Chin. Phys. B 35, 106803 (2026)

SPECIAL TOPIC — A 40th Anniversary Celebration: Physics Research and Innovation at Ningbo University

Solvent engineering of the Brownian tree-shaped lateral
heterogeneity in 2D Ruddlesden—Popper perovskites:
Resolving the trade-off between crystallinity and
buried interface integrity

Biao Yang(#/%)!, Yuxian An(‘ZF##)!, Kenneth P. Ghiggino?,
Ziyang Hu(#] 7B, and Fei Zheng(¥f ¥)#

1 Department of Microelectronic Science and Engineering, School of Physical Science and Technology, Ningbo University, Ningbo 315211, China
2School of Chemistry, The University of Melbourne, Parkville, Victoria 3010, Australia

(Received 9 July 2026; revised manuscript received 6 September 2026; accepted manuscript online 10 September 2026)

Two-dimensional Ruddlesden—Popper perovskites (2D RPPs) are promising light absorbers for stable perovskite so-
lar cells (2D-PSCs). However, the influence of lateral mesoscopic heterogeneity, particularly its correlation with buried-
interface defects and photovoltaic performance, remains poorly understood. Here, we employ solvent engineering to tune
the crystallization kinetics of 2D RPP films and investigate the evolution of Brownian tree-shaped lateral heterogeneity and
its impact on buried-interface integrity and device performance. Increasing the DMSO fraction gradually delays crystalliza-
tion, leading to improved crystallinity and preferred vertical orientation. Meanwhile, the Brownian tree-shaped domains
progressively expand, accompanied by the development of interconnected void networks at the buried interface and re-
duced charge collection due to compromised buried-interface contact.’An intermediate DMF:DMSO ratio of 8:2 achieves
the optimal balance between crystalline quality and buried-interface integrity, yielding a champion power conversion effi-
ciency of 17.63%. These findings demonstrate that balancing crystalline quality and buried-interface integrity is essential
for achieving high-performance 2D-PSCs and other related optoelectronics.
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1. Introduction

Organic-inorganic hybrid perovskite solar cells (PSCs)
have attracted extensive attention because of their ex-
cellent optoelectronic properties, including high absorp-
tion coefficients, tunable bandgaps, long carrier diffusion
lengths, and low-temperature solution processability.[!=! Al-
though conventional three-dimensional (3D) perovskites have
achieved remarkable power conversion efficiencies (PCEs),
their long-term instability under moisture, oxygen, heat,
light, and electrical -bias remains a major obstacle to prac-
tical application.[*>] Two-dimensional Ruddlesden—Popper
perovskites (2D RPPs), formed by incorporating bulky or-
ganic spacer cations into the perovskite framework, provide
an effective route to improve environmental and operational

16,7

stability.!%7! Their hydrophobic organic spacer layers can sup-

press moisture ingress and ion migration, making 2D RPPs
promising candidates for stable photovoltaic devices.3]

2D RPPs generally follow the formula RoA,—1B,X3,41,
where R is a bulky organic spacer cation (e.g., butylammo-

nium (BA™) or phenylethylammonium (PEA™)), A is a small
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monovalent cation, B is a metal cation, X is a halide anion,
and n represents the number of inorganic octahedral layers
sandwiched between adjacent organic spacer layers.!!?1 How-
ever, their layered quantum-well structure also gives rise to
complex crystallization behavior, multiphase coexistence, and
anisotropic charge transport. In practical 2D RPP films, phases
with different n values usually coexist even when the precursor
composition is designed with a nominal (rn) value.!'!!?| The
resulting phase distribution and crystal orientation strongly in-
fluence vertical charge transport and carrier extraction and,
consequently, device performance. [!3:14]

Various strategies have been explored in the past few
years to pursue the ordered alignment of 2D RPP slabs
within 2D RPP films, leading to a significant PCE enhance-
ment of 2D-PSCs from below 10% to approaching 22%, al-
beit they still lag behind that of 3D-PSCs (~ 27%).[15-19]
Most studies have focused on vertical phase distribution
and crystal orientation profiles, whereas lateral heterogene-
ity, particularly at buried interfaces, has received compara-

