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A 2D/3D Heterostructure Perovskite Solar Cell with a
Phase-Pure and Pristine 2D Layer

Meng-Chen Shih, Shaun Tan, Yongli Lu, Tim Kodalle, Do-Kyoung Lee, Yifan Dong,
Bryon W. Larson, Soyeon Park, Ruigi Zhang, Matthias J. Grotevent, Tara Sverko,
Hua Zhu, Yu-Kuan Lin, Carolin M. Sutter-Fella, Kai Zhu, Matthew C. Beard,

Vladimir Bulovi¢, and Moungi G. Bawendi*

1. Introduction

Interface engineering plays a critical role in advancing the performance of

perovskite solar cells. As such, 2D/3D perovskite heterostructures are of
particular interest due to their optoelectrical properties and their further
potential improvements. However, for conventional solution-processed 2D
perovskites grown on an underlying 3D perovskite, the reaction stoichiometry
is normally unbalanced with excess precursors. Moreover, the formed 2D
perovskite is impure, leading to unfavorable energy band alignment at the
interface. Here a simple method is presented that solves both issues
simultaneously. The 2D formation reaction is taken first to completion, fully
consuming excess Pbl,. Then, isopropanol is utilized to remove excess
organic ligands, control the 2D perovskite thickness, and obtain a phase-pure,
n = 2, 2D perovskite. The outcome is a pristine (without residual 2D
precursors) and phase-pure 2D perovskite heterostructure with improved
surface passivation and charge carrier extraction compared to the
conventional solution process. PSCs incorporating this treatment
demonstrate a notable improvement in both stability and power conversion
efficiency, with negligible hysteresis, compared to the conventional

process.

Organic-inorganic lead halide perovskite
solar cells (PSCs) have attracted widespread
attention due to their low-cost fabrication,
excellent photoelectric properties, and soar-
ing power conversion efficiency (PCE).[*]
Interface passivation has significantly con-
tributed to the efficiency and stability
improvements of PSCs. Among all the
methods to modify the interface, con-
structing 2D/3D perovskite heterostruc-
tures has been the most widespread and
has led to high-performance devices.[c11]
Most typically, the 2D layer is grown
in a solution processing step by adding
the 2D organic ligand on the 3D per-
ovskite surface to trigger 2D perovskite
formation.[>'213] Two main issues arise,
however, during this conventional forma-
tion of the 2D layer. First, since it is chal-
lenging to quantify the reaction stoichiome-
try, the reaction is typically unbalanced, and
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excess organic ligands or excess PbI, often remain as reaction
byproducts. Secondly, the reaction is rapid and uncontrollable,
resulting in the formation of impure 2D phases with unfavorable
energy alignments, hindering carrier extraction.l!*13]

Recently, there have been many attempts to resolve both is-
sues, including different organic ligand designs,!'] precur-
sor and chemical compositional engineering,'®1°1 and fabrica-
tion process manipulation.l?*2!l For example, vacuum deposi-
tion methods have been developed to grow 2D perovskites with a
high-purity controlled 2D phase.[?2-%] Solid-state in-plane growth
methods have been shown to form a highly crystalline phase-
pure 2D perovskite.[? Dissolving the parent crystal powder in
solution to grow 2D perovskites has also been shown to form
2D perovskites with the desired composition and 2D phase.!?’]
However, these methods generally require synthesizing the tar-
get 2D perovskite single crystal, or they require special deposition
conditions like vacuum, which are more complex and expensive
than conventional solution methods. More importantly, almost
no solution-processed method exists that can concurrently solve
both issues: an impure 2D phase and unbalanced stoichiometry.

We present here a simple solution-based method, that can
achieve both goals simultaneously without the need for synthe-
sizing a single crystal. Our method creates a phase-pure 2D per-
ovskite without excess byproducts. In our method, we first push
a complete 2D perovskite formation reaction. Next, a choice sol-
vent, isopropanol (IPA), is selected to control the 2D perovskite
thickness and remove the excess organic ligand. The final result
is a phase-pure, n = 2, 2D perovskite layer with a favorable band
alignment between the 3D perovskite and charge-transport layer.
The high quality of this 2D perovskite layer is verified by studying
its carrier dynamics, with a 250% increase in the surface diffu-
sion coefficient and a 47% increase in carrier lifetime compared
to a conventional 2D method. The target devices also demon-
strate negligible hysteresis and significantly improved long-term
stability and PCE compared to the conventional method, with the
champion device reaching a PCE of 25.3%.

