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ABSTRACT:   Effective  interfacial  passivation  is  essential  for  achieving  high-performance  perovskite 
photovoltaics. 2D/3D heterostructures are a widely adopted strategy for defect passivation and band alignment 
regulation. Despite recent progress, achieving favorable interfacial energetics and comprehensively suppressing 
nonradiative  recombination  at  both  surfaces  and  grain  boundaries  continues  to  be  an  active  area  of 
investigation.  We introduce  a  co-assembled  2D architecture  in  which  long-chain  ligands  are  complemented  by  a  minority 
component of short-chain ligands to form a mixed-ligand passivation layer. Such a co-assembled structure promotes preferentially 
phase-pure, n = 2, 2D layer formation, resulting in an energetically favorable band alignment that enhances charge extraction. In  
addition, this co-assembly facilitates effective passivation of interfacial defects at both surfaces and grain boundaries, leading to  
suppressed nonradiative recombination. As a consequence, these interfacial improvements increase carrier lifetimes and enhance the 
fill factor and open-circuit voltage of the device, yielding a higher power-conversion efficiency.

INTRODUCTION
Metal halide perovskite solar cells (PSCs) have emerged as one of 
the  most  promising  next-generation  photovoltaic  technologies, 
offering  outstanding  power-conversion  efficiencies  (PCEs), 
tunable  optoelectronic  properties,  and  low-temperature  solution 
processability.1-4 In  recent  years,  interfacial  passivation, 
particularly via 2D/3D heterostructures (where, in this work, the 
term “2D” is used as a unified designation for layer perovskites, 
including both 2D and quasi-2D perovskite), has become a widely 
adopted approach to further enhance device performance, given 
their capability to suppress surface defects, block ion migration, 
and tune interfacial  energetics.5-10 However,  in  the  conventional 
long-chain 2D treatments,  the resulting 2D layers often contain 
impure 2D phases due to rapid and uncontrolled nucleation.11,12 

Such phase disorder induces unfavorable band alignment at  the 
perovskite interface,  impeding charge extraction and transport.13 

Furthermore, with conventional long-chain 2D treatments, surface 
defects are preferentially passivated while grain-boundary defects 
remain largely untreated.14 These unpassivated grain boundaries 
act  as  nonradiative  recombination  centers  and  ion  migration 
pathways,  accelerating  charge  losses  and  long-term 
degradation.15,16

  Several molecular approaches have been reported as passivation 
for  grain  boundaries,  including  the  use  of  cross-linkable 
monomers,17 phosphonate  diacid,18 ammonium  formate,19 along 
with other molecular passivation agents.20-22 Meanwhile, efforts to 
modulate band alignment have also been reported through solvent 
engineering,7,23 organic  ligand  modification,24,25 and  process 
engineering.26,27 Although  these  strategies  have  enabled  notable 
improvements,  they  typically  address  either  band  alignment  or 
grain-boundary  passivation,  rather  than  integrating  both  effects 
simultaneously.  Consequently,  achieving  phase-pure  2D  layers 
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with  favorable  band  alignment  while  concurrently  passivating 
grain boundaries remains an ongoing challenge. 
  We propose a co-assembled mixed-ligand strategy to construct a 
high-quality 2D interfacial layer. This approach is distinct from 
previous studies that have typically employed 1:1 mixed-ligand 
formulations,  a  stoichiometry  that  often  suffers  from  intrinsic 
limitations  such  as  structurally  impure  2D phase  formation  or 
electronically  unfavorable  interfacial  energetics,  both  of  which 
limit efficient carrier extraction and do not necessarily lead to an 
improved  device  PCE  relative  to  conventional  long-chain  2D 
treatments.28,29  We find that introducing only a minor amount of 
short-chain  2D  additives  into  a  long-chain  ligand  solution  is 
sufficient to promote the preferential growth of phase-pure, n = 2, 
2D  layers.  The  resulting  2D  layer  provides  an  energetically 
favorable  band  alignment  that  facilitates  more  efficient  charge 
extraction.  Moreover,  the  short-chain  additives  promote  deeper 
penetration  of  the  long-chain  ligands,  leading  to  effective 
interfacial passivation of defects at both grain boundaries and the 
surface. As a result, the nip devices incorporating this treatment 
demonstrated notable enhancements in PCE, with the champion 
device reaching 25.7%.