[20,21

tively less attention. I'In our previous work, we proposed
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that mesoscopic scale Brownian tree-shaped phase domains
generally appear in high-quality 2D RPP films, which are
formed by the diffusion-limited-aggregation (DLA) of large-
n phase-dominated grains during film crystallization.?>) They
were also identified as optical manifestations of the buried-
interface void networks, and the associated morphological het-
erogeneity coincided with spatially heterogeneous optoelec-
tronic responses.[?>?*! However, strategies to effectively ma-
nipulate this Brownian tree-shaped crystalline lateral hetero-
geneity have not been systematically examined. In particular,
the coupling between crystalline quality, crystal orientation,
and effective buried-interface contact remains unclear. More-
over, how this crystalline morphology governs local electri-
cal heterogeneity and macroscopic photovoltaic performance
requires further investigation. A systematic investigation of
this crystallization—-morphology—device relationship is there-
fore needed to overcome the PCE bottleneck of 2D-PSCs.
Herein, we employ solvent engineering to delay the crys-
tallization of 2D RPP films and systematically investigate the
evolution of Brownian tree-shaped lateral heterogeneity and
its opto-electronic responses. Increasing the DMSO fraction
slows down the crystallization process of 2D RPP films, lead-
ing to improved crystalline quality and preferred vertical crys-
tal orientation. However, this delayed crystallization is also ac-
companied by the development of Brownian tree-shaped crys-
talline domains and associated void networks at the buried in-
terface. These void networks reduce effective buried-interface
contact, thereby compromising carrier transport and collec-
tion. By correlating the Brownian tree-shaped morphology
with microscale current—voltage response under illumination,
a direct link between local electrical heterogeneity and photo-
voltaic performance was established. A DMF:DMSO ratio of
8:2 achieves a balance between crystalline quality and buried-
interface contact; yielding 2D RPP films with moderate lateral
heterogeneity and 2D-PSCs with an improved PCE of 17.63%.

2. Results and discussion

2D BA3MA,,_Pb, I3, ({n) = 5) RPP films prepared by
hot casting from precursor solutions containing DMF:DMSO
solvent mixtures were selected as prototypes to investigate the
effectiveness of solvent engineering in manipulating the lat-
eral heterogeneity of 2D RPP films. Figures 1(a)-1(d) present
reflection optical microscopy images of 2D RPP films pre-
pared with different DMF:DMSO ratios, which were acquired
from the buried side through the glass substrate. As shown in
Fig. 1(a), the film prepared with DMF:DMSO = 10:0 exhibits
small Brownian tree-shaped domains with relatively weak op-
tical contrast. With increasing DMSO content, the Brownian
tree-shaped domains progressively enlarge laterally at solvent
ratios of 9:1, 8:2, and 7:3, accompanied by increasingly dis-
tinct reflection contrast. The variation in reflected color may

be related to local differences in phase distribution and the
extent of void formation at the buried interface. Large-area
buried-side optical microscopy images (Fig. S1) further con-
firm a consistent growth and expansion trend of the Brownian
tree-shaped morphology. Together, these observations demon-
strate the strong dependence of the lateral heterogeneity as-
sociated with crystalline morphology of 2D RPP films on the
solvent composition of the precursors. According to the litera-
ture, increasing the DMSO content in the DMF:DMSO sol-
vent mixture would slow down the crystallization speed of
3D perovskite films.[>>=>7] In our case, the slower crystalliza-
tion speed induced by higher DMSO fraction well explains
the larger Brownian tree-shaped domains observed in 2D RPP
films, as these domains have more time to grow through the
DLA process before film solidification.