2. The Process of Our Method, Modification from
the Conventional 2D Solution Method

In the typical solution-processed 2D perovskite growth, a reac-
tion occurs between the PbI,, the small “A” site organic cation
(such as CH;NH;* (MA*) or [HC(NH,),]* (FA')), and the
bulky organic ligand (such as CgH,NH;* (OA*) or C;H,;NH;*
(HA™*)).128] The chemical reaction can be described with the fol-
lowing Equation (1):

n(PbX,) + (n— 1) AX + 2 (LX) —» L,A,_1Pb,X;,,; (1<n<oo) (1)

where A, L, and X correspond to the “A” site organic cation, the
bulky organic ligand, and the halide anion, respectively. Differ-
ent n values refer to the formation of different 2D phases. In
reaction (1), the Pbl, comes from excess Pbl, from the 3D per-
ovskite growth process, and from the IPA dissolving part of the
3D perovskite surface. The AX originates from the dissolved 3D
perovskite surface, while the LX is the organic ligand introduced
to the 3D perovskite surface as shown in Figure 1a.[21213]
Several major problems arise during the typical solution pro-
cess as shown in the grazing-incident wide-angle X-Ray scat-
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tering (GIWAXS) graph in Figure 1b and are illustrated in the
schematic of Figure 1c. First, achieving a balanced stoichiom-
etry with no excess precursors during 2D perovskite formation
is very challenging. More specifically, since we cannot quantify
the exact amount of PbI, on the 3D perovskite surface, and we
add the organic ligand as a post-processing step, it is impossi-
ble to quantify how much organic ligand is needed to achieve
a complete reaction with no excess precursors. One of two pos-
sible scenarios will occur during the chemical reaction—either
the Pbl, or the organic ligand will be excess in the unbalanced
reaction. If Pbl, is in excess, which is the most common occur-
rence during conventional 2D formation as shown in Figure 1b,c,
the unreacted Pbl, will decompose to Pb® and I, under light il-
lumination, reducing the stability of the PSC.[?>3% On the other
hand, if the organic ligand is in excess, although the formed ex-
cess 2D perovskite can effectively passivate the surface result-
ing in an impressive carrier lifetime,*!) the residual organic lig-
and and an overly thick 2D perovskite layer lead to an insulat-
ing layer on top of the 3D perovskite as illustrated in Figure S1
(Supporting Information), significantly increasing the resistance
of the PSC, reducing the fill factor (FF) and PCE of the device
as shown in Figure S2 (Supporting Information).*32! The sec-
ond major problem is the formation of mixed 2D phases due to
the rapid and uncontrollable chemical reaction during solution-
processing of the 2D perovskite. Both n = 1 and n = 2, 2D per-
ovskite phases, form as shown in Figure 1b,c. Since different 2D
phases have different bandgaps and band alignments, the impure
2D phase results in an inhomogeneous energy landscape and un-
favorable band alignments, leading to more voltage loss during
carrier transfer.%?]

Our new method to grow the 2D perovskite layer achieves a net
balanced stoichiometry between the reactants. In addition, our
approach results in a phase-pure 2D perovskite with no mixed
2D phases. Our method achieves both goals concurrently with-
out the need for synthesizing a single crystal, whereas almost no
other method exists in the literature that can attain both goals
together. Figure 1d shows the procedure of the process. Firstly,
we make the organic ligand the excess reagent, with Pbl, the
limiting reagent. Since we can control the amount of the or-
ganic ligand, while Pbl, is just leftover on the 3D perovskite,
we make the organic ligand the excess reagent by introducing it
in a highly concentrated solution. From the reaction perspective,
this means we force the Pbl, in Equation (1) to completely react,
forming the 2D perovskite. Nevertheless, as shown in Figures
S1 and S2 (Supporting Information), the concentrated organic
ligand solution leads to residual organic ligands and a thick 2D
layer, hindering carrier transfer. Therefore, we add an IPA wash,
which can effectively dissolve both the organic ligands and the
2D perovskite, 73] to remove excess organic ligands and con-
trol the 2D perovskite phase and thickness. Notably, although we
chose IPA as the polishing solvent here, any solvent that can dis-
solve both the organic ligands and 2D perovskite without effec-
tively damaging the 3D perovskite surface should also be a good
candidate for this treatment.3>38] As a result, we remove excess
precursors and obtain a phase-pure n = 2, 2D perovskite layer, as
shown in the GIWAXS graph in Figure 1le, and the net balanced
reaction in Equation (2) can be achieved.

n(PbX,) + (n—1)AX+2(LX) - L,A,_,Pb, X5, (n=2) (2
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Figure 1. The process and GIWAXS graph of the conventional 2D treatment and our approach. a,b) The procedure and the GIWAXS graph of the
conventional 2D treatment. c) The schematic diagram for the conventional 2D treatment. d,e) The procedure and the GIWAX graph of our approach.

