without any
composition interference. For further details on the SIG pro-
cess, kindly refer to the Method section.

Since the growth of the 2D layer can lead to morphological
changes, we utilized a scanning electron microscope (SEM)
under different conditions. The 3D perovskite exhibits a com-
pact morphology with grain sizes averaging around 1 pm
(Fig. 2a). Conversely, when the SIG process was applied to
(BA),Pbl, and (BA),PbBr, films, the distinct grains typically
observed in 3D perovskites were not evident (Fig. 2b and c).

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Intact 3D/2D bilayer film characterization: (a)—(c) top-view SEM images of FAPbls, 3D/SIG-1 and 3D/SIG-Br. Scale bars, 1 um. (d) XRD patterns of

3D (FAPbI3), 3D/SIG-1 and 3D/SIG-Br. (e) and (f) ToF-SIMS elemental depth profiles of the perovskite films with different conditions based on the FTO/
SnO,/perovskite structure. Results from negative polarity mode of FAPbls sample and 3D/SIG-Br sample, respectively.

Indeed, the morphology appeared as though something had
been newly formed on top of the 3D perovskite. Crystallo-
graphic measurements were conducted to identify the specific
material that had grown on the surface of this 3D perovskite
(Fig. 2d). Under the conditions using (BA),Pbl, and (BA),PbBr,,
only new peaks emerging between 6° and 7° were noted, in
contrast to the 3D perovskite. These peaks correspond to the
(002) crystal plane of each respective 2D perovskite (Fig. S4 and
Table S1, ESIT). The measured XRD peak positions of pure 2D
perovskite align closely with previously reported data,***° and
the lattice parameters of the 3D perovskite have not changed
after forming SIG-I and SIG-Br layers (Table S2, ESIT). These
results indicate that the 2D perovskite can grow on the surface
and indicate that intact 3D/2D bilayers can be formed even
when 2D perovskite is substituted with Br. In fact, exceeding
the set temperature range of 60 degrees will result in the
formation of a quasi-2D perovskite with an n = 2 structure,
regardless of whether it involves (BA),Pbl, or (BA),PbBr,
(Fig. S5 and S6, ESIt).

Additionally, we suspected a diffusion phenomenon due to
the different halide distributions in 3D/SIG-I and 3D/SIG-Br
conditions. The 3D/SIG-I bilayer is composed of FAPbI; and
(BA),Pbl, films, and both thin films have a single halide, so
there is no difference in halide concentration. However, for 3D/
SIG-Br, a difference in halide concentration exists between
the 3D light-harvesting and 2D layers, suggesting a potential

This journal is © The Royal Society of Chemistry 2024

diffusion of Br into the perovskite bulk. To confirm this
hypothesis, we performed time-of-flight secondary ion mass
spectrometry (TOF-SIMS) measurements (Fig. 2f, g and Fig. S7,
ESIT). In the FTO/SnO,/3D-structured 3D perovskite film, any
PbBr,  signal was detected throughout the measurement per-
iod. For thin films under 3D/SIG-Br conditions, the PbBr,™
peak was observed only up to a sputter time of about
60 seconds, and no peak was detected thereafter, like the 3D
perovskite film. Depth-dependent X-ray photoelectron spectro-
scopy (XPS) measurements support the absence of Br diffusion
in the 3D/SIG-Br bilayer film (Fig. S8, ESIt). XPS analysis
showed a slight decrease in the iodide-to-lead ratio and an
increase in the bromide ratio at the surface of the 3D/SIG-Br
bilayer (Table S3, ESIf). Ideally, considering the penetration
depth, no iodide signals should be detected;*° however, due to
the decomposition of the perovskite under ultra-high vacuum
conditions, clear data were not obtained.**** To confirm the
absence of halide exchange between the SIG-2D and 3D layers,
we verified the peak of the (002) crystallographic plane in the
pure 2D perovskite with composition (BA),Pbl, ,Br, and SIG-
2D formed from it. These findings demonstrate that the posi-
tion of the (002) peak in the SIG-2D layer correlates directly with
the composition of the pure 2D perovskite, reaffirming that the
composition of SIG-Br is (BA),PbBr, (Fig. S9, ESIT). Even with
halide non-uniformity in this dimensional heterojunction, we
determined that a diffusion mechanism does not occur. This

Energy Environ. Sci., 2024,17, 6234-6244 | 6237
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suggests that 3D/SIG-Br and 3D/SIG-I maintain distinct compo-
sitions without interlayer interference, allowing them each to
be defined as semiconductors.

