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PEROVSKITES

Molecularly thin, two-dimensional

all-organic perovskites

Hwa Seob Choi't, Jun Lin't, Gang Wang?t, Walter P. D. Wong?, In-Hyeok Park®, Fang Lin%, Jun Yin'*,

Kai Leng"®*, Junhao Lin®>’*, Kian Ping Loh*

Recently, the emergence of all-organic perovskites with three-dimensional (3D) structures has
expanded the potential applications of perovskite materials. However, the synthesis and utilization
of all-organic perovskites in 2D form remain largely unexplored because the design principle has not
been developed. We present the successful synthesis of a metal-free 2D layered perovskite, denoted
as the Choi-Loh van der Waals phase (CL-v phase), with the chemical formula A;B,X,4, where A
represents a larger-sized cation compared to B and X denotes an anion. The CL-v phase exhibits a
van der Waals gap enabled by interlayer hydrogen bonding and can be exfoliated or grown as
molecularly thin 2D organic crystals. The dielectric constants of the CL-v phase range from 4.8 to
5.5 and we demonstrate their potential as gate dielectrics for thin-film transistors.

erovskite materials are not only of fun-
damental interest but also display prop-
erties that enable applications including
ferroelectrics (7), quantum materials (2),
catalysts (3, 4), light-emitting devices
(5), and solar cells (6). Perovskite crystals have
a stoichiometry of ABX;, where A represents a
larger cation compared with B, X denotes an
anion, and B is coordinated to six X anions to
form a BX; octahedron. In three-dimensional
(3D) perovskites, these octahedra share corners
and the A cation occupies the cuboctahedral
site surrounded by eight octahedra. By dis-
rupting the continuous linkage of the octahedra
along the [001]direction, a 2D version of perov-
skites can be formed in which layered struc-
tures are separated by van der Waals gaps.
Depending on the interlayer offset and
the type of atoms present in the “spacer”
layer, 2D perovskites can be classified into the
Ruddlesden-Popper phase (RP phase) (7, 8),
the Dion-Jacobson phase (DJ phase) (9), and
the Aurivillius phase (10, 1I). The RP and DJ
phase layered perovskites have general for-
mulas of A,BX, and ABX,, respectively. These
structures typically consist of corner-shared
BX,, octahedra forming a 2D layer, with the A"
cations coordinated to the cuboctahedral sites
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above and below the BX, octahedra layer to
maintain overall charge neutrality.

The synthesis of all-organic perovskites has
been recognized as a challenging task within
the scientific community (12-29). In principle,
the structural topology of perovskite can be
maintained by replacing A, B, and X ions with
appropriately sized organic molecules, as dic-
tated by the Goldschmidt tolerance factor for
relative ion sizes. However, in practice, only a
few organic molecules (among those currently
used) fulfill this criterion. The isostructural
family of dicationic piperazinium organic perov-
skites with C1~, Br™, and I was discovered as
recently as 2002 (12). More recently, Xiong et al.
synthesized a diverse class of organic perov-
skites by designing various diammonium cations,
resulting in the report of 23 different organic
3D perovskites (74). These compounds include
a few ferroelectrics such as MDABCO-NH,I;
(MDABCO = N-methyl-1,4-diazabicyclo[2.2.2]
octonium), which have polarization properties
(22 uC/cm?) similar to those of BaTiOs.

Aside from 3D metal-free perovskites, we
ask whether 2D-version (layered packing),
metal-free perovskites can be synthesized.
The presence of a van der Waals gap in 2D
perovskites offers the advantage of incorpo-
rating larger organic cations through self-
adjustable strain-balancing within the layered
structures, which could overcome steric effects
that hinder 3D perovskite synthesis (30). This
expanded library of larger and more exotic
A-site cations in 2D perovskites could enable
the emergence of distinctive properties and
applications. We present the design principles
and synthesis of a new class of all-organic
layered 2D perovskite phases. Following the
naming convention of oxide perovskites, we
refer to these as Choi-Loh van der Waals phase
(CL~v phase), with the suffix v denoting van der
Waals stacking in the structure. The CL-v phase
layered perovskites can be exfoliated or grown
as ultrathin layers of several nanometers.

