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Monolayer 2D polymers (2DPs), which are one-molecule-
thick, freestanding films comprised of periodically linked 
monomers (1–4), offer an ideal material system with two key 
advantages. First, their properties can be tuned at the molec-
ular level by using different monomers and polymerization 
chemistries (5, 6). Second, as the molecular analogs of 2D 
atomic crystals (e.g. graphene and transition metal dichalco-
genides (TMDs)) (7–9), 2DPs can be assembled through van 
der Waals (vdW) interactions into heterostructures and su-
perlattices layer-by-layer. Van der Waals heterostructures 
generated from 2D atomic crystals have produced properties 
not observed in individual building blocks (10, 11). Adding the 
chemical tunability of the 2DPs to such vdW heterostructures 
will lead to the properties and functionalities that are de-
signed at the molecular level and further tuned by the inter-
layer interactions. However, it has remained an unmet 
challenge to scalably synthesize monolayer 2DP films and 
subsequently integrate them with other materials with mon-
olayer precision (12, 13). This is due to the difficulty of con-
trolling reactions in the monolayer limit with large scale 
uniformity and the lack of facile methods for the transfer and 
integration of monolayer 2DPs because of their fragility. Pre-
vious experiments have reported progress toward large-scale 
synthesis of 2DPs (14–22), but with limited success with re-
gard to wafer-scale homogeneity, microscopic characteriza-
tion of crystalline structures, and scalable thin-film 
integration (23). 

Here, we report the wafer-scale synthesis and integration 
of monolayer 2DPs for the fabrication of their hybrid hetero-
structures with monolayer precision. We developed an inter-
facial synthesis technique, laminar assembly polymerization 
(LAP), that is compatible with various molecular building 
blocks and two primary polymerization chemistries (coordi-
nation and covalent). This approach incorporated key fea-
tures necessary for scalable and facile processing, including 
large-area synthesis, ambient growth conditions, and com-
patibility with established patterning and integration meth-
ods. These characteristics enabled the fabrication of 
superlattices based on monolayer 2DPs and 2D atomic crys-
tals. 

The design approach for the 2DP monolayers was based 
on porphyrin building blocks (Fig. 1A). These molecules have 
two variation sites — one at the center of the porphyrin ring 
(M = 2H, Fe(III), or Pt(II)) that tuned the optical spectra (Fig. 
1B) and the other on the phenyl groups (R = -COOH or -NH2) 
that controlled the monomer-monomer bonds. The mono-
mers crosslinked either through coordination bonds via a 
copper paddle wheel structure in the presence of Cu2+ ions 
(left, Fig. 1A and fig. S1; R = -COOH) (14), or through covalent 
bonds via the Schiff base reaction in the presence of tereph-
thalaldehyde (TPA) (right, Fig. 1A and fig. S1; R = -NH2) (21). 
The former forms coordination 2DPs (2DP I-III, M = 2H, 
Pt2+ or Fe3+, respectively), also known as monolayer metal-or-
ganic frameworks (MOFs), whereas the latter forms covalent 
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2DPs (2DP IV, M = 2H), also known as monolayer covalent 
organic frameworks (COFs). The linkage chemistry for all the 
2DPs were confirmed by Fourier-transform infrared spectros-
copy (FTIR) (fig. S2). 

Wafer-scale 2DP films were all produced at a sharp pen-
tane-water interface and then transferred onto a substrate 
(e.g. fused silica in Fig. 1) placed underneath by slowly drain-
ing the bottom solution (more details in the supplementary 
text). We visualized these films using a custom color-coding 
scheme based on the hyperspectral optical transmission im-
ages (Fig. 1C and fig. S3). Images of four transferred 2DP 
monolayers that covered an entire 2-inch (5-cm) fused silica 
substrate are shown in Fig. 1D. The films displayed uniform 
contrast over entire wafers, suggesting macroscopic continu-
ity and homogeneity (higher resolution analysis shown in fig. 
S4). The MOF-based 2DP I-III with different M had distinct 
absorption spectra (Fig. 1B), resulting in markedly different 
colors shown in Fig. 1D. The absorption spectra of the 2DPs 
resembled those of the corresponding porphyrin monomers 
(figs. S5 and S6, discussions in the supplementary text), indi-
cating that the optical properties of the 2DP films could be 
directly tuned at the molecular level. 

