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quality.11−13 In particular, the high density of phase impurity in
p e r o v s k i t e o n t h e p r e v a l e n t p o l y ( 3 , 4 -
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) substrates becomes a critical challenge for blue-
emission quasi-2D PeLEDs, despite its advantages of high hole
injection capability and film reproducibility.14,15 While the
previous several studies16−19 have laid a valuable groundwork,
a more thorough investigation on the behind mechanism is still
lacking. To realize the controllable growth of phases in films,
we need to gain deep insight into the interaction at the buried
interface.

Addressing these challenges, we elucidate the detailed
mechanisms of the interplay between substrates and quasi-
2D perovskites. The large amount of sulfonate group (−SO3

−)
in PEDOT:PSS increases the nucleation barrier of the desired
low-n phase, resulting in low-energy photon emission and
hindering blue emission. Perfluorinated ionomer (PFI) in
PEDOT:PSS is implemented as a decoupling layer to increase
the proportion of the target phase. The photoluminescence
(PL) peak blue shifts from 501.71 to 491.14 nm without
incorporating Cl ions, which has been often used to achieve
blue emission but can cause halide segregation issues
degrading color purity. Then, the results of X-ray photo-
electron spectroscopy (XPS) and Fourier transform infrared
spectroscopy (FTIR) demonstrate that the buried interface
alterations affect both the organic terminal layer formation
(i.e., large organic cation layer) and its interaction with
[PbBr6]4− octahedral units within the quantum-well-type
perovskite. In addition, the Grazing-incidence wide-angle X-
ray scattering (GIWAXS) results verified the improved
crystallinity and ordered grain orientation, while time-resolved
photoluminescence (TRPL) and photoluminescence quantum
yield (PLQY) results confirmed reduced defect-induced
nonradiative recombination losses. As a result, the PFI-based

device displayed the highest peak (external quantum
efficiency) EQE of 12.09%.

The growth mechanism of quasi-2D perovskites is associated
with the formation of intermediate complexes during the
annealing process, enabling lattice expansion, reagent infiltra-
tion and organic bilayer nucleation in reduced-dimensional
perovskites (RDPs) films (“organic bilayers” refer to PEA
combining with octahedral to generate a small unit with n =
x).20 The comprehensive growth mechanism should be
expanded, especially on the interaction between substrates
and precursors, which has been neglected but is crucial for
crystallization. Here, a mechanistic model was first used to
depict QW formation at the hole injection layer (HIL)/quasi-
2D perovskite interface.

Figure 1a illustrates the dynamic change in the formation
process of the organic double layer as PEA is consumed and
redistributed during QW growth. With the presence of
dimethyl sulfoxide (DMSO), PEA+ ions undergo solvation
and recrystallization, combining with other anions through
electrostatic interactions. On the other hand, the thermal
annealing facilitates the deprotonation reaction of −SO3H
within PEDOT:PSS to produce −SO3

−, as shown in reaction
formula 1. This reaction increases PEA+ consumption through
combination with −SO3

−, as shown in reaction formula 2. The
depletion of PEA+ induced by PEDOT:PSS weakens control
over perovskite crystal growth, increasing the propensity for
the formation of high-n phase domains. If this strong depletion
of organic cations can be suppressed to promote formation of
an organic bilayer, the probability of low-n phase generation
can be increased.

Herein, PFI was introduced as a decoupling layer between
PEDOT:PSS and perovskites and could self-organize into a
stable interfacial top surface layer due to its lower fluorocarbon
surface energy.21 Figure 1b illustrates how PFI acts as a barrier,
preventing the interaction between organic cations and

Figure 1. (a,b) Schematic illustration of how substrate influences the crystallization of quasi-2D perovskite. (c) Corresponding pH of
PEDOT:PSS and surface energy of HIL films vs the PFI:PEDOT ratio. (The Owens−Wendt−Rabel−Kaelble model for calculating surface
energy at ∼25 °C and ∼15% relative humidity, using water and diiodomethane solvents.) (d) The relative contents of different n phases for
perovskite films prepared on PEDOT:PSS (AI4083) with different concentrations of PFI.
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abundant −SO3H content. PFI reduces local organic cation
depletion, allowing freer diffusion of PEA+ cations to interact
with inorganic octahedral monolayers [PbBr6]4−. This
promotes the formation of RDP crystallites, which in turn
suppress undesired phase formation.