L)

i - i | Check for |
Design strategy for 2D all-organic perovski Updates

Charge-balance considerations prohibit the <.

istence of an RP-type all-organic perovskite
with the stoichiometry of A,BX,, (Fig. 1A). The
smallest B-site cation in all-organic perovskites
is the monovalent ammonium cation (NH,"),
whereas B-site cations in hybrid organic-inorganic
perovskites (HOIPs) are typically divalent metal
ions such as Pb®>" and Sn>" Thus, the BX,
octahedral layers (X indicates a halogen) in all-
organic perovskites possess a —3 charge, in con-
trast to the —2 charge found in HOIPs (Fig. 1B).
To maintain charge neutrality, an odd-numbered
counter charge is required, with the geometric
constraint that A-site cations must exclusively
occupy the cuboctahedral sites. We proposed
that this charge balance could be achieved if
an additional NH," cation per unit cell oc-
cupied an “interstitial” position between the
layers and transform A,>* into A,B>* (Fig. 1C).
The combination of the BX,*>~ and A,B?" layers
results in the stoichiometry A,B,X,, abbrev-
iated as ABX,. The critical challenge in this
design approach lies in ensuring the stability
of the additional B* cation at the interstitial
position, which depends on its surrounding
bonding environment.

In a typical cubic unit cell there are four
sites available for occupation: the corner, body
center, face center, and edge center sites (Fig.
2A). In the case of a perovskite unit cell, anions
occupy the face center site (X-site), the small
cation occupies the body center site (B-site) to
form an octahedron with the anions, whereas
the large cation occupies the corner site (A-
site) to form a cuboctahedron with the anions.
The interstitial site at the edge center (E-site)
can be filled by the small B cation (Fig. 2B).
Our design for the all-organic lattice used
N-chloromethyl-1,4-diazabicyclo[2.2.2]Joctonium
(CMD") as the A-site cation because it could
form hydrogen bonds both laterally and ortho-
gonally with the interstitial B* cation at the
edge center (E-site) of the unit cell (fig. S1).
The B-site was occupied by NH," and the X-
site was occupied by PF ™. In the case of CMD*,
the lone pair at the nitrogen formed an N-H:--N
hydrogen bond with NH,"-edge laterally,
whereas the chloromethane from the adjacent
layer formed an N-H---Cl hydrogen bond with
NH,-edge vertically, thus stabilizing it by form-
ing an NH,"-edge[PF4]5[N1,[Cl] octahedron
(Fig. 2C).

Structure description of CL-v phases

We synthesized CMD-N-P, through the slow
diffusion of dichloroethane into an acetone
solution containing CMD-PFs and NH,PFs. A
hexagonal-shaped single crystal of CMD-N-P,
measuring 9 x 7 x 0.5 mm was obtained (Fig.
2E, inset). The crystal structure was monoclinic
and belonged to the P2,/n symmetry group, as
determined by single-crystal x-ray diffraction
analysis (see supplementary materials, table S1).
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To present the crystal structure, we chose a
unit cell similar to the conventional perovskite
structure. Using a transformation matrix (see
supplementary materials), we transformed the
unit cell into a 4x4:x4 supercell composed of
64 pseudo-cubic unit cells (fig. S2). We de-
fined the [001] direction as normal to the octa-
hedral layers.

The pseudo-cubic unit cell consisted of one
NH,* cation occupying the body center site
and four PF4~ anions occupying the X-site to
form a homo-octahedron with NH,*-body,
creating the basal BX, corner-shared octahe-
dral layer (Fig. 2B octahedra, NH,"-body[PFs]).
Another NH," cation occupied the edge center
at the bottom and top surfaces of the (001)
plane of the pseudo-cubic unit cell, which was
shared with an adjacent unit cell (Fig. 2B and
fig. S3). The occupancy at the edge center was
14 as a result of sharing between two pseudo-
cubic unit cells in the layered structure (fig.
S4). Only one of the four edges of either the
top or bottom surface was occupied by NH,*-
edge, resulting in a total occupancy of 1 in the
pseudo-cubic unit cell for charge balancing.
CMD" occupied the eight-cornered A-site cat-
ion positions (Fig. 2B). The neutral nitrogen
atoms from the heads of the two CMD" ions
coordinated with NH,"-edge (Fig. 2, B and C,
blue dotted line), and the three PF4 ions stab-
ilized NH,"-edge in a square pyramidal site
(Fig. 2C, translucent red pyramid).