These monolayer 2DPs were synthesized using LAP ex-
plained in Fig. 2. It is based on monomer self-assembly and 
polymerization at the sharp interface formed between two 
immiscible solvents (pentane/water) that strictly confined 
the monomers in a monolayer limit, which was critical for 
precise control of the thickness (Fig. 2, A and B). Laminar 
flow of the assembled monomers led to large-scale continuity 
and homogeneity in thickness (Fig. 2A and fig. S7 describe 
the LAP synthesis and the in situ optical characterization ap-
paratus; additional details in the supplementary text). 

There are three phases in the LAP process (illustrated in 
Figs. 2A and 2B): injection, self-assembly, and polymeriza-
tion. During injection, the monomers were introduced from 
the edge of the reactor (width W) and directly delivered onto 
the sharp pentane/water interface by a continuous stream of 
carrier solution through the pentane layer (within 1 cm from 
the edge, Movie S1). The pentane-mediated delivery has two 
key advantages. First, the mass flow of the precursor is con-
tinuous at the interface, which is achieved by using micro-
syringe pumps and by carefully choosing the combination of 
the carrier solvents. Second, the pentane/water interface is 
steady during the growth, resulting in minimal disturbance. 
This contrasts with dropwise delivery through the air, which 
disturbs the interface. Once delivered to the interface, the 
porphyrin-based monomers self-assembled at the interface 
because of their amphiphilicity and then spread, while being 
restricted by the longer sidewalls (length L). This process gen-
erated laminar flow of the monomers away from the injection 
region and resulted in a continuous monolayer assembly. 
Then, the polymerization of assembled monomers takes place 

gradually through the reaction with the reagents present in 
water (Cu2+ ions for MOF-based 2DP I-III; TPA for COF-
based 2DP IV). 

The monolayer nature of the 2DPs was confirmed by op-
tical images that showed unidirectional movement of the 
monolayer assembly parallel to the longer sidewalls (Fig. 2C; 
see Movie S2) with little mixing perpendicular to this direc-
tion (Fig. 2F), confirming a laminar flow. This monolayer re-
mained intact upon solvent washing after a complete 
polymerization (~30 min); in contrast, unpolymerized films 
were washed away (Fig. 2D). Quantitative measurements of 
the synthesized area of 2DP I (R = -COOH and M = 2H with 
Cu2+ ions) as a function of the injected volume of the mono-
mer solution closely followed a linear growth model con-
sistent with a near-unity monomer-to-monolayer yield (Fig. 
2E and Movie S3). 

The LAP synthesis offers several advantages important for 
thin-film processing and integration of 2DP monolayers. 
First, the growth can be easily scaled up by injecting more 
monomers (for larger L) and by adding an array of nozzles in 
parallel (for larger W) (fig. S8). For example, the 2-inch films 
shown in Fig. 1D were synthesized with three nozzles in a 2” 
(W) by 5” (L) reactor. Second, lateral heterojunctions of mon-
olayer 2DPs can be grown with tunable compositions and 
widths by introducing different monomers from each nozzle 
and by controlling the relative injection rates (Fig. 2, F and 
G, and fig. S9). Sharp interfaces between adjacent monolayer 
stripes were observed without voids. Finally, the 2DP mono-
layer films were compatible with a wide range of patterning 
and transfer techniques. For instance, they can be transferred 
to various substrates without tearing, distortion or buckling 
after evaporating pentane (e.g. SiO2/Si in Fig. 3B and gold in 
Fig. 3D), and they could be patterned by using a laser marker 
while still on the water surface with a scanning laser (fig. 
S10). Multiple patterning and transfer steps can be combined 
to fabricate laterally-patterned and vertically-stacked hetero-
structures while maintaining the integrity of the intricate 
patterns, as shown in Fig. 2H and fig. S10. 