3. Effects and Mechanism of Our Approach

In-situ GIWAXS was used to continuously monitor the effect of
each step of our approach as shown in Figure 2a, and Figure 2b—d
show the average GIWAXS graphs of the different stages. With-
out any treatment, the excess Pbl,, the precursor for 2D per-
ovskite growth, is visible in the GIWAXS graph in Figure 2b.
When a concentrated organic ligand solution is introduced to
fully consume the excess Pbl,, the Pbl, peak disappears as indi-
cated in Figure 2a. Then, during the annealing step, the organic
ligand gradually reacts and crystallizes with Pbl, and AX, form-
ing the 2D perovskite. As shown in Figure 2a,c, then=1andn=
2, 2D perovskite, emerge during the annealing step. Meanwhile,
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we note that after treatment with an excess of organic ligands,
there are residual organic ligands dominantly localized on the
surface,®*! and a thick 2D perovskite layer forms on top of the
3D perovskite, with the n = 1, 2D perovskite, favorably formed
on top, and the n = 2, 2D perovskite, buried underneath as illus-
trated in Figure S1 (Supporting Information) and as reported in
the literature.[*] This favorable 2D perovskite growing order may
result from the changing stoichiometry of the precursors during
the 2D perovskite formation. After treatment with excess organic
ligands, the introduced 2D organic ligand first consumes all the
dissolved AX from the dissolved perovskite surface and forms the
n = 2, 2D perovskite, on top of the 3D perovskite. Subsequently,
the remaining 2D organic ligands form the 2D perovskite
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Figure 2. The effects and proposed mechanism of our approach. a) In situ GIWAXS graphs for the method. The two spectra are collected from the same
film with separate measurements due to the limited one-time solvent dropping in one measurement. The “conc.” is the abbreviation of “concentrated.”
b—d) The average GIWAXS graphs of the marking time frames. The white rectangles inside the graphs are dead areas on the area detector used for these
measurements. e) The schematic diagram for the proposed mechanism of the method.

without an AX source, which forms the n =1, 2D perovskite atop
the n = 2, 2D perovskite.

To remove the excess organic ligands and control the 2D per-
ovskite phase and thickness, we apply a dynamic IPA wash since
IPA can effectively dissolve both organic ligands and 2D per-
ovskite. As indicated in Figure 2a,d, the n = 1, 2D perovskite,
disappears after the IPA treatment, resulting in a phase-pure,
n =2, 2D perovskite. This is because the IPA treatment predom-
inantly dissolves the top surface and the n = 1, 2D perovskite,

Adv. Mater. 2025, 2416672 2416672 (4 of 9)

preferably forms on top. Therefore, the IPA treatment removes
residual organic ligands, the n = 1, 2D perovskite, and some of
the underlying n = 2, 2D perovskite. Moreover, we can control
the 2D perovskite thickness with the annealing step coupled with
the IPA treatment. As shown in the X-ray diffraction (XRD) spec-
tra (Figure S3, Supporting Information), the 2D perovskite inte-
grated peak area of the treated films becomes larger if we anneal
the 2D perovskite films at higher temperatures or for a longer
time before the IPA treatment, inferring different 2D perovskite

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85UB017 SUOWILLIOD BAeR1D) 3|qedlidde au Aq peusenob afe sappiie VO ‘SN Jo S8|nJ 10} ArIgIT8UIIUO AB]IA UO (SUORIPUOD-PUE-SWIB}W0 A8 |IM"AeIq 1 Ul UO//SdRY) SUORIPUOD PUe SWB | 84} 885 [5202/70/0T] U0 A%Iq1T8ul|uO AB|IM ‘2299THZ02 BWIPR/Z00T OT/I0p/L0d A8 | Im" AReiq Ul juo"peoUeADe//SdNY WO} papeo|umoq ‘0 ‘S60rTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

film thicknesses after treatment. We assume this is because the
2D perovskite crystalizes from the bottom to the top during the
annealing. This implies that we can control the annealing con-
dition, making the top part of 2D perovskite less crystalline and
easier to remove with IPA than the bottom layer. Therefore, the
controlled annealing condition together with the IPA treatment
can then be utilized to tune the 2D thickness (Figure S3, Support-
ing Information).