In the next layer the Cl atom at the tail of
the CMD™ ion stabilized the structure through
an N-H---Cl interaction, with a CI-N distance
of 4.204(1) A. Thus, a hetero-octahedron (where
coordinating atoms or molecules are differ-
ent) formed with three PF;", two N from CMD",
and one Cl from CMD" in the adjacent layer
(Fig. 2C, NH4-edge[PFs]5[N1,[Cl1]). The inter-
layer interaction was predominantly governed
by hydrogen bonding between NH, -edge and
the Cl atom of the CMD™ ion across the two
layers (Fig. C and F). Only half of the Cl from
the CMD" ion was hydrogen bonded to the
NH,"-edge of the next layer (unbonded Cl
atoms are represented by dark green spheres
in Fig. 2, Cto G).

The CMD-N-P, crystal synthesized had an
elongated hexagonal shape (Fig. 2E, inset) that
could be correlated with the hexagonal pack-
ing of the NH,"-edge atoms highlighted by
the red hexagon (Fig. 2E). The NH,*-edge mol-
ecules were aligned along [110], which was
the fastest growth direction. In the same (001)
layer of NH,"-edge, the hydrogen-bonded Cl
atoms shifted along the [110] direction, as high-
lighted by the green hexagon, similar to the
NH,"-edge positions of the second layer (Fig.
E and F) with respect to the first layer and gave
rise to AB stacking similar to the RP phase (Fig.
2G and fig. S2).

To investigate the stabilizing effect of inter-
molecular hydrogen bonding on the perovskite
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Fig. 1. lllustration of charge balance issues in 2D hybrid organic-inorganic RP phase and its all-
organic analogs. (A) Charge compensated octahedral layer and spacer layer in a typical RP phase HOIP.
(B) In the all-organic RP phase, charge imbalance occurs between the octahedral and spacer layers.

(C) Addition of one interstitial B* cation in the spacer layer per unit cell balances the charge of the system.

structure, we tried synthesizing the crystal with
different halogen atoms (Cl, Br, and I) in the
A-site cation, for example, N-bromomethyl-
1,4-diazabicyclo[2.2.2]octonium (BMD") and
‘N-iodomethyl-1,4-diazabicyclo[2.2.2]octonium
(IMD*). With NH,* as the B-site cation, we
tried growing BMD-N-P, and IMD-N-P,, but
only BMD-N-P, could be crystallized in the
perovskite structure (figs. S6 and S7). With IMD*,

it crystallized in a monoclinic P2;/n symmetric
group with a nonperovskite IMD-N,-P3 struc-
ture; an important clue was that this structure
does not have N-H---I bond with NH,," (fig. S8).
This result suggested that the weaker N-Hee-I
bond as compared with the N-H---Cl hydrogen
bond destabilized the CL-v phase. Both CMD-
N-P, and BMD-N-P, showed good thermal
stability up to 200°C in air (fig. S9)
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Fig. 2. Crystal structure description of CL-v. (A) A-, B-, and X-sites in the cubic
cell, with the edge center (E-site) reserved for interstitial B* cation. (B) The pseudo-
cubic unit cell of the CL-v phase is shown, with the NH4-body[PFg]s octahedron
represented in light cyan. One NH,"-edge is located in the upper (001) plane and the
other is in the bottom (001) plane. The E-site on (001) occupied with NH,* has

an occupancy of one-half because of sharing with one adjacent unit in the layered
structure. CMD represents chloromethyl DABCO and BMD represents bromomethyl
DABCO. Both the B-site and E-site consist of NH4" ions, differentiated by the color of
nitrogen for clarity. (C) The hydrogen bonding environment of the NH,*-edge,
surrounded by three PFg™ ions, two N-H:-:N bonds to create a NH4[PFg]s[N]»
translucent red pyramid. The Cl of CMD" in the adjacent layer forms an N-H---Cl bond
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with the NH,-edge, resulting in the formation of an NH,*-edge[PFg]3[N],[CI]
octahedron for stabilization of the NH,*-edge. Only half of CMD* forms N-H--CI bonds,
hence hydrogen bonded and non-bonded Cl are denoted in different colors. (D) The
geometry of two NH,-body[PFgJs octahedrons with an NH,*-edge ion. Bond lengths in
angstroms (A). (E) View along the [001]direction. The unit vectors for NH,"-edge are
[110], [130], and [310], with lengths of 11.6, 12.7, and 12.7 A each. NH,"-edge and Cl atoms
are arranged linearly in the[110] direction and alternatingly in the [110]direction.
Inset is 9 x 7 x 0.5 mm size hexagonal single crystal of CMD-N-P,. (F) The