Defect and performance characterization of the 3D/SIG-2D
junction

The quality and behavior of photo-generated charges within the
intact 3D/2D halide bilayer were rigorously examined for 3D,
3D/SIG-I and 3D/SIG-Br films. Fig. 3a illustrates that, when
measured with an integrating sphere under conditions equiva-
lent to 1-sun illumination, the photoluminescence (PL) spec-
trum showed an increased PL intensity following the
introduction of the 2D layer. To provide a clearer perspective
on the quality of isolated and stacked perovskite films, we
converted the PL intensity to the absolute photoluminescence
quantum efficiency (PLQE) values.>** The isolated 3D perovs-
kite film exhibited a PLQE of 11.27%. Although the emission

Paper

wavelengths remained consistent at 830 nm after stacking 2D
perovskite layers, such as (BA),Pbl, and (BA),PbBr,, the PLQE
values for the bilayer films 3D/SIG-I and 3D/SIG-Br increased
to 16.65% and 18.54%, respectively. Similar findings were
observed in the transient properties obtained from time-
resolved photoluminescence (TRPL) measurements (Fig. 3b).
The stacked perovskite films displayed reduced non-radiative
defects, evidenced by their extended carrier lifetimes compared
to the isolated perovskite film. Notably, the mono-exponential
decays in the tail region showed similar slopes for 3D/SIG-2D
bilayer films. Although the interpretation of these slopes varies
based on the architecture of isolated and stacked films, the tail
lifetime of 3D/SIG-I and 3D/SIG-Br films were notably close, at
3937 and 3990 ns, respectively (Table S4, ESIt). These mono-
exponential decay lifetimes allow for estimation of the open-
circuit voltage (Voc) of PSCs.*®*” For the 3D/SIG-2D junction,
the estimated Voc was calculated to be approximately 1.20 V,

a b c
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Fig. 3 Reduction of non-radiative defects and PV performance of the devices: (a) steady-state PL spectra and (b) TCSPC decays of the 3D, 3D/SIG-| and
3D/SIG-Br films. (c) Calculated QFLS due to nonradiative recombination. (d) Distribution of Jsc, Voc, FF and PCE of all devices. Data are shown for 8
devices of each type made from the same perovskite precursor. () J-V curves of champion PSCs with 3D, 3D/SIG-I, and 3D/SIG-Br. ‘fwd." and ‘rev.’

indicate forward and reverse bias scanning directions, respectively. (f) EQE

spectra of the 3D, 3D/SIG-I, and 3D/SIG-Br devices with an integrated Jsc of

25.97, 26.05, and 26.08 mA cm™2, respectively. All devices were fabricated using a structure consisting of FTO/SnQ,/3D/(SIG-2D)/Spiro-OMeTAD/Au.
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compared to 1.10 V for 3D film. These findings, obtained from
PLQE and TRPL, suggest that the incorporation of 2D layers
leads to a reduction of non-radiative defects,”®*® while the
quality of the interface between the 3D and SIG-2D perovskite
layers shows no significant difference irrespective of whether it
is SIG-I or SIG-Br. The introduction of the SIG-2D layer resulted
in consistent trends in Urbach energy (Fig. S10, ESIT). These
findings regarding non-radiative recombination and defect
density indicate that the incorporation of a 2D layer on top of
the 3D perovskite improves the quality of the light-harvesting
layer, but it does not show a significant difference between SIG-
I and SIG-Br.

In addition to bulk defects, the interface with the hole-
transporting layer can be a significant source of performance
degradation.” To evaluate the quality of these interfaces, quasi-
Fermi-level splittings (QFLSs) of neat perovskite films (structure:
glass/3D/(SIG-2D)) and films stacked with a hole-transporting layer
(HTL) (structure: glass/3D/(SIG-2D)/Spiro-OMeTAD) were analyzed
(where Spiro-OMeTAD is 2,2/,7,7’-tetrakis(N,N-di-4-methoxyphenyl-
amine)-9,9’-spirobifluorene) (Fig. 3c). For the neat perovskite (struc-
ture: glass/3D/(SIG-2D)), QFLS was calculated to be 1.187, 1.196,
and 1.199 eV for 3D, 3D/SIG-], and 3D/SIG-Br, respectively. The
inclusion of the HTL in the 3D film reduced the QFLS to 1.124 €V.
For SIG-I and SIG-Br, it is important to note that the QFLSs not only
decrease slightly to 1.185 eV and 1.189 eV, respectively, but also
that the difference in QFLS between the two types of 2D material is
a mere 4 meV. These analyses of HTL interface formation demon-
strate that there is no significant difference between SIG-I and SIG-
Br based on this interface characteristic.