+ +SO H SO H

(under heating or polar solvent conditions such as DMSO)

3 3

(1)

+ + + ++ + + +

+

PSS PEDOT A Br A PSS PEDOT Br

(under heating or polar solvent conditions such as DMSO, A

is an organic or inorganic cation) (2)

To verify how the substrate affects phase distribution in blue
quasi-2D perovskite layers, PEA2(EA0.6Cs0.4)n−1Pb3Br10 (⟨n⟩ =
3) was fabricated without incorporating additional additives or
passivation agents as the emitting layer (EML). PFI was
systematically introduced into PEDOT:PSS at varying
concentrations, corresponding to F0, F0.2, F0.3, F0.6, F0.7,
and F1. As shown in Figure 1c, the acidity of HIL solution
decreased with higher PFI ratios due to the decreased
concentration of dissociated −SO3H in water. And the surface
energy (SFE) of the PEDOT:PSS substrate also decreased,
attributed to the vertical self-organization of highly hydro-
phobic PFI on surface.22 These results indicate the efficient
decoupling effect of PFI, which could decrease the number of
−SO3H surface terminals.

Moreover, the increased SFE by introducing PFI led to a
blue-shifted PL peak, as evidenced in Figure S1a,b. The
ultraviolet−visible (UV−vis) absorption spectrum (Figure
S1c,d) confirmed that the introduction of PFI could induce
more low-n phase (n = 2, 3). The second derivative of the
ultraviolet−visible (UV−vis) absorption spectrum was em-

ployed to resolve the characteristic peaks for different phases,23

and integrated areas quantified relative phase distribution in
quasi-2D perovskites (Figure 1d and Figure S2). As PFI
increased, the relative absorption intensity of the low-n phase
(n = 2, 3) perovskite content increased. Above results were
consistent with our proposed mechanism (Figure 1a,b),
demonstrating that the decoupling layer can effectively hinder
the formation of an undesired phase in quasi-2D perovskites.

To get a deep understanding of the interface interaction, we
post-treated the substrates with dilute perovskite precursors to
build a 10 nm perovskite film and then employed XPS and
Raman spectroscopy to trace elemental variations. The typical
C 1s peak of PEDOT:PSS with or without PFI is shown in
Figure S3.21,22 In addition to the −CF3 (at ∼293 eV) and
−CF2(at ∼291.3 eV) peaks from C 1s, a single peak (at 688.25
eV) from F 1s is also associated with PFI, indicating that PFI is
dispersed on the PEDOT:PSS surface. In addition, sulfur (S)
peaks at 168.6 and 164.3 eV in Figure 2a,b correspond to the S
atom signals from PSS and PEDOT, respectively. After
perovskite precursor flushing, the shift of sulfur atom signals
from PSS was observed. The shift is caused by the combination
of sulfur with positively charged cations such as PEA+, EA+ or
Cs+ in perovskite precursors, which induce a screening effect
and decreases the interaction between PSS and PEDOT
chains, accelerating their separation.24 Notably, PFI on
PEDOT:PSS can inhibit the shift of the sulfur atom signals.
Raman spectra (Figure S4) show that the symmetric Cα�Cβ
stretching vibrations (∼1452 cm−1) of the thiophene ring in
PEDOT:PSS shift by 14.13 cm−1 without PFI.25 In contrast,
with PFI, this shift is reduced to a 7.85 cm−1 shift. These
results indicate the decoupling effect of PFI, reducing cation
consumption and improving experiment repeatability.26

Further, a combination of XPS and FTIR was employed to
trace elemental variation on different buried interfaces. As

Figure 2. XPS spectra of S 2p prepared in (a) F0 and (b) F0.6 with or without perovskite films. (c) XPS spectra of N 1 s and (d)
characteristic FTIR absorption peak of NH3

+ of perovskite films.
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depicted in Figure 2c, the binding energy (BE) of N 1s in
perovskite films on F0.6 (400.4 eV) was lower than that on F0
(401.9 eV). The change can be attributed to the less formation
of uncoordinated −NH3

+ sites and enhanced interaction of
−NH3

+ with [PbBr6]4− complexes in perovskite on F0.6.27 The
increased N/Pb ratio of perovskite on F0.6 (from 0.123 to
0.141) also proves the strong affinity of −NH3

+ ions with the
[PbBr6]4− octahedron.28,29 In Figure 2d, the −NH3

+ peak in
perovskite shifting to a longer wavelength on F0.6 implied that
intermolecular interactions within the perovskite material have
strengthened, due to the strengthening hydrogen bonds or an
increase in intermolecular electrostatic forces.30,31 This leads to
a more stable and well-defined perovskite QW architecture,
which enhances its optoelectronic properties.