RESULTS AND DISCUSSION
  Challenges in Conventional Long-Chain 2D Treatments.  In 
conventional  long-chain  2D  treatments,  layered  Ruddlesden–
Popper (RP)  2D  perovskites  are  formed  on  the  3D  perovskite 
surface,  following  the  general  composition 
L2An-1PbnX3n+1. In  this  RP  structure,  L  is  a  bulky 
organic  spacer  cation  (e.g.,  octylammonium  (OA )  or⁺  
hexylammonium (HA )) that separates the PbX  octahedral slabs,⁺ ₆  
while  the  A-site  cation  (e.g.,  methylammonium  (MA ),⁺  
formamidinium  (FA ),  or  Cs )  and  halide  anions  ⁺ ⁺ X−¿¿reside 
within  the  inorganic  octahedral  framework. Each  value  of  n 
corresponds to  a  specific 2D phase with distinct  structural  and 
electronic characteristics.30,31 In practice, such RP-type 2D layers 
are  commonly  generated  on  the  surface  of  a  pre-formed  3D 
perovskite by applying a single ammonium ligand, which reacts 
with surface species to form a thin 2D overlayer that passivates 
surface defects, as illustrated in  Figure 1a.32,33 Compared to bare 
3D devices,  conventional  long-chain  2D-treated  devices  exhibit 
improved device performance, as shown in Figure S1.
   However,  despite  widespread  use, two  inherent  challenges 
emerge  from  conventional  long-chain  2D treatments. First, 
forming  a  phase-pure  2D  layer  is  intrinsically  difficult  under 
conventional conditions. As shown in the in-situ grazing incident 
wide-angle X-ray scattering (GIWAXS) graph in  Figure 1b, the 
growth of 2D perovskite typically follows a sequential pathway in 
which the n = 1, intermediate 2D phase, appears first and only 
partially  converts  into  n=2,  2D  phase,  yielding  an  impure  2D 
phase. The resulting impure 2D interlayer, as shown in Figure 1c, 
leads to unfavorable interfacial  energy levels hindering efficient 
carrier extraction.34 Second, the organic ligands introduced in this 
treatment  primarily  accumulate  at  the  perovskite  surface,  with 
minimal penetration into the bulk.14 As a result, only surface traps 
are  effectively  suppressed, while  defects in  grain  boundaries 
receive only limited passivation. 
   To address these challenges, we introduce a mixed-ligand 2D 
treatment  in  which  long-chain  ligands  are  supplemented  with 
short-chain additives. In this mixed-ligand system, the short-chain 
additives  modulate  the  interfacial  assembly,  enabling the  long-
chain ligands to form a preferentially phase-pure n = 2 2D layer. 
In  addition,  the  short-chain  components  facilitate  deeper 
penetration  of  the  long-chain  ligands  into  the  grain-boundary, 

extending effective passivation from the surface into the bulk 3D 
perovskite.

  Preferential  Formation  of  Phase-Pure  2D  layers.   The 
mixed-ligand  treatment  process  is  schematically 
illustrated in Figure 1a. The evolution of the 2D phase under 
mixed-ligand treatment (a mixture of long-chain OA  and⁺  minor 
short-chain  butylammonium  (BA ))⁺  was  probed  by  in-situ 
GIWAXS, as shown in  Figure 1d. After annealing, the  mixed-
ligand treatment resulted in the rapid crystallization of a dominant 
n = 2 phase, while the n = 1 phase was barely detectable.  This 
phase evolution ultimately leads to the formation of a 
phase-pure n = 2 structure, as evidenced by the ex-situ 
GIWAXS detector image shown in  Figure 1e. To further 
compare  the  time-dependent  2D phase  profile,  we  overlaid  the 
time-dependent  2D  patterns  obtained  from  the  mixed-ligand 
treatment  with  those  from  the  conventional  long-chain  2D 
treatment  (Figure  2a).  Unlike  the  sequential  n  =  1  →  n  =  2 
transition observed for the conventional process, the mixed-ligand 
system shows an immediate dominance of the n = 2 phase. These 
results demonstrate that the mixed-ligand conditions promote the 
preferential  growth  of  the  n  =  2  phase  while  simultaneously 
suppressing the formation of the n = 1 phase. Such preferential 
formation of 2D phases is beneficial for 2D phase stability, as a 
preferentially  stabilized  2D  phase  reduces  deleterious  phase 
evolution.7