view is along the NH,"-edge and Cl alignment direction [ﬂO]. The adjacent layers
are held together by N-H:--Cl bonds. (G) View along the [010] direction with two
layers indicating AB stacking.
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Fig. 3. Atomic structure and elemental characterization of the CL-v phases
via cryo-TEM. (A) HRTEM image of CMD-N-P, taken along the [001] direction at
~77 K with an electron dose rate of ~0.68 ¢ A2 5™ and a cumulative dose of
~11e” A2 The inset displays the corresponding FFT pattern. (B) A magnified high-
resolution image of CMD-N-P; lattice fringes from a selected area of image (A),
and (C) the corresponding atomic model in the [001] axis. A bright spot in image
(B) corresponds to a column of organic groups in image (C), demonstrating a

Cryo-transmission electron microscopy

(TEM) analysis

Direct evidence of the perovskite-type lattice
arrangement necessitates atomic TEM char-
acterization of the various molecules in the
lattice. We achieved near-atomic resolution
imaging of the pure organic perovskite crystal
structure under a cumulative electron dose of
no more than 2 e~ A2 in a cryogenic TEM
(see supplementary materials for details and
imaging conditions). In the case of CMD-N-P,,
Fig. 3A displays its large-area, high-resolution
lattice-fringe image along the [001] zone axis.
This image was acquired through successive
short exposures at a dose rate of 0.68 e A2 s~
under a magnification of x59000 (pixel size:

Choi et al., Science 384, 60-66 (2024 5 April 2024
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1.1 A), with a total dose of ~1.1 e~ A~% Columns
of organic groups linked by covalent bonds
were well-resolved in the enlarged HRTEM
image, displaying an ideal cubic perovskite
structure along the [001] projection, with a
homogeneous alternation of bright and dim
spots (Fig. 3B).

The square lattice, constructed by the small-
est bright or dim spots, corresponded to the
square repeating unit constructed by the col-
umns of the A-site (CMD™) plus B-site (NH,")
or columns of X-site (PF") plus NH,,*-edge. As
indicated by the blue boxes in Fig. 3B and 3C,
the lattice spacing observed in the experiment
completely aligned with that formed by CMD",
and the atomic contrast was consistent with

100 200 300 400 500 600 700 800

Energy loss (eV)

perfectly matched periodic symmetrical structure, as emphasized by the blue
squares. The green double lines indicate the interplanar spacing corresponding to
the (800) lattice planes. Simulated experimental image (D) and reciprocal lattice
(E) are based on the [001] oriented structural model in (C). (F) The EELS spectrum
of CMD-N-P,, exhibits clear onset features of P-L, CI-L, C-K, N-K, and F-K edges,
with a representative ADF image shown alongside. (G) HRTEM image, (H) atomic
model along the [001] zone axis, and (I) EELS spectrum of BMD-N-P..

the result of the simulated HRTEM image at
100 nm defocus value (Fig. 3D and fig. S10).
Additionally, the fast Fourier transform (FFT)
pattern inserted in Fig. 3A closely matched the
simulated reciprocal lattice (Fig. 3E), except
for some extinction reflections reappearing in
the FFT pattern because of dynamical scatter-
ing (thickness effect). The (800) reflection,
marked by the green arrow, exhibits the high-
est diffraction intensity in both the FFT and
the simulated reciprocal lattice, which corre-
sponded to the lattice plane and is marked by
green lines in Fig. 3, B and C, with an inter-
planar spacing of 0.41 nm. The chemical com-
position of the CMD-N-P, crystal, revealed by
electron energy loss spectroscopy (EELS) in
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Fig. 4. Exfoliation and growth of CMD-N-P, ultrathin flakes. (A) AFM height image and line profile of 30 um-sized CMD-N-P, exfoliated by sonication in
dichloromethane. Scale bar is 10 um. (B) AFM height image and line profile of CMD-N-P, grown on SiO, substrate with 0.1 weight percent (wt%) solution. Scale bar
is 6 um. (C) AFM height image and line profile of CMD-N-P, grown on SiO, substrate with 1 wt% solution, showing 6 layers. Scale bar is 3 um. (D) AFM height
image and line profile of a screw dislocation in the clockwise direction. Scale bar is 3 um.