X-ray diffraction (XRD) measurements were subse-
quently conducted to examine the crystalline properties of
2D RPP films accompanying the evolution of Brownian tree-
shaped lateral heterogeneity. As shown in Fig. 1(e), all films
exhibit two dominant diffraction peaks at approximately 14.2°
and 28.4°, which can be assigned to diffraction of the (111)
and (202) lattice planes of 2D RPPs, respectively. No obvi-
ous additional diffraction peaks were detected. This implies
that 2D RPP microcrystal slabs in all films are mainly verti-
cally oriented relative to the substrates, which is critical for the
vertical charge transport in photovoltaic applications.!’-282%]
The corresponding peak-intensity evolution is summarized
in Fig. S2. With increasing DMSO content, the intensities
of both the (111) and (202) diffraction peaks gradually in-
crease. Meanwhile, both diffraction peaks become progres-
sively sharper, accompanied by a continuous decrease in their
full width at half maximum (FWHM) values (Fig. 1(f)). These
results indicate enhanced crystallinity and a more pronounced
preferred vertical crystal orientation for 2D RPP films. It can
thus be inferred that a higher DMSO fraction sufficiently im-
proves the crystalline quality of 2D RPPs, thereby facilitating
carrier transport through the perovskite bulk. !

To clarify the structure of the Brownian tree-shaped op-
tical domains, the buried interface of the 7:3 film was ex-
posed by mechanical delamination and examined by SEM. De-
tails of the mechanical delamination procedure are illustrated
in Fig. S3. The low-magnification SEM image in Fig. 1(g)
shows that the Brownian tree-shaped interfacial areas possess
brighter contrast than the rest of the view, implying stronger
electron scattering from these sites. At higher magnification,
the Brownian tree-shaped region (on-tree) exhibits densely
interwoven void networks and locally discontinuous buried-
interface contact (Fig. 1(h)). In contrast, the adjacent regions
(off-tree) display a comparatively continuous buried interface
with substantially fewer void features (Fig. 1(i)). These re-
sults demonstrate that the Brownian tree-shaped optical do-
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mains represent regions with a greater extent of interconnected
void networks at the buried interface. This observation is
consistent with our previous findings on the structural origin
of Brownian tree-shaped crystalline morphology at the buried

interface.[22-24]
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Fig. 1. Coupled evolution of Brownian tree-shaped crystalline morphol-
ogy, crystallinity, and buried-interface structure in 2D RPP films. (a)—(d)
Buried-side reflection mode optical microscopy images of films prepared
with DMF:DMSO ratios of (a) 10:0, (b) 9:1, (c) 8:2, and (d) 7:3. (¢) XRD
patterns of the corresponding films. (f) FWHM values of the (111) and (202)
diffraction peaks as a function of DMF:DMSO ratio. (g) Low-magnification
SEM image of the mechanically exposed buried interface of the 7:3 film.
High-magnification SEM images of (h) a Brownian-tree region and (i) an
adjacent non-tree region. The mechanical delamination procedure is illus-
trated in Fig. S3.

Having established that delayed crystallization induced
crystalline quality enhancement is accompanied by the devel-
opment of the Brownian tree-shaped domains at the buried
interface, we next examined the top-surface morphology of
2D RPP films prepared with different solvent conditions. As
shown in Fig. 2(a), the film with DMF:DMSO = 10:0 exhibits
a rough and granular surface with poorly developed lateral
grain interconnection, indicating limited grain growth under
rapid crystallization. Upon DMSO incorporation, the granu-
lar features are substantially reduced and the surface becomes
more continuous. The 9:1 film shows improved grain develop-
ment with more distinguishable grain boundaries (Fig. 2(b)).
When the DMF:DMSO ratio is adjusted to 8:2, the film ex-
hibits well-developed grains with relatively uniform grain in-
teriors and clearly defined grain boundaries, giving rise to
the most compact and homogeneous top-surface morphology
among the investigated conditions (Fig. 2(c)). Further increas-
ing the DMSO fraction to 7:3 preserves the large-grain mor-
phology. However, localized contrast variations along selected
grain boundaries become more apparent (Fig. 2(d)), indicating
that excessive crystallization delay does not further improve
film uniformity. Thus, although DMSO incorporation pro-

motes grain development and preferred crystal orientation, ex-

cessive DMSO induces additional morphological heterogene-
ity.
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Fig. 2. Top-surface morphology evolution of 2D RPP films prepared
with different DME:DMSO ratios. Top-view SEM images of films pre-
pared with DME:DMSO ratios of (a) 10:0, (b) 9:1, (c) 8:2, and (d) 7:3.