The 2DP films were mechanically robust and homogene-
ous in thickness. On the large scale, they exhibited consider-
able mechanical strength and could be transferred onto 
various substrates as continuous films, as shown in Fig. 1D. 
As an additional example, a scanning electron microscopy 
(SEM) image of a 2DP I film transferred and suspended over 
a holey transmission electron microscope (TEM) grid (2 𝜇𝜇m 
diameter holes; Fig. 3A) displays an array of freestanding 2DP 
membranes. These membranes were suspended with a near 
perfect yield (> 99%; one broken membrane denoted by an 
arrow) and appeared uniform and continuous over the entire 
area without cracks or voids. These 2DP films were close to 1 
nm in height, near the expected thickness of a monolayer 
(24), with a uniform and smooth surface as measured by 
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atomic force microscopy (Fig. 3B and fig. S11). 
The MOF-based 2DP I-III showed polycrystalline struc-

ture as confirmed by the synchrotron grazing incidence X-ray 
diffraction (GIXRD) in Fig. 3C and figs. S12 and S13. Using 
2DP II as an example, the in-plane XRD pattern showed all 
of the main peaks predicted based on the structure model 
(inset in Fig. 3C and supplementary table S1) and the average 
lateral domain size was estimated to be ~20 nm according to 
Scherrer equation. As additional evidence, the crystalline 
structure of 2DP II monolayers transferred onto flat Au(111) 
surfaces was confirmed with scanning tunneling microscopy 
(STM) performed under ultra-high vacuum. The STM topog-
raphy image (Fig. 3D) showed a square lattice with a single-
crystalline domain that fully covered the 30 nm by 30 nm 
area (see the 2D fast Fourier transform (FFT) image; inset in 
Fig. 3D). Another STM image (Fig. 3E; 60 nm by 60 nm) dis-
played three primary crystalline orientations (lattice constant 
a = 1.66 ± 0.03 nm, measured from Fig. 3F), suggesting that 
the 2DP II films were polycrystalline with domain structures 
similar to those in previously imaged 2DPs (25, 26). The lat-
tice constant extracted from these microscopic STM analyses 
is close to that from GIXRD measurements (1.64 nm) per-
formed on the macroscopic scale (0.1 mm by 10 mm) with a 
mismatch less than 2% (Fig. 3C and fig. S12 and S13). A com-
posite inverse 2D FFT image (Fig. 3G) has each region colored 
according to the lattice orientation. We used this map to es-
timate the size of domains (between 10 and 40 nm) and locate 
domain boundaries (marked by dashed lines in Fig. 3E). For 
the COF-based 2DP IV, no evidence for long-range order 
could be collected (through GIXRD or selected area electron 
diffraction), similar to other monolayer covalent 2DPs re-
ported previously (26). 

In Fig. 4, we further demonstrate the potential of LAP by 
presenting an array of vertically programmed hybrid vdW su-
perlattices. These superlattices were produced by repeatedly 
stacking in vacuum hybrid 2D building units 2DP/(MoS2)n, 
each made of a 2DP monolayer and n monolayers of MoS2. 
Examples of a 2DP II/(MoS2)3 superlattice and a 2DP 
II/MoS2 film are shown in Fig. 4, A and B, respectively (de-
tailed methods are shown in figs. S14 and S15) (27, 28). Figure 
4A shows a cross-sectional annular dark field (ADF) scanning 
transmission electron microscope (STEM) image of a repre-
sentative 2DP II/(MoS2)3 superlattice—a 11-layer stack—con-
structed by alternating one layer of 2DP II and three layers 
of MoS2. The image shows three bright bands separated by 
two dark lines. Each of the bright bands consisted of three 
layers of MoS2 and the dark layer in between corresponds to 
a 2DP II monolayer, as confirmed by the composite ADF and 
electron energy loss spectroscopy (EELS) mapping (Fig. 4A 
and fig. S16). The films ran parallel to each other with sharp 
interfaces and uniform layer thickness over the entire 100 nm 
view of the ADF STEM image, indicating a high level of 

uniformity. In addition, the composition of the superlattice 
could be tuned by using a different 2DP, as demonstrated by 
the 2DP III/(MoS2)2 superlattice shown in Fig. 4C. EELS 
spectra confirmed the chemical composition of each consti-
tuting layer, where 2DP III was identified by a strong carbon 
signal and MoS2 by a strong sulfur signal (Fig. 4C and fig. 
S16). 