To determine whether this defect analysis trend persists in
PSCs with a 3D/SIG-2D junction, we fabricated a solar cell with
a standard structure using SnO, and Spiro-OMeTAD as the
electron-transporting layer and hole-transporting layer, respec-
tively. The current density-voltage ( /-V) curve was monitored
under ambient room-temperature conditions. This was done to
analyze the effects of different junction designs on each PV
parameter. Fig. 3d presents the statistical distributions of
short-circuit current density ( Jsc), Voc, fill factor (FF), and
PCE, all derived from the J-V curve. For Jsc, a similar distribu-
tion was observed regardless of the type of SIG-2D layer.
Enhancements in Voc and FF were observed to vary due to
the differing compositions of the SIG-2D layers. The device
equipped with 3D/SIG-I exhibited a Vo of 1.14 V, which is
higher than the 1.07 V observed in the control group (3D).
Notably, when SIG-I was replaced with SIG-Br, there was a
further increase in Voc to an impressive 1.18 V. FF showed
improvement as well, increasing to 82% for devices with 3D/
SIG-I and further improving to 83% for those with 3D/SIG-Br,
compared to the baseline 80% observed in the 3D control
group. Consequently, with the incorporation of an SIG-I layer,
there was an enhancement in the champion j-V PCE from 22%
(as seen in the control) to 24%. Remarkably, with the insertion
of the SIG-Br layer, an efficiency exceeding 25% was measured
(Fig. 3e and Table 1). To validate this efficiency, we assessed the
steady-state current at the maximum power point for the 3D/
SIG-Br PSC and observed a stabilized power output exceeding

This journal is © The Royal Society of Chemistry 2024
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Table 1 PV parameters of the 3D, 3D/SIG-I, and 3D/SIG-Br devices. S.D.
indicates scan direction

Jse Voc FF PCE  R-F average

Devices SD. (mAcm ) (V) (%) (%)  PCE (%)
3D fwd. 25.97 1.063 80.39 22.18 22.30

rev. 25.97 1.062 81.33 22.43
3D/SIG-1 fwd. 26.04 1.145 81.92 24.42 24.52

rev. 26.06 1.150 82.11 24.61
3D/SIG-Br fwd. 26.11 1.181 82.78 25.53 25.47

rev. 26.05 1.181 82.67 25.42

25% (Fig. S11, ESIf). As shown in Fig. 3f, external quantum
efficiency (EQE) was studied to verify the measured Jsc, indicat-
ing that they all showed similar values regardless of the SIG-2D
layer (control: 25.97 mA cm ™ ?; 3D/SIG-I: 26.05 mA cm ™ %; 3D/
SIG-Br: 26.08 mA cm ™). We reiterate that the notable efficiency
improvements over 25% are not attributable to defect
reduction.

Built-in potential analysis at 3D/SIG-2D junction

What is clear, however, is the greater observed reduction in
non-radiative recombination within the 3D/SIG-Br device than
within the SIG-I device, which can again be proven by the
improvements in electroluminescence quantum efficiency
(ELQE) (Fig. 4a)."” The ELQE value, when the current density
was injected into a device as much as Jsc under standard test
conditions of solar cells, directly correlates with the V¢ of the
solar cell. These ELQE values were derived to be 0.14, 3.62, and
9.63% for the 3D, 3D/SIG-I, and 3D/SIG-Br devices, respectively.
We therefore hypothesized that the observed difference
between SIG-I and SIG-Br is attributable to variations related
to Vpi, rather than to defects. A notable distinction upon
introducing SIG-2D is the alteration in V;;, as deduced from
the reliable Mott-Schottky plot conducted for each of the PSCs
(Fig. 4b).>° The 3D device exhibited a V;,; of 1.081 V, whereas the
introduction of the SIG-I and SIG-Br layers increased the V; to
1.150 V and 1.207 V, respectively. This increase in Vj,; was
similarly seen in devices without HTL (Fig. S12, ESIt). In the
context of the 3D/SIG-2D junction, where each layer is postu-
lated to function as a distinct semiconductor, this shift in Vy;
can be attributed to the ¢ to each 2D layer. At the same time, we
can map the spatial distributions of defect densities in our
devices using Mott-Schottky plots (Fig. 4c). We observed no
significant differences in the defect densities (N) at interfaces near
the ETL in our devices (3D device: 3.52 x 10" cm 7, 3D/SIG-
device: 3.55 x 10'® ecm™?, 3D/SIG-Br device: 3.55 x 10'® cm 7).
Conversely, the introduction of SIG-2D was found to decrease N at
the HTL interface (3D device: 1.92 x 10'® em ™, 3D/SIG-I device:
1.24 x 10" em ™, 3D/SIG-Br device: 1.03 x 10" cm™>). Reducing
the defects will certainly improve Voc and FF; however, the
enhancements observed in Voc and FF were greater than
expected.”