To further investigate the evolution of grain topography
and its correlation with the local surface potential, AFM and
Kelvin probe force microscopy (KPFM) measurements were
performed on corresponding regions of 2D RPP films de-
posited on ITO substrates. As shown in Figs. 3(a)-3(d), the
film prepared with DMF:DMSO = 10:0 exhibits pronounced
intragrain height fluctuations, resulting in a relatively high
root-mean-square roughness (Rq) of 12.4 nm. Upon DMSO
incorporation, the grains become more fully developed and the
intragrain topography becomes progressively smoother. The
Rq value decreases slightly to 12.1 nm for the 9:1 film and
reaches the lowest value of 9.01 nm for the 8:2 film, indicating
improved grain development and surface planarization. When
the DMSO fraction is further increased to 7:3, the large-grain
morphology is retained; however, the Rq value increases to
11.3 nm, indicating that further DMSO incorporation does not
improve topographic uniformity.

The corresponding KPFM maps in Figs. 3(e)-3(h) fur-
ther reveal the evolution of the surface potential distribution.
The 10:0 film exhibits pronounced contact potential differ-
ence (CPD) variations within individual grains, spatially co-
inciding with the intragrain height fluctuations observed in
the corresponding AFM image. Upon DMSO incorporation,
the CPD contrast associated with intragrain morphological
variation gradually weakens. In particular, the 8:2 film ex-
hibits a more homogeneous CPD distribution across repre-
sentative grain regions, consistent with its smoother intra-
grain topography. The 7:3 film retains a relatively continu-
ous CPD distribution; however, its increased roughness indi-
cates no further improvement in topographic uniformity. To
further clarify the relationship between grain morphology and
local CPD variation, height and CPD line profiles were ex-
tracted along the marked lines in the corresponding AFM and
KPFM images. The shaded regions in Figs. 3(i)-3(1) denote
representative individual grains. For the 10:0 film, the se-
lected grain shows substantial height variation accompanied
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by pronounced CPD fluctuation, supporting the correlation
between intragrain morphology and local surface-potential
variation.®!] In contrast, the 8:2 film exhibits the smallest
height fluctuation and the smoothest CPD profile within the se-

lected grain region. These results show that moderate solvent
regulation promotes grain development and surface planariza-
tion while weakening morphology-dependent local potential

perturbations.
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Fig. 3. Surface topography and local CPD distribution of 2D RPP films. (a)-(d) AFM height images and (e)—(h) corresponding KPFM maps of
films prepared with DMF:DMSO ratios of (a), (e) 10:0, (b), (f) 9:1, (c), (g) 8:2, and (d), (h) 7:3. (i)—(1) Height and CPD line profiles extracted

along the marked lines in the corresponding AFM and KPFM images.

The solvent-dependent photo-physical properties-of 2D
RPP films were characterized by UV-vis absorption and pho-
toluminescence (PL) measurements. As shown in Fig. 4(a),
the film prepared with DMF:DMSO = 10:0 exhibits charac-
teristic excitonic absorption features associated with small-n
phases, including n = 2, 3, 4, together with the absorption on-
set of the large-n (n = L) phase around 750 nm, confirming
the multi-phase nature of the 2D RPP films. Upon DMSO
incorporation, the absorption peak associated with the n = 2
phase progressively weakens and becomes indistinguishable
at higher DMSO fractions. Meanwhile, the overall absorption
profile changes markedly, suggesting that DMSO regulates the
phase distribution during the crystallization of 2D RPP films.
This phase-related optical evolution may also contribute to the
reflected-color variation observed in the buried-side optical
images in Fig. 1.

The corresponding top-surface PL spectra show pro-
nounced solvent-dependent variations in both emission inten-
sity and peak position (Figs. 4(b) and 4(c)). The PL inten-
sity increases from the 10:0 film to the 8:2 film, with the 8:2
film exhibiting the strongest emission. In contrast, further in-
creasing the DMSO fraction to 7:3 results in pronounced PL
quenching. Meanwhile, the normalized PL spectra exhibit a
progressive redshift of the emission maximum from 755 nm
for the 10:0 film to 758 nm, 763 nm, and 765 nm for the 9:1,
8:2, and 7:3 films, respectively. This redshift indicates that
delayed crystallization can induce an increase in the average
slab thickness of the surface large-n emissive phase.3?! This is

consistent with the development of the Brownian tree-shaped
domains, which are composed of large-n phase-dominated
grains.