We also note that during the IPA treatment, the top layers
of thick 2D perovskite (i.e., the extra organic ligands, the upper
n =1, 2D perovskite, and some of the n = 2, 2D perovskite) are
not only eliminated but could also serve as protective layers, pre-
venting the bottom layers, the n = 2, 2D perovskite, and the 3D
perovskite, from being damaged by the IPA. After the IPA treat-
ment, we again anneal the film to increase the crystallinity of the
2D perovskite. Figure 2e shows the schematic summary of the
proposed mechanism. Therefore, with our approach, we obtain a
pristine surface (without excess precursors) and with a controlled
thickness phase-pure, n = 2, 2D perovskite. In addition, we also
show that our method is valid for organic ligands with a differ-
ent halide anion and organic cation, showing its wider generality
(Figure S4, Supporting Information).

4, Surface Characteristics

The surface morphology was probed using scanning electron mi-
croscopy (SEM), collecting plane-view images of each stage of
our approach and conventional 2D solution process as shown
in Figure 3a. Hereafter, our approach treatment films and de-
vices are marked as “target,” and the conventional 2D treatment
films and devices are marked as “control.” Without any treat-
ment, the bare 3D perovskite films show an abundance of ex-
cess PbI, (white crystals) on top of the 3D perovskite. After the
conventional 2D approach, although some Pbl, is reacted, we
can still observe residual PbI, in the control SEM image. In
contrast, after our approach, the white crystals (Pbl,) disappear,
implying a full reaction and removal of the Pbl, in the target.
The SEM images also clearly demonstrate the cleaning effect of
the IPA treatment. Before the IPA treatment, the thick 2D per-
ovskite and excess organic ligands cover the 3D perovskite, blur-
ring the SEM image. Conversely, after the IPA treatment, IPA re-
moves both the excess 2D perovskite and organic ligands, reveal-
ing the underlying 3D and 2D perovskite layers. Notably, the sur-
face with the IPA treatment shows no obvious morphology differ-
ence from the control, suggesting that the formed thick 2D layer
protects the bottom layers from damage from the IPA. Atomic
force microscopy (AFM) images in Figure S5 (Supporting Infor-
mation) also show similar surface topography and height distri-
bution between the target and control, consistent with the SEM
images.

Ultraviolet photon spectroscopy (UPS) was conducted to in-
vestigate the band alignment of the 3D perovskite and the hole
transport layer (HTL), Spiro-MeOTAD, as shown in Figure 3b,c.
The impure 2D phase, n =1 and n = 2, from the control results
in a type I band alignment between the 3D perovskite and HTL.
This type I alignment forms an electronic barrier that hinders
the extraction of holes from the 3D perovskite to the HTL, conse-
quently increasing the series resistance of the PSCs. On the other
hand, the pure, n =2, 2D phase from the target results in a type I1
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band alignment between the 3D perovskite and HTL. This favor-
able type II alignment creates an energetic cascade between the
3D perovskite and HTL, facilitating the transfer of holes through
the interface.

Moreover, we compared the contact angle measurement with
water for both treatments to understand the surface hydropho-
bicity. As shown in Figure S6 (Supporting Information), the av-
erage contact angle with water increased from 72.16 °(control) to
83.78 °(target). The increase in the contact angle reflects a more
hydrophobic surface for the target, which may be due to a more
thorough surface 2D perovskite passivation because of the com-
plete reaction of Pbl, to the 2D perovskite. This more hydropho-
bic surface can potentially enhance the stability of PSCs relative
to humidity.

5. Charge Carrier Dynamics and Device
Performance

Transient reflection spectroscopy (TRS) was utilized to investi-
gate carrier diffusion as a function of depth from the surface
(Figure 4a).1}] As shown in the fitting result of TRS in Figure 4D,
the target surface diffusion coefficient increased by ~#250% com-
pared to the control, while the bulk diffusion coefficient remained
the same as the control, indicating that the 2D perovskite grown
by our method can effectively passivate the surface without dam-
aging the bulk 3D perovskite. Moreover, time-resolved photo-
luminescence (TRPL) and time-resolved microwave conductiv-
ity (TRMC) spectroscopy were also conducted to investigate sur-
face passivation effects. As illustrated in the TRPL measurements
(Figure 4c), the target films show a 47% increase in carrier life-
time from 5.8 us (control) to 8.5 ps, indicating our approach can
effectively reduce defect-assisted non-radiative recombination.
In contrast, with TRMC (Figure S7, Supporting Information),
a bulk measurement without surface sensitivity, the carrier life-
time of the target increased merely by 5% from 15.0 ps (control) to
15.8 us. The TRPL coupled with the TRMC results reveal that
our approach mainly influences the surface while the bulk 3D
perovskite remains largely untouched, consistent with the TRS
results.