The energy levels including local electrical field and dis-
continuity in the band structure within a device significantly
influence its efficiency and stability.”>** As such, we have
observed changes in the internal energy levels according to
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determined based on the AE,,. identified through UPS measurement.

the introduction of an SIG-Br layer. For this purpose, the energy
level of the 3D thin film was initially characterized. The ¢ of 3D
FAPDI; was determined as 4.82 eV, aligned with previous
findings (Fig. $13, ESI{).>*> Prior to forming the 3D/SIG-2D
junction, it was found that the ¢ values of (BA),Pbl, and
(BA),PbBr, are deeper by 0.12 eV and 0.34 eV, respectively, than
that of 3D perovskite. The change in the ¢ after forming the 3D/
SIG-2D junction provides insights into the local electrical field
generated at these junctions. We have additionally observed
these changes using UPS and KPFM (Fig. S14 and S15, ESIY).
For the 3D/SIG-I junction, the work function increased by
0.12 eV compared to the standalone 3D perovskite. Substituting
SIG-Br for SIG-I resulted in a further deepening in the work
function by 40 meV. These results indicate that replacing the
SIG-2D layer with SIG-Br leads to a larger shift in the vacuum
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level. Although these energy levels do not exactly match those of
the original 2D perovskite film, we believe that the local
electrical field induced by this vacuum level shift can be
attributed to the inherent differences in the energy levels of
the initial 2D perovskite. Furthermore, we investigated the
aligned VBM values after achieving equilibrium in 3D and
SIG-2D perovskite heterojunctions, meaning after Fermi-level
alignment (Table S5, ESIf). Aligned VBMs were found to be
—5.43 eV for the SIG-I layer and —5.31 eV for the SIG-Br layer.
These levels are slightly shallower than the —5.53 eV of the 3D
perovskite, which is not expected to negatively impact charge
transport in a photovoltaic device.

Since it was confirmed that the 3D and SIG-2D layers are
compositionally independent and each is a p-type semiconduc-
tor, the 3D/SIG-2D bilayer forms a p-p isotype heterojunction,
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which induces a positive V;,; according to Anderson’s rule.
Although using 2D with deep ¢ achieved through Br substitu-
tion always enhances the internal electric field, understanding
the V;,; formation process in p-p isotype heterojunctions is
essential for optimizing their utilization. In the p-p isotype
heterojunction, the V}; formation process can be categorized
into two phases, depending on whether the thickness of 2D
exceeds the depletion width (critical thickness) or not, as
illustrated in Fig. S16 (ESIT): (i) a fully depleted 2D region when
the thickness of 2D is under the depletion width and (ii) a
partially depleted 2D region when thickness of the 2D layer is
thicker than the depletion width. In a fully depleted 2D region,
as the thickness of the SIG-2D layer progressively increases on
top of the 3D layer, the V},; correspondingly increases. The 2D
induced V;,; increases until the thickness reaches the ‘critical
thickness’, where V},; matches the difference between the ¢ of
the two semiconductors (Vy; = ¢3p — ¢»p). However, surpassing
this critical thickness leads to a partially depleted junction,
where V},; remains unchanged regardless of any further increase
in thickness. In this region, any excess SIG-2D that does not
contribute to Vj; can introduce resistance due to the low
conductivity of the 2D layer. In practice, the W, of the SIG-
Br layer formed under each condition according to SIG process
temperature (30, 45, and 60 degrees celsius) was verified (Fig.
S17, ESIt). The maximum thickness of the SIG-Br layer was
40.1 nm at 60 degrees celsius. Above this temperature, quasi-2D
perovskite forms instead of the desired pure 2D perovskite,
deviating from the intended 3D/pure 2D structure design
(Fig. S6, ESIt). As the thickness of the 2D layer increases from
26.5 nm to 40.1 nm, the Voc and FF of the solar cell also
increase, resulting in a PCE of over 25% (Fig. S18, ESIt). In
addition to the increase in Vyg, the enhancement in Vi
observed with increasing thickness of W,p suggests that the
SIG-Br layer has not exceeded its critical thickness (Fig. S19,
ESIT). These results indicate that if SIG-Br layers thicker than
40.1 nm can be produced, solar cells might achieve perfor-
mance levels surpassing the current 25.47%. Unfortunately, the
only feasible method to achieve additional W,y in the SIG-Br
layer is to enhance the repeatability of the process, since
increasing the process temperature is not an option. The solar
cells produced through this iteration of the process exhibited a
slight improvement in V},;; however, an overall enhancement in
performance was not realized due to a reduction in FF (Fig. S20
and S21, ESIY).