Fig. 3F, showed characteristic edges of P, Cl,
C, N, and F, which matched its mechanically
exfoliated bulk counterpart (figs. S11 and S12).
We also tested another CL-v phase based on
BMD-N-P,, which shared similar crystal struc-
ture and lattice spacing with CMD-N-P,, given
that only the chloromethyl functional group
in CMD" was replaced with bromomethyl. As
depicted in Fig. 3G, the HRTEM image of
BMD-N-P, crystals displayed a perovskite-
type arrangement of the organic functional
groups, similar to that shown in Fig. 3A with
well-matched EELS (fig. S13).

Layered structure and exfoliation

The layered structure of CMD-N-P, was inves-
tigated with atomic force microscopy (AFM),
which revealed a step height of 4.2 nm. Taking
into account an overestimation of the thick-
ness by ~1 nm by AFM measurement owing
to tip-surface interactions, surface roughness,
and trapped solvent (31, 32), the closest thick-
ness that matches this is the 2.56-nm-thick
bilayer of the pseudo-cubic cell (fig. S2). Since
we did not measure anything thinner than
2.56 nm, we assume that the alternating step
is at least a bilayer. A distinctive attribute of
van der Waals-stacked 2D materials is their
ability to be exfoliated into molecularly thin
flakes through solvent-based exfoliation of bulk
crystals, and that the resulting flakes, assisted
by sonication, disperse in solvents and exhibit
the characteristic Tyndall effect of light scat-
tering by a colloidal dispersion. The Tyndall
effect of exfoliated CMD-N-P, and BMD-N-P,
was weak in nonpolar solvents such as hexane
and toluene. However, for aprotic polar solvents

Choi et al., Science 384, 60-66 (2024 5 April 2024

such as dichloromethane, the dispersion exhib-
ited a strong Tyndall effect (figs. S14: and S15).

We inferred that the interlayer region of
CMD-N-P, encompassed N-H---Cl bonds, and
solvents containing chloro-functional groups
could disrupt these interlayer hydrogen bonds
by serving as H-bond acceptors. Thus, the ex-
foliated flakes were stabilized. Indeed, all
chloro-functionalized solvents, including dichlo-
romethane, 1,2-dichloroethane, 1-chlorohexane,
chlorobenzene, and 1,3-dichlorobenzene, exhib-
ited a strong Tyndall effect with CMD-N-P,.
Further confirmation of exfoliation was ob-
tained through AFM characterization, which
revealed that the flakes exfoliated by dichloro-
methane and 1,2-dichloroethane possessed a
thickness as thin as ~4 nm, similar to the step
height measured for layered crystal synthe-
sized in this work (fig. S16). The largest flake
size reached up to 30 um when CMD-N-P,
was sonicated in dichloromethane (Fig. 4A).

Exploiting the ability of solvents with chloro-
functional groups to disrupt interlayer N-H---Cl
bonds, we successfully demonstrated controlled
growth of CMD-N-P, on a silica substrate.
Gradual evaporation of a CMD-N-P, solution
in the presence of 1,2-dichloroethane led to
the precipitation of hexagonal-shaped flakes
measuring 10 um in width (Fig. 4B). We also
obtained similar results for BMD-N-P, (fig. S17).
Moreover, by adjusting the concentration of
the CMD-N-P,, solution, we can synthesize crys-
tals as thin as ~4 nm (Fig. 4C). Thus, our find-
ings highlight the potential to grow 2D layered
organic crystals using a solution-based ap-
proach while achieving meticulous thickness
control. The crystalline nature of the CMD-N-P,

flakes grown using this method was evident
from the presence of screw dislocations in
some flakes, exhibiting both clockwise (Fig. 4D)
and counterclockwise (fig. S18) dislocations
with a step height of ~4 nm (33, 34).