As the steady-state PL intensity is governed by the com-
petition between radiative and nonradiative recombination,
time-resolved photoluminescence (TRPL) measurements were
subsequently performed to probe carrier recombination dy-
namics. As shown in Fig. 4(d), the extracted PL lifetime in-
creases from 122 ns for the 10:0 film to 135 ns for the 9:1
film and further to 184 ns for the 8:2 film. Together with the
enhanced PL intensity, the prolonged lifetime of the 8:2 film
indicates suppressed nonradiative recombination. In contrast,
the 7:3 film exhibits a sharply shortened lifetime of 31 ns, indi-
cating accelerated nonradiative decay under excessive DMSO
incorporation. The spatially resolved luminescence distribu-
tion was further examined by PL mapping. As shown in
Figs. 4(e)—4(h), the 10:0 film exhibits predominantly moderate
photon-count regions, whereas the 9:1 and 8:2 films display in-
creasingly extensive high-photon-count regions. The 8:2 film
shows the strongest photon-count response over a large area,
consistent with its enhanced steady-state PL emission and pro-
longed PL lifetime. In contrast, the 7:3 film is dominated by
weak-emission regions with only sparse high-intensity spots.
Notably, the severe PL quenching in the 7:3 film can be at-
tributed to pronounced nonradiative recombination caused by
the buried interfacial defects at the regions with enlarged void
networks (Figs. 1(d), 1(h), and 1(i)).33-33
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Fig. 4. Solvent-dependent photo-physical properties of 2D RPP films. (a) UV-vis absorption spectra. (b) Top-surface PL spectra. (c) Normal-
ized top-surface PL spectra. (d) TRPL decay profiles and extracted PL lifetimes. (e)—(h) Top-surface PL photon-count maps of films prepared

with DMF:DMSO ratios of (e) 10:0, (f) 9:1, (g) 8:2, and (h) 7:3.

To further investigate the electrical response of Brownian
tree-shaped domains upon solvent engineering, p—i—n type 2D-
PSCs with an architecture of ITO/SAM/BA;MA,,_Pb, 13,11
({n) = 5)/PCBM/BCP/Ag were fabricated (Fig. 5(a)). The
setup of local current—voltage (/-V) measurement of the com-
pleted photovoltaic devices is provided in Fig. 5(b). Local
I-V measurements were conducted under 450 nm laser illu-
mination at identical excitation power to compare the electri-
cal responses of Brownian tree-shaped (on-tree) regions and
adjacent off-tree regions within the same device. As shown
in Figs. 5(c)-5(f), points A—D denote measurement positions
within Brownian tree-shaped domains for devices prepared
with DMF:DMSO ratios of 10:0, 9:1, 8:2, and 7:3, respec-
tively, whereas points A’-D’ represent the corresponding adja-
cent off-tree film regions. Representativelocalized /-V curves
acquired at these positions upon laser illumination are shown
in Figs. 5(g)-5(j). From 10:0 to 8:2, the short-circuit current
(Isc, at 0 V) increases in both regions, rising from 154 nA to
330 nA and 425 nA in the off-tree regions and from 97 nA
to 207 nA and 263.nA in the corresponding on-tree regions.
In contrast, for the 7:3 device, the current in the Brownian
tree-shaped region decreases sharply to 55 nA, whereas that
in the adjacent off-tree region remains at 301 nA. Notably, the
short-circuit current values acquired at the on-tree regions are
substantially lower than those at the off-tree regions for all 2D
RPP films prepared under different solvent conditions, demon-
strating that the buried-interface void networks associated with
the Brownian tree-shaped crystalline domains severely hinder
local charge transport and collection.