Even when the characteristics of both semiconductors in the
isotype heterojunction are defined, such as a p-p junction,
discussing and quantifying their properties as in an anisotype
junction is not straightforward.>® One approach to interpreting
such isotype heterojunctions involves utilizing the continuity of
electric displacement.®” By utilizing this continuity and quan-
tifying the concentration of each heterogeneous material along
with the formed Vy;, it is possible to derive information about
the distribution of V;; at the junction (Note S1, ESI{). As shown
in Fig. 4d, the V},; across the 3D region (Vsp) and Vj,; formed in
the 2D region (V,p) were calculated according to the 2D
concentration (N,p). When N, is 10™ em ™, 95% of Vi is
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applied across the 2D region. However, as the concentration of
N,p continuously increases, there is a corresponding decrease
in V,p. Once N,p reaches the point 10* ecm ™3, all of V}; exists
within the 3D region. Importantly, the total V},; remains con-
stant throughout this process. These results suggest that,
although the structural designs of the 3D/SIG-I and 3D/SIG-Br
junctions are the same, being p-p isotype heterojunctions, the
specific internal electric fields designed within the devices may
have distinct electric field structures. To apply this interpreta-
tion, it is necessary to define the concentration of the 2D layer.
Therefore, we have derived the N,y from the results of UPS
(Note S2, ESIt). Nop of (BA),Pbl, and (BA),PbBr, were deter-
mined to be 8.36 x 10'® em > and 1.45 x 10 ecm ™3, respec-
tively. For the 3D/SIG-I junction, V,p, was calculated to be
0.108 eV, indicating that 89.66% of the total V},; (0.12 eV) was
formed in the SIG-2D region (Fig. 4e). These 2D-potential-
dominated junctions are consistent with our previous predic-
tions. In contrast, for the 3D/SIG-Br junction, it transitions to a
3D-potential-dominated junction, with 79.23% of the total V};
(0.16 eV) occurring within the 3D perovskite region (Fig. 4f).
These changes clearly indicate a shift in the energy profiling
within the 3D/SIG-2D junction. These results imply that 2D
perovskites with a deep ¢ can increase V,;, which can positively
affect effective charge extraction and enhance charge transport
under short-circuit conditions.’®° Additionally, the N,p, of the
2D perovskite can alter the distribution of V;,; within the
device.””

To compare and analyze the effects between the 3D/SIG-I
and 3D/SIG-Br junctions, we consolidated and plotted informa-
tion related to Voc in Fig. 4g. The photovoltaic bandgap (Eg")
for each condition was calculated to be 1.535 eV using the EQE
spectrum (Fig. S22, ESI).®® Since no variations in the external
quantum efficiency (EQE) were observed based on the variable,
neither the open-circuit voltage in the Shockley-Queisser limit
(Voc.sq) at 1.263 eV nor in the radiative limit (Vocraq) at
1.243 eV exhibited any changes. The Vo anticipated from the
lifetime observed in the above TRPL (Pre. Vo), exhibits a
consistent value of 1.2 V with the insertion of SIG-2D. However,
unlike the behavior of Pre. V¢, we confirmed that the varia-
tions in the actually measured Voc (Mea. Vo) align more
closely with the changes in the built-in potential. This suggests
that the efficiency realized with SIG-Br is not solely attributable
to defect minimization. The 33 mV increase in Vo, observed
when compared to SIG-], is derived from the 40 meV difference
in ¢ between SIG-I and SIG-Br layers. Although a thicker SIG-2D
layer—compared to those typically obtained through solution
processes—can enhance the internal electric field, it may also
impede the transport of photoexcited charges. To quantitatively
analyze the transport loss, we monitored the j-V curve at
various light intensities and calculated the pseudo-FF (pFF)
from the pseudo-JV curve, where charge transport loss is dis-
regarded (Fig. 4h and Fig. S23, ESIt). The incorporation of thick
SIG-I and SIG-Br layers did not lead to additional transport loss,
a phenomenon evidenced by the disparity between pFF and the
measured FF (Mea. FF). This can likely be attributed to trans-
port acceleration induced by the local electric field effect.
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Stability test according to 3D/SIG-2D junction