  We  further  examined  the  role  of  different  ligands  in  the 
formation  of  2D  phases  using  X-ray  diffraction  (XRD)  and 
GIWAXS analyses. First, XRD and GIWAXS consistently show 
that mixed-ligand films exhibit diffraction features associated with 
the long-chain spacer and differ markedly from the short-chain-
only control films (Figures S2, S3, and  1e). These observations 
indicate  that  the  resulting  2D architecture  is  dominated by the 
long-chain  spacer.  Next,  we  examined  the  contribution  of  the 
short-chain  ligand  to  mixed-ligand  2D formation  by  analyzing 
concentration-dependent XRD patterns. As shown in Figure S4a, 
increasing the short-chain fraction leads to a systematic shift of 
the  n  =  2  diffraction  peak  to  higher  2θ,  accompanied  by  an 
increase  in  the  integrated  peak  area,  reflecting  a  progressive 
decrease in layer spacing and enhanced incorporation of the short-
chain ligand into the 2D lattice. Notably, as shown in Figure S4b, 
a short-chain fraction as low as 1/8 is sufficient to yield a phase-
pure n = 2 structure, with phase purity maintained for short-chain 
fractions between 1/8 and 1/4. In contrast, further increasing the 
short-chain content (≥1/2) leads to the appearance of additional 
2D diffraction peaks. Overall, these results show that the short-
chain ligand is incorporated into the 2D structure and promotes 
phase-pure, n = 2, 2D formation at optimized incorporation levels, 
while  the  long-chain  spacer  remains  the  dominant  structural 
component.
  To examine the generality of the mixed-ligand strategy, the long-
chain spacer OA⁺ was paired with a range of short-chain ligands, 
including MA , ethylammonium (EA ), propylammonium (PA ),⁺ ⁺ ⁺  
and BA . In all  cases,  the mixed-ligand treatments consistently⁺  
yield  phase-pure,  n  =  2,  2D  phases,  as  evidenced  by  the 
corresponding XRD (Figure 2b).  Moreover,  this strategy is not 
limited  to  a  specific  halide  composition.  When  a  short-chain 
iodide ligand (BAI) or chloride ligand (PACl) was introduced into 
the  OA-based  system,  a  similarly  phase-pure  2D  phase  was 
obtained, as shown in Figure S5. By comparison, substituting the 
short-chain additive with a longer spacer (HA ) results in impure⁺  
2D phase formation (Figure S6). Together, these results indicate 
that  supplementing  long-chain  ligands  with  appropriate  short-
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chain  additives  robustly  suppresses  the  formation  of  undesired 
phases, enabling phase-pure 2D formation across a broad range of 
ligand and halide compositions. This effect can be ascribed to the 
balance  of  van  der  Waals  interactions  between stacked  organic 
spacer  layers.  Long-chain  spacer  cations  tend  to  favor  the 
formation  of  n  =  1  2D phases  due  to  stronger  van  der  Waals 
interactions  arising  from  enhanced  packing  between  extended 
alkyl  chains,  whereas  the  incorporation  of  short-chain  ligands 
reduces  the  overall  van  der  Waals  interaction  strength,  thereby 
disfavoring n = 1 phase formation.35 As a result, a mixed-ligand 
system  incorporating  a  minor  fraction  of  a  short-chain  ligand 
promotes the formation of a phase-pure, n = 2, 2D structure.
  Interfacial Passivation and Characterization.  Time-
of-flight  secondary  ion  mass  spectrometry  (ToF-SIMS) 
depth profiling was employed to examine the spatial ion 
distribution in conventionally treated and mixed-ligand-
treated films.  Hereafter,  the mixed-ligand-treated films 
and  devices  are  referred  to  as  ‘target’,  while  the 
conventionally  treated counterparts  are referred to as 
‘control’. As shown in  Figure 3a, in the control sample, 
the long-chain cations (OA⁺) are primarily confined to the 
near-surface  region,  with  their  signal  intensity  rapidly 
decaying into the bulk  3D perovskite.  The target  film, 
however, exhibits a markedly different depth distribution 
of the 2D ligand cations, as shown in  Figure 3b. When 
co-introduced  with  BA⁺,  the  long-chain  cations  (OA⁺) 
extend  beyond  the  near-surface  region,  exhibiting 
significantly  enhanced  penetration  into  the  bulk  3D 
perovskite. These observations suggest that the mixed-
ligand environment promotes the incorporation of long-
chain  ligands  into  the  bulk  3D  perovskite,  with 
localization at grain boundaries favored by their bulky 
nature. A plausible explanation for this behavior is that, 
when  co-introduced  with  BA⁺,  the  shorter-chain  BA⁺ 
molecules  can  more  readily  penetrate  into  grain 
boundaries,  as  commonly  reported  for  short-chain 
spacer  cations.36 The  incorporation  of  BA⁺  at  grain 
boundaries  is  expected to locally  modify  the chemical 
environment,  rendering  it  less  hydrophilic  and  more 
alkyl-rich.37,38 Such a  change in  interfacial  environment 
may lower the energetic barrier for the incorporation of 
long-chain OA⁺ cations, facilitating their penetration into 
grain  boundaries  where  they  can  cooperatively 
contribute to defect passivation.
  The influence of short-chain ligand concentration on 
OA⁺ penetration was examined by systematically varying 
the BABr amount. As illustrated in  Figure S7, changing 
the  BABr  concentration  over  the  investigated  range 
(BABr/OABr = 1/8 to 1/2) does not lead to pronounced 
changes  in  the  OA⁺  penetration  profile.  However,  it  is 
noteworthy  that  the  introduction  of  only  a  minor 
amount of BABr (BABr/OABr = 1/8) is sufficient to alter 
the depth distribution of OA⁺ within the film significantly. 
This  behavior  indicates  that  the  presence  of  a  small 
fraction of short-chain ligands is sufficient to enable OA⁺ 
penetration to the grain boundaries of the 3D perovskite 
film,  which  is  expected  to  facilitate  grain-boundary 
passivation  along  with  the  short-chain  ligands.  To 