To quantify the local current loss revealed by the repre-
sentative localized I-V curves, the current difference between
the adjacent off-tree and Brownian tree-shaped regions was
defined as Al. The normalized local current loss, Mo, Was
calculated as

Ioffftree — lon—tree % 100%7

Nioss =
I off—tree

wherein Iogr—yee and Ion—yree denote the local Isc in the adja-
cent off-tree and Brownian tree-shaped (on-tree) regions, re-

spectively. The resulting solvent-dependent Al and 1o val-
ues are summarized in Fig. S4. Specifically, Al increases from
57 nA for the 10:0 device to 123 nA, 162 nA, and 246 nA
for the 9:1, 8:2, and 7:3 devices, respectively (Fig. S4(a)),
whereas Mjogs remains nearly constant at approximately 37%—
38% from 10:0 to 8:2 before increasing sharply to 81.7% at
7:3 (Fig. S4(b)). From 10:0 to 8:2, both on-tree and off-
tree currents increase while 7jgs remains nearly unchanged,
indicating that the enhancement in carrier transport arising
from improved crystallinity and preferred vertical orientation
outweighs the adverse effect of the progressively developing
buried-interface void networks on charge collection. In con-
trast, the sharp increase in Mo at 7:3 indicates that the ex-
tensive development of the Brownian tree-shaped morphology
and associated buried-interface void defects becomes the dom-
inant factor limiting local charge collection. To verify the
reproducibility of the local electrical contrast, statistical lo-
calized I-V measurements were further performed using 20
Brownian tree-shaped regions and 20 adjacent off-tree regions
for each solvent condition. In addition to the lower current
response, the Brownian tree-shaped regions also exhibit lower
local open-circuit voltage (Voc) values than the adjacent off-
tree regions, suggesting stronger nonradiative recombination-
induced voltage losses associated with the enlarged buried-
interface void defects.*%) The corresponding current and volt-
age distributions are summarized in Fig. S5, revealing con-
sistently weaker electrical responses in Brownian tree-shaped
regions. These statistical results corroborate the representative
localized I-V measurements and confirm that the local electri-
cal loss associated with the Brownian tree-shaped morphology
is reproducible.

To further assess how the spatial contribution of Brown-
ian tree-shaped regions affects the device-level response, their
areal coverage was semi-quantitatively estimated from the op-
tical images in Figs. 5(c)-5(f) (Fig. S6). The estimated areal
fraction progressively increases with increasing DMSO con-
tent (Fig. S7), consistent with the growth and expansion trend
observed in the large-area buried-side optical images (Fig. S1).
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Considering the substantially lower charge-collection capabil-
ity of the Brownian tree-shaped regions, their increasing areal
coverage is expected to aggravate the overall photocurrent
loss. The macroscopic photovoltaic performance was there-
fore evaluated for 2D-PSCs with the same device architecture
prepared under different DMF:DMSO ratios. Representative
current density—voltage (J-V) curves are shown in Fig. 5(k),
and the corresponding photovoltaic parameters are summa-

rized in Table 1. The Jgc increases from 10:0 to 8:2 and then
decreases markedly at 7:3. This evolution is consistent with
the collective contribution of spatially distributed regions with
different charge-collection efficiencies. Thus, the increasing
spatial contribution of Brownian tree-shaped regions with in-
ferior local charge collection can contribute to the macroscopic

Jsc loss. 37381
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Fig. 5. Correlation between Brownian tree-shaped morphology, local electrical response, and macroscopic photovoltaic performance in 2D-
PSCs. (a) Schematic illustration of the device architecture. (b) Schematic of the localized illuminated current—voltage measurement setup. (c)—
(f) Buried-side reflection optical images of 2D-PSCs based on 2D RPP films with DMF:DMSO ratios of (c) 10:0, (d) 9:1, (e) 8:2, and (f) 7:3.
(g)-(j) Representative localized illuminated /-V curves. (k) Representative J-V curves of the champion 2D-PSCs. Statistical distributions of
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Table 1. Performance parameters of champion 2D-PSC devices based on
2D RPP films prepared with different DMF:DMSO ratios.