The vertical structure and composition of the hybrid vdW 
superlattices could be directly engineered by using different 
hybrid building units. Figure 4D (left) shows a series of vdW 
superlattices with varied superlattice periodicity d made of 
2DP II/(MoS2)n repeating units, for n = 1, 2, or 3. The grazing 
incidence wide-angle x-ray scattering (GIWAXS) data pre-
sented in Fig. 4D (middle and right) and figs. S17 and S18 
show the distinctive diffraction peak for each superlattice. By 
radially integrating the 2D GIWAXS images along the out-of-
plane direction, 1D spectra were obtained in reciprocal space 
and used to measure d (fig. S19). For example, the superlattice 
with n = 3 showed d = 3.5 nm and a vdW thickness of 1.5 nm 
for 2DP II, near the value measured from Fig. 4A. The results 
from other superlattices agreed very well with the predicted 
values (fig. S14 and supplementary table S2). In addition, X-
ray reflectivity (XRR) measurements conducted on similar 
superlattice structures and the scattering length density pro-
files generated from fitting the XRR spectra clearly reveal the 
oscillations of electron density consistent with the alternat-
ing structures of (MoS2)n and 2DP II (fig. S20 and supple-
mentary text). The thickness of the repeating units extracted 
from the XRR analysis matches those obtained from GIWAXS 
and cross-sectional STEM within 2Å mismatch (supplemen-
tary table S3). Both the GIWAXS and the XRR data were 
taken from a macroscopic area randomly chosen from 1 cm 
by 1 cm superlattice films, illustrating the homogeneity of the 
vdW superlattices on a large scale. 