Fig. 5a displays the storage stability of the encapsulated PV device
with 3D/SIG-Br, which exhibits an initial efficiency of 25%. During
this period, samples were sent to the Solar Energy Research
Institute of Singapore (SERIS) for cross-verification of the device
performance, confirming the certified efficiency of 25.4% (Fig. S24,
ESIT). Upon the sample’s return, periodic measurements were
conducted, with 97% of the initial efficiency retained after
456 hours (Fig. S25 and Table S6, ESIt). The photostability of the
encapsulated devices was assessed under continuous illumination
(Fig. 5b). Using maximum power point tracking (MPPT), the 3D
device retained 88% of its stabilized efficiency (PCE = 22.09%) after
256 hours. More specifically, when evaluating the device stability, a
stabilized time to 90% (Tse0) of 118 hours was obtained for the 3D
device. The introduction of SIG-Br was found to enhance stability
under MPPT conditions, maintaining 89% of the stabilized effi-
ciency (PCE = 25.29%) after 770 hours. This improvement in
operational stability is speculated to result from enhancements
in the internal field design and energy levels.”” In addition to
storage stability and operational stability, monitoring the stability
of solar cells at 85 degrees Celsius is another crucial evaluation
indicator (Fig. 5¢). Unfortunately, Spiro-OMeTAD, a component of
our device, is a significant factor that impedes the evaluation of
thermal stability. Therefore, to monitor the thermal stability of
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3D/SIG-2D, we replaced the HTL with Li-free poly(triarylamine)
(PTAA). After 12 hours, the efficiency of the 3D/SIG-I devices
improved to an average of 21%, and the 3D/SIG-Br devices reached
22%, in contrast to the 16% efficiency observed in the control
device. The 3D device maintained 83% of its steady-state efficiency
after 200 hours, whereas the 3D/SIG-2D devices demonstrated
efficiency retentions of 91% and 92%, respectively, over the same
period (Fig. S26, ESIt). The efficiency reduction issue may be
attributed to junction breakdown and changes in the light absorp-
tion layer caused by deprotonation.’’ When analyzing the PV
parameters of the highest efficiency cell in each condition over
time, we observed a decline in Vo¢ and FF (Table S7, ESIT). These
results indicate that the formation of intact 3D/SIG-2D junctions
contributes not only to efficiency improvements but also to
enhanced thermal stability. Although the difference is modest, of
approximately 1%, our analysis of the 2D materials itself reveals an
improvement in thermal durability for (BA),PbBr, compared to
(BA),Pbl, (Fig. S26, ESIT). This result is predicted to have affected
the thermal stability of the devices we derived.

Conclusions

Here, in the design of 3D/2D junctions, we demonstrate that
deeper work function levels in the 2D layer enhances the
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internal built-in potential, as evidenced by comparing intact
3D/SIG-I and 3D/SIG-Br bilayers. Stacking (BA),PbBr, onto a 3D
perovskite layer, we achieved a 3D/SIG-Br bilayer with an
enhanced built-in potential, yielding a maximum PCE of
25.47% (certified at 25.37%). Although not as optimized as
(BA),PbBr,, we have observed that 2D perovskites made from
4-fluoro-phenethylammonium lead iodide, which exhibit dee-
per work functions, can also achieve improved open-circuit
voltages to 1.182 V of V¢ (Fig. S28, ESIt). Devices with these
3D/SIG-Br junctions maintain operational stability for 700
hours despite an unbalanced halide distribution, and their
thermal stability has been verified for 200 hours at 85 degrees
Celsius. Our findings extend beyond mere defect control
through 2D formation; they uncover additional design factors,
such as work function and internal field distribution, and
provide guidance for more effective 3D/2D device design.
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