further  examine  the  relationship  between  ligand 
penetration  and  defect  passivation,  time-resolved 
photoluminescence  (TRPL)  measurements  were 
conducted.  As  shown  in  Figure  3c,  the  target  films 
exhibit  a  pronounced enhancement in carrier  lifetime, 
increasing  by  approximately  65%  from  5.4  µs  for  the 
control  to  8.9  µs  for  the  target.  Such  a  substantial 
increase  indicates  more  effective  suppression  of 
nonradiative  recombination  pathways  associated  with 
interfacial  and  grain-boundary  defects.  This 
improvement  is  consistent  with  enhanced  grain-
boundary  passivation  enabled  by  the  altered  depth 
distribution and penetration of long-chain ligands under 
mixed-ligand  conditions,  as  revealed  by  the  ToF-SIMS 
analysis.   
  Surface  and  cross-sectional  scanning  electron 
microscopy  (SEM)  were  conducted  to  examine  the 
surface morphology and structural characteristics of the 
films. As shown in Figure S8, the bare 3D film contains 
some excess PbI₂ crystallites on the surface, which serve 
as a precursor for subsequent 2D perovskite formation.7 

In  contrast,  the  control  and  target  films  both  exhibit 
comparable grain sizes and compact, nearly pinhole-free 
morphologies,  indicative  of  good film quality,  with  no 
obvious  morphological  differences  observed  between 
the two samples. To further examine the layer structure, 
cross-sectional  SEM  measurements  were  performed 
using  films  prepared  with  an  increased  2D  ligand 
concentration,  allowing  the  2D  overlayer  to  be  more 
readily resolved (Figure S9). Both the control and target 
samples  exhibit  comparable  3D  perovskite  and  2D 
overlayer thicknesses, as well as well-defined interfaces 
throughout  the  device  stack,  with  no  apparent 
differences  in  the  overall  structural  features. These 
observations  suggest  that  the  differences  in  ligand 
distribution  and  passivation  behavior  between  the 
control and target samples cannot simply be attributed 
to observable morphological or structural differences.
  Ultraviolet photoelectron spectroscopy (UPS) was used 
to  probe  the  interfacial  energetics  between  the  3D 
perovskite  and  the  HTL,  Spiro-MeOTAD.  The 
corresponding energy-level diagram is shown in Figure 
3d and is  based on the UPS measurements in  Figure 
S10. The energy levels of the 3D perovskite, control, and 
target were determined from our UPS measurements, 
whereas the energy level of the HTL (Spiro-MeOTAD) was 
assigned  based  on  the  literature.39,40 In  the  control 
samples, a type I band alignment is observed at the 3D 
perovskite/HTL interface, which can be attributed to the 
coexistence of n = 1 and n = 2, impure 2D phases, at the 
interface.  This  type I  band alignment  gives  rise  to  an 
interfacial  valence-band  offset  that  impedes  hole 
transfer,  leading  to  increased  series  resistance  in  the 
devices.  In  contrast,  a  type  II  band  alignment  is 
observed  at  the  3D  perovskite/HTL  interface  in  the 
target films, which can be attributed to the formation of 
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a phase-pure, n = 2, 2D interlayer. This favorable type II 
band alignment establishes an energetic cascade across 
the interface, facilitating efficient hole transfer from the 
3D  perovskite  into  the  HTL and  mitigating  resistive 
losses in the devices.
  Device performance and stability.  The photovoltaic 
performance  of  devices  fabricated  with  an 
FTO/SnO₂/3D/2D/Spiro-OMeTAD/Au  architecture  is 
presented  in  Figure  4a–d for  both  the  control  and 
target.  The  statistical  distribution  of  PCE  shown  in 
Figure  4a reveals  a  consistent  performance 
enhancement  in  the  target  devices.  Specifically,  the 
average  PCE  increases  from  24.0%  to  25.0%,  and  a 
champion device delivers a PCE of 25.7%, underscoring 
the  effectiveness  of  the  mixed-ligand  approach  in 
improving device performance. Devices with the mixed-
ligand approach also show only minor hysteresis (Figure 
S11).
  Analysis of the photovoltaic parameters (Figure 4b-d) 
indicates  that  the  PCE  improvement  primarily  arises 
from increases in the open-circuit voltage (Voc) and fill 
factor (FF). In contrast, the short-circuit current density 
(Jsc) remains comparable between the two device sets, 
with  Jsc  matching  the  external  quantum  efficiency  (EQE) 
measurement  in  Figure  S12.  The  enhanced  Voc reflects 
suppressed  nonradiative  recombination  enabled  by 
effective grain-boundary passivation, in agreement with 
the  prolonged  carrier  lifetimes  observed  in  TRPL 
measurements.  In  parallel,  the  improved  FF indicates 
mitigated interfacial resistive losses enabled by efficient 
charge  transport  across  the  perovskite/HTL  interface, 
arising  from  the  favorable  type-II  energy  alignment 
established by the formation of a phase-pure, n = 2, 2D 
perovskite layer. Collectively, these improvements in Voc 
and  FF lead to a notable enhancement in device PCE. 
The  target  devices  also  demonstrate  sustained  device 
performance  during  extended  maximum  power  point 
(MPP) tracking measurements (Figure S13).