The Cs 3d and Pb 4f core levels vary with different
substrates, suggesting that the substrates affects the CsPbBr3
crystal structure rather than merely the surface terminated
PEA+ (Figure S5a,b).32 The Cs 3d peaks on F0.6 shift to lower
energy compared to those on F0, indicating reduced
uncoordinated Cs+ sites in perovskite on F0.6.33 Additionally,
the binding energy of the Pb 4f peak increased for perovskite
on F0.6, indicating a decreased concentration of unsaturated
lead and a more stable lead environment for [PbBr6]4−

octahedra.34 The analysis of bromine (Br) sheds light on its
role in modifying the bandgap in Figure S5c. The Br 3d peak
shifts to higher energy on F0.6 compared to F0, attributed to
changes in Pb−Br bond lengths and lattice constants of
perovskite,35 thereby affecting the bandgap and PL peaks.36

Furthermore, the Br/Pb ratio is higher in perovskite films on
F0.6 (0.269) compared to PEDOT:PSS (0.237), suggesting
that PFI suppresses halide vacancy formation.37

To confirm the effect of substrate surface properties on the
phase formation, crystal structure, and crystal orientation in 2D
perovskite films, GIWAXS and XRD measurements were
conducted. Annular Debye Scherer patterns (Figure 3a−c)

show that the formation of a lower-n phase perovskite is
promoted by PFI, as evidenced by the emergence of peaks for
n = 1, 2, 3. The GIWAXS pattern shows peaks for the n = 1
phase at q = 0.36, 0.70 Å−1, and for the n = 2 phase at q = 0.80
Å−1, along with strong diffraction signals in the z-direction on
perovskite based on F0.6 (Figure 3d).38,39 In XRD results, the
intensity of small angles corresponding to the n = 2 phase also
increased after introducing PFI (Figure S6a,b).40 As well, the
increased peak intensity (at q = 0.24, 0.91 Å−1) corresponding
to the n = 3 phase3 demonstrated that the introduction of PFI
could promote the formation of desired low-n phases in blue
quasi-2D perovskite films.

The GIWAXS pattern displays an enhanced diffraction peak
intensity and a lowered full width at half-maximum (fwhm) of
the diffraction peak in perovskite films on F0.6 and F1 (Figure
3e and Table S1). This indicates that the quasi-2D perovskites
have increased crystallinity and enlarged the 3D domain size
with the introduction of PFI.41 Furthermore, the peak of (100)
shifts to higher q for the perovskite on PEDOT:PSS with PFI
(Figure 3e), suggesting a tighter crystal stacking42 and more
stable structure,43 which agrees with the Pb 4f and Br 3d XPS
results.

The GIWAXS patterns (q = 1.49−2.10 Å−1) show
continuous uniform rings, indicating a random crystal
orientation for pure PEDOT.PSS44,45 (Figure 3a). But with
PFI introduction, the diffraction mottling at the azimuth angles
of 62° (180 − 62)° and 38° (180 − 38)° became more
obvious (Figure 3f). In addition, preferential face-on
orientation in the n = 3 phase (Figure S7a,b) was observed,
which indicates the ordered crystal orientation with the
introduction of PFI in substrate.46 Additionally, Figure S8
shows a homogeneous longitudinal distribution of perovskite,
suggesting that the effect of the substrate on the phase
distribution was throughout the perovskite film.

Figure 3. (a−c) GIWAXS patterns for the perovskite films on different substrates. (d) Out-of-plane and (e) in-plane diffraction pattern. (f)
Integrated intensity plots azimuthally along the ring at qr approximate to 2.12 Å−1, assigned to the (200) n = ∞ phase.
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Following that, the influence of the substrate surface
property on the formed 2D perovskite films was investigated

to strengthen the perovskite formation mechanism. In Figure
S9, with the introduction of PFI, PLQY of perovskite films was

Figure 4. (a) The TRPL decay profiles of perovskite fabricated on PEDOT:PSS with different concentrations of PFI. TA spectroscopy:
Time-wavelength-dependent TA at different probe delay times of perovskite on (b) F0, (c) F0.6, and (d) F1 substrates.

Figure 5. Effect of PEDOT:PSS with or without PFI on (a) EL wavelength distribution, (b) EQE distribution, and (c) current density−
voltage−luminance (J−V−L) characteristic curves of quasi-2D PeLEDs. (d) J−V curves for SCLC test with hole-only devices based on
PEDOT:PSS with or without PFI.
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increased, suggesting an alteration in the number of 2D
perovskites monolayers and reduced defects. TRPL decay
profiles were measured (Figure 4a and Figure S10), and the
results were fitted by triexponential decays (Table S2). Three
components includes efficient hole transfer from perovskite to
HTL (τ1), the defect-trapping (τ2) and radiative recombina-
tion (τ3).