Applications of gate dielectric in
2D electronics

The ability of 2D all-organic perovskites to
form molecularly thin films over large areas,
combined with their insulating nature, makes
them suitable as dielectric layers in 2D elec-
tronics. The optical band gaps of CMD-N-P,
and BMD-N-P, were determined from the in-
tercepts of the Tauc plots to be 5.56 eV and
4.69 eV, respectively (Fig. 5A). The wave func-
tions were mostly localized in the molecules in
these crystals, yielding a large band gap and
small bandwidth <0.02 eV, as seen from the
band structure calculated with density func-
tional theory (DFT) (fig. S19). The DFT-calculated
band gaps of 4.81 and 4.14 eV of CMD-N-P,
and BMD-N-P, were underestimated but
agreed with the experimental trends qualita-
tively and indicate that the Coulombic poten-
tial of atomic nuclei such as Cl and Br affects
the gap (fig. S19) (29).

The dielectric constants of CMD-N-P, and
BMD-N-P, were measured in the range of
1 kHz to 1 MHz, giving values of 4.86, and
5.53, respectively (Fig. 5B), which were higher
than the dielectric constant of SiO, (3.9), but
lower than HfO, (25). The breakdown fields
of CMD-N-P, and BMD-N-P, are found to be
23 MV m ' and 17 MV m ™}, respectively (fig.
S21). These values are higher than those of
hBN (12 MV m™), Alumina (13.4 MV m ™) and
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Fig. 5. Dielectric properties of CL-v family and FET device using CL-v phases as dielectric layer. (A) Tauc plot of the CL-v perovskites. (B) The dielectric
constant of the CL-v perovskites displayed from 1 kHz to 1 MHz. (C) Dielectric constant and band gap values of the CL-v perovskites versus other dielectric materials.
(D) Optical microscope image of FET using 100 nm CMD-N-P, as a dielectric layer. The transfer curve (E) and output curve (F) of FET with BMD-N-P, as a dielectric

2 0 2 4 6
Ves (V)

layer. Subthreshold swing is 158 mV per decade (dec™).

polystyrene (19.7 MV m ™). Compared to 2D
dielectric materials such as hexagonal boron
nitride, CL-v phases have both a high dielectric
constant and a large band gap, which makes
them suitable for use as dielectric layers in 2D
electronics (Fig. 5C). To demonstrate the ef-
fectiveness of CL-v phases as gate dielectric
layers, we fabricated a field-effect transistor
(FET) by transferring ~100 nm-thick CMD-N-P,
or BMD-N-P, as the top gate dielectric layer on
MoS, as the channel material, and with Cr/
Au metal as the source and drain electrodes.
Figure 5D shows an optical image of a fab-
ricated FET device. The measured transfer
curve at different V4 displays n-type behavior
and the on-off ratio is >10” when the Vg, is
0.5V, which is sufficient to comply with the stan-
dard of practical logic circuits of 10* (Fig. 5E) (35).
The negligible hysteresis in the transfer curve
suggested that a clean contact formed between
the dielectric and channel material. Further-
more, a low subthreshold swing of 158 mV per
decade was extracted from the transfer curve,
which was lower than that of Al,O5 grown
through atomic-layer deposition (36) The drain
current-voltage (I3-V3) output curves exhibit
linear characteristics at low bias. (Fig. 5F)
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Conclusions

We designed and synthesized a new class of
2D organic perovskites known as the CL~v phase.
Our synthetic approach is versatile and can
be extended to various organic molecules as
A-site cations, including diazabicycloalkane
(37, 38), azaadamantane (39), and other deriv-
atives of heterocyclic compounds (40), as well
as different B-site cations and X-site anions
(fig. S23). CL-v phase can be exfoliated or
grown as molecular thin crystalline organic
layers with large aspect ratio by solution pro-
cess, which can be potentially used as flexible
dielectrics. Our findings enhance the under-
standing of structural design principles per-
taining to all-organic perovskites. Based on
this understanding, we posit that it is fea-
sible to conceive and synthesize all-organic
perovskite analogs of the Dion-Jacobsen and
Aurivillius phases.
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