Figure 4d and Figure S8 (Supporting Information) present
the statistical PCEs and corresponding photovoltaic parameters
for both the control and target with an FTO/SnO, /3D/2D/Spiro-
OMeTAD)/gold structure. As shown in Figure S8 (Supporting In-
formation), the PCE improvement of the target results from the
increase of open-circuit voltage (Voc) and FF; the short-circuit
current (Jsc) shows a similar average value for these two meth-
ods because the perovskite bandgap of the cells stays the same
after these two treatments (Figure S9, Supporting Information).
The Jsc results also match the EQE measurement in Figure S10
(Supporting Information). The increase in Voc reflects the lower
non-radiative recombination inside the device compared with the
control, consistent with the long carrier lifetime we observed in
TRPL measurement. On the other hand, the increase in FF re-
flects the low series resistance of the device, which can be as-
cribed to a better type II energy band alignment owing to the ob-
tained phase-pure, n = 2, 2D perovskite and the pristine surface
after the treatment. Therefore, PSCs with our approach improved
the average PCE from 23.9% to 24.8% and the champion device
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Figure 3. The surface morphology and band diagram of our approach (target) and conventional 2D treatment (control). a) Film surface SEM images
correspond to each process step for control and target. The scale bar in the graph represents 1 um. b) UPS secondary electron cut-offs (top) and valence
band spectra (bottom) of the 3D perovskite, control, and target. ¢) Band alignments between the 3D perovskite, 2D perovskite of control and target

films, and the HTL (Spiro-MeOTAD).[41:42]

reached a PCE of 25.3%. Devices made with our approach also
show negligible hysteresis (Figure 4e).

Figure 4f shows the stability results of the devices under MPP
tracking and continuous 1-sun illumination at ~40 °C. For the de-
vice stability test, oxalic acid chemical bath deposition was used
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to prepare the electron transporting layer (SnO,) of the device to
enhance the device stability.l**] The regular structure PSC based
on our approach retains 80% of the initial PCE after 1270 h, while
the control maintains 80% of the initial PCE after 420 h. We at-
tribute the stability enhancement of the PSCs after our approach
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Figure 4. Charge carrier dynamics and device performance. a,b) The TRS spectra and the fitting result. c) The TRPL spectra. d) Device PCE statistic plot.
e) The reverse (Rev) and forward (For) scan of the champion device from our method. f) The device stability test of control (PCE att = 0 is 20.7%) and
target (PCE at t = 0 is 21.1%) under continuous 1-sun illumination and MPP tracking.

to two reasons. First, after the treatment, the residual PbI,, which
is detrimental to the device’s stability, can be effectively removed
as illustrated by the GIWAXS graph (Figure 2d) and the SEM im-
age (Figure 3a). Second, the favorable type II band alignment and
Dbetter passivation of the treatment facilitate faster carrier transfer
as shown in UPS (Figure 3b,c) and TRS (Figure 4b) data, which
can prevent charge accumulation at the interface. Therefore, the
method leads to better PSC stability compared to the conven-
tional 2D treatment.

Adv. Mater. 2025, 2416672 2416672 (7 of 9)

6. Conclusion

We successfully achieved a pristine (without residual 2D precur-
sors) and phase-pure 2D/3D perovskite heterostructure. The con-
sequent n = 2, 2D perovskite layer, leads to a favorable type II
band alignment between the perovskite and HTL layers, facili-
tating hole transfer from the 3D perovskite to the HTL. In addi-
tion, the formed 2D/3D junction displays an enhanced interface
passivation, with a 250% increase in the carrier surface diffusion

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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coefficient, and a 47% increase in carrier lifetime compared to the
control. The resulting PSCs also show a notable improvement in
both operational stability and PCE compared to the control, with
negligible hysteresis. We anticipate that our approach and design
principles will offer valuable insights to enhance interface prop-
erties and improve PSC performance.

7. Experimental Section

Sample Preparation: The details of the sample preparation are de-
scribed in the Supporting Information.

Characterization: The details of all the measurements and the neces-
sary theories are described in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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