47 It is noteworthy that films on F0.6 and F1 showed
longer average TRPL lifetimes (τavg). And the longer τ3
component in the TRPL decay is directly correlated with the
observed increase in PLQY, which represents enhanced
radiative recombination efficiency. This enhancement results
from the formation of lower-n phases (n = 2, 3) with strong
quantum confinement effects generated in the perovskites.48 In
addition, reduced nonradiative losses by suppressing defects at
grain boundaries and interfaces during energy-funneling is also
attributed to it. PFI plays a key role by promoting the
formation of larger grain sizes and well-ordered, oriented
perovskite films, which effectively reduce defects.

Following, transient absorption (TA) spectroscopy in Figure
4b,c and Figure S11 was used to reveal excitonic absorption
bands. The observed negative spectroscopic features and
positive photo-induced absorption signals correspond to
ground-state bleaching (GSB) bands and excited-state
absorption (ESA) spectra, respectively. Notably, the introduc-
tion of PFI into PEDOT:PSS selectively suppresses the high-n
phase, preferentially facilitating smaller-n phases, as evidenced
by the GSB around 500 nm. The observed increase in the n =
2, 3 phases upon PFI addition coincides with XRD and
GIWAXS measurements (Figure S6 and Figure 3). This
increased low-dimensional phase also changes the morphology
of the films. The slender, flake-like grains on PFI-enriched
PEDOT:PSS surfaces were observed in SEM images (Figure
S12) and AFM images (Figure S13). This demonstrates that
the interfacial decoupling layer alters the phase distribution
within the film, hence, changing the surface morphology.

Then, devices were fabricated to evaluate the PeLEDs
performance, as illustrated in Figure S14. After the
introduction of PFI, the EL peak blue-shifted from 503.72 to
491.61 nm even without incorporating Cl ions (Figure 5a and
Figure S15), verifying that the HIL surface effectively controls
phase formation of EML. And the average EQE of devices with
PFI showed a 4-fold increase (from 2.31% to 8.46%) with a
peak EQE of 12.09% at 494 nm (Figure 5b). This
improvement is attributed to the interface-engineered phase
distribution, which minimizes impurity phase formation and
results in a more ordered and uniform phase distribution
within the quasi-2D perovskite film, thereby enhancing
radiative recombination efficiency. In addition, the device
with PFI had a decreased leakage current density at low-bias
(<2.5 V) and higher brightness (Figure 5c). It should be
determined by the exciton quenching blocking and the hole
injection capabilities of PFI at the buried interface, which
improved exciton formation and utilization efficiency.49 Space-
charge limited current (SCLC) measurements was used by
fabricating the hole-only devices in Figure S16. As shown in
Figure 5d and Table S3, the hole trap densities Nt based on the
F0.6 devices (2.89 × 1017 cm−3) were lower than Nt based on
PEDOT:PSS (4.01 × 1017 cm−3), indicating PFI interface
effectively suppresses the formation of hole traps in PeLEDs.

The reduction of trap-assisted recombination losses and ion
migration in the F0.6 device is further supported by impedance
spectroscopy (IS) results. The corresponding equivalent circuit
was applied50,51 to model the recombination resistance at

interfaces and within the perovskite material (Figure S17a and
Table S4). Importantly, recombination resistances are larger
for the PFI-based device, which indicates fewer defects and
thus less nonradiative recombination at the HIL−perovskite
interface.52,53 Additionally, ion migration is revealed by
capacitance−frequency (C−f) curves (Figure S17b). In the
low-frequency domain, devices incorporating PFI exhibit
insignificant capacitance increases, indicating that the ion
migration is suppressed.54 This would enhance the stability of
the perovskite film, leading to improved efficiency and long-
term stability. As shown in Figure S17c,d, the operational
lifetime of device increased from 1.66 to 1.9 h after using
decoupling layer.

This study highlights the critical role of the substrate in the
growth mechanisms in blue quasi-2D perovskites. A formation
kinetics model before and after thermal annealing was used to
study the formation of quantum wells and n-phase
distributions at the PEDOT:PSS/perovskite interface. And
PFI also forms an interfacial decoupling layer, acting as a
barrier that inhibits PEA+ from interacting with the −SO3H
groups in PEDOT:PSS, allowing more PEA+ to interact with
[PbBr6]4−. This effectively promotes low-n phase formation
and suppresses high-n phases. The refined control of phase
formation facilitates radiative recombination, resulting in
increased quantum yield and extended TRPL lifetimes.
Consequently, the PFI-based device achieves a 4-fold increase
in EQE, with a peak of 12.09%. This study not only uncovers
the complex interplay between substrate properties and phase
distribution but also offers new insights into enhancing their
efficiency in practical applications.
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