Sample Voc (V) Jsc (mA/cm?) FF (%) PCE (%)
10:0 1.124 18.20 74.69 15.27
9:1 1.134 18.97 78.00 16.78
8:2 1.144 19.22 80.22 17.63
7:3 1.126 16.31 76.75 14.10

The statistical distributions of power conversion effi-
ciency (PCE), short-circuit current density (Jsc), and open-
circuit voltage (Voc) are presented in Figs. 5(1)-5(n). With
increasing DMSO content, all three parameters progressively
improve and reach their optimal values at 8:2, followed by a
clear decrease at 7:3. A similar trend is observed in the long-
term ambient storage stability (Fig. S8). After 480 h of storage
in air, the unencapsulated devices with DMF:DMSO ratios of
10:0, 9:1, 8:2, and 7:3 retain approximately 83%, 87%, 94%,
and 71% of their initial PCEs, respectively. The 8:2 devices

show the highest PCE retention, whereas the 7:3 devices un-
dergo the most severe degradation. This difference may be
related to the extensive buried-interface void networks at 7:3,
which weaken interface integrity and increase the susceptibil-
ity of the device to environmental degradation. Combined with
the localized electrical results, these trends indicate that mod-
erately delayed crystallization improves charge transport and
collection through enhanced crystalline quality and preferred
crystal orientation, while the extensive development of the
Brownian tree-shaped crystalline domains at 7:3 is accompa-
nied by enlarged buried-interface void defects and aggravated
local electrical losses. Therefore, optimal device performance
is achieved by balancing crystalline quality and preferred crys-
tal orientation with effective buried-interface contact.

Finally, Fig. 6 schematically summarizes the solvent-
regulated crystallization mechanism and the resulting trade-
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off between bulk structural improvement and buried-interface
integrity in 2D RPP films. At DMF:DMSO = 10:0, rapid
crystallization limits grain development and lateral coales-
cence, resulting in lower crystalline quality and weaker pre-
ferred crystal orientation. The 9:1 condition shows an inter-
mediate crystallization state between the 10:0 and 8:2 con-
ditions and is therefore not treated as a distinct crystalliza-
tion regime. At 8:2, moderately delayed crystallization im-
proves the crystalline quality and preferred vertical orienta-
tion, facilitating carrier transport through the perovskite bulk.
Meanwhile, the Brownian tree-shaped domains and associated
buried-interface void networks also become more developed,
but their extent remains moderate, allowing sufficient buried-
interface contact for efficient charge collection. In contrast,
further increasing the DMSO fraction to 7:3 promotes ex-
tensive expansion of the Brownian tree-shaped domains and
buried-interface void networks. The resulting deterioration
of buried-interface contact causes pronounced local charge-
collection losses, which outweigh the benefits of the improved
bulk structural properties and lead to reduced device perfor-
mance. These results demonstrate that optimal performance
requires a balance between improved crystallinity and pre-
ferred crystal orientation and preserved buried-interface con-
tact, rather than maximizing crystallinity alone.

(a) 10:0  Large-n RPPs (b) 8:2

mmmm

Substrate

Small-n RPPs Empty Voids

Fig. 6. Solvent-regulated crystallization in 2D RPP films. (a) Rapid
crystallization at DMF:DMSO = 10:0. (b) Moderately delayed crystal-
lization at DMF:DMSO = 8:2. (c) Excessive delayed crystallization at
DMEF:DMSO = 7:3.

3. Conclusion

In summary, this work reveals that delayed crystalliza-
tion in 2D RPP films improves crystalline quality and pre-
ferred crystal orientation while simultaneously promoting the
development of Brownian tree-shaped lateral heterogeneity.
The expansion of Brownian tree-shaped domains is associ-
ated with enlarged buried-interface void networks and pro-
nounced local electrical heterogeneity. Based on localized
illuminated current—voltage measurements, this work estab-
lishes a direct correlation between crystalline morphology at
the buried interface, local electrical response, and photovoltaic
performance. A DMF:DMSO ratio of 8:2 achieves a balance
between improved crystallinity and effective buried-interface
contact, yielding 2D-PSCs with an improved PCE of 17.63%.
These findings highlight the importance of controlling lateral
heterogeneity and suppressing Brownian tree-shaped void net-
works to preserve buried-interface integrity, thereby improv-
ing the performance potential of 2D-PSCs.
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