  Conclusions.  In  summary,  we  demonstrate  that 
mixed-ligand  chemistry  fundamentally  governs  the 
crystallization  kinetics  of  2D  phases  and  the  spatial 
distribution  of  2D  ligands  within  perovskite  films.  By 
balancing  van  der  Waals  interactions  between  2D 
ligands,  the  incorporation  of  short-chain  ligands 
suppresses  the  formation  of  the  n  =  1  phase  and 
enables the preferential formation of a phase-pure,  n = 
2, 2D interlayer, establishing a favorable band alignment 
at  the  2D/3D heterointerface.  In  addition,  this  mixed-
ligand chemistry modifies the interfacial environment to 
facilitate the penetration of long-chain 2D ligands into 
3D  bulk  grain  boundaries,  enabling  concurrent 
passivation  of  surface  and  bulk  defects.  As  a  result, 
these  interfacial  improvements  collectively improved 
charge  extraction and  suppressed  nonradiative 
recombination, yielding prolonged carrier lifetimes and 

enhanced  Voc and  FF.  Consequently,  nip  devices 
employing the mixed-ligand treatment exhibit a notable 
enhancement in PCE, with a champion device reaching 
25.7%,  while  maintaining  device  performance  during 
extended  MPP  tracking  measurements.  This  work 
highlights  mixed-ligand  chemistry  as  an  effective 
strategy for achieving compositionally and interfacially 
controlled 2D/3D perovskite heterostructures.
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Figure 1. (a) Schematic illustration of the conventional long-chain 2D treatment and mixed-ligand treatment. 
(b,c) In-situ GIWAXS patterns and ex-situ GIWAXS detector image of films treated with the conventional 
long-chain 2D treatment (OABr). (d,e) In-situ GIWAXS patterns and ex-situ GIWAXS detector image of 
films treated with the mixed-ligand treatment (OABr/BABr).
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Figure 2. (a) Overlaid time-dependent integrated peak intensities of the n = 1 and n = 2 2D GIWAXS 
features  extracted  from  the  in-situ  GIWAXS  measurements  of  the  conventional  long-chain  2D 
treatment (Figure 1b) and mixed-ligand treatment (Figure 1d).  (b) XRD patterns of films treated 
with mixed ligands comprising the long-chain spacer OA+ and various short-chain ligand additives 
(MA+, EA+, PA+, and BA+).
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Figure 3. ToF-SIMS depth profiles of the (a) control and (b) target perovskite films, showing the depth-
dependent distribution of selected ionic species.  (c) TRPL spectra of the control and target perovskite 
films. (d) Schematic band diagram of the 3D perovskite and the 2D perovskite in the control and target  
films, with energy levels determined from UPS measurements (Figure S10), along with the HTL (Spiro-
MeOTAD).
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Figure 4.  Statistics distributions of the (a) PCE, (b)  FF, (c)  Voc, and (d)  Jsc for the control and 
target devices. 
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