Vertically programmed vdW superlattices and hetero-
structures provide a powerful platform for fabricating uni-
form arrays of devices whose properties are engineered layer 
by layer (10, 11, 29–32). To demonstrate such potential, we 
chose to fabricate arrays of electrical capacitors (a photo 
shown in Fig. 4F) from vdW heterostructures of 2DP II and 
MoS2 (Fig. 4E), as it involves integration of both top and bot-
tom electrodes and the capacitance can be directly tuned by 
the thickness of the superlattices. Each device in an array 
consisted of two gold electrodes sandwiching the vdW heter-
ostructure dielectric (27). Figure 4G shows the results meas-
ured from a series of heterostructures, (MoS2/2DP 
II)N(MoS2)6-N, where N monolayers of 2DP II films were in-
serted in between MoS2 layers of a 6-layer MoS2 stack (sche-
matics in Fig. 4G). Thus, the dielectric thickness and the 
capacitance are directly tuned by varying the layer number of 
monolayer 2DP II. The measured inverse capacitance 1/C’, 
where C’ is the area-normalized capacitance, linearly 
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increased as N increased from 1 to 5. Using the classical ca-
pacitor model, we extracted the dielectric constants of 2DP 
II (4.1) and MoS2 (2.7), in agreement with reported values (33, 
34). The measured capacitance from an array of devices ex-
hibited a narrow distribution (lower inset in Fig. 4G), sug-
gesting the spatial uniformity of the hybrid heterostructures. 
The spatial uniformity is comparable to what has been 
achieved with stacked MoS2 films (27). Thus, this method of-
fers a general platform to incorporate diverse molecular spe-
cies into vdW hybrid thin films for functional devices. 
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Fig. 1. Fig. 1. Wafer-scale monolayer 2DPs. (A) Schematic of monolayer 2DPs and 
corresponding chemical structures of the molecular precursors. (B) Absorption spectra of 
monolayer 2DPs on fused silica substrates. (C) Hyperspectral transmission images and 
resulting false color images of 1 inch-square 2DP I on a 2-inch fused silica substrate. 
Transmission images taken at the wavelength of 405 nm, 420 nm, and 440 nm are assigned 
as red, green and blue channel, respectively, to generate the false color image. A linear 
transmission scale of 50% to 95% was applied to all of the channels. (D) False color images 
of monolayer 2DPs covering entire 2-inch fused silica wafers. Same color code was applied 
in (C) and (D). 
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Fig. 2. Laminar assembly polymerization. (A) Schematic of a LAP reactor and in situ optical 
characterization apparatus. MSP stands for micro-syringe pump. (B) Schematic of the LAP 
synthesis that involves three phases. (C) False color images of 2DP I film at four different 
stages during the growth. Images are individual frames extracted from Movie S2 measured 
at the wavelength of 425 nm. The precursor was injected from the left side. The film was 
colored with purple. The view size is 6 mm by 24 mm. (D) Optical transmission images 
comparing monolayer films produced with and without Cu2+ ions before and after rinsing 
measured at the wavelength of 425 nm. Image size is 0.67 cm by 1 cm. (E) Left: Schematic 
of a linear growth model based on LAP. The film area increases linearly over time with a rate 
constant k = CN·A0·v·η/Neff, where CN is number concentration of the molecular precursor, A0 
is unit cell area of 2DP I lattice, v is volumetric injection rate, η is monomer-to-monolayer 
yield, and Neff is effective layer number. Right: the relation between film area and volume of 
the injected precursor measured for 2DP I. The dashed line indicates the theoretical curve 
for 100% monomer-to-monolayer conversion based on the lattice structure of 2DP I (η = 
100%, Neff = 1). The data points were collected from Movie S3. (F) False color image of 2DP 
I/2DP III/2DP II lateral junctions. Inset: schematic of generating lateral heterostructures of 
2DP I/2DP III/2DP II using three nozzles in LAP. (G) False color images of 2DP I/2DP II 
lateral junctions with tunable stripe widths. (H) False color image of overlapped 2DP I and 
2DP II stripes. Scale bar: 500 μm. 
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Fig. 3. Structural characterizations of 2DPs. (A) SEM image of monolayer 2DP I on a holey silicon 
nitride TEM grid. The white arrow indicates a hole not covered by monolayer 2DP I. Scale bar: 5 𝜇𝜇m. 
Bottom-left inset: schematic of monolayer 2DP I suspended over a hole on a silicon nitride TEM grid. 
Top-right inset: magnified SEM image of monolayer 2DP I suspended over a 2 𝜇𝜇m hole. (B) AFM 
height image of monolayer 2DP I. Scale bar: 500 nm. Inset: AFM height profile. (C) Experimental and 
calculated in-plane XRD profiles for 2DP II. The experiment was conducted on a stacked 2DP II of 
147 layers on sapphire. Inset: crystal structure of 2DP II. (D) Constant-current STM topography 
image of a single crystalline domain of monolayer 2DP II on a thin film of Au(111) on mica. Inset: 2D 
FFT of the image. (E) Constant-current STM topography image of multiple crystalline domains of 
monolayer 2DP II. Boundaries between different domains are manually identified in white dashed 
line. (F) 2D FFT of (E) showing square lattices of three major orientations. (G) Color-coded inverse 
2D FFT image generated using the three sets of square lattice spots in (F). One spot from each set is 
circled with the corresponding color in (F). 
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Fig. 4. 2DP/TMD vertical superlattices. (A) Left: schematic of a 2DP/(MoS2)3 superlattice. Middle: 
cross-sectional ADF STEM image of a 2DP II/(MoS2)3 superlattice film transferred onto a SiO2/Si 
substrate. Each bright band consists of three MoS2 monolayers and each dark layer between the 
bands is a monolayer 2DP II. Right: a composite image of carbon (Yellow) and oxygen (Blue) EELS 
mapping and ADF STEM signal (Green) taken from a different area on the sample shown in fig. S16. 
(B) Optical transmission image of a 2DP II/MoS2 heterostructure on fused silica taken at the 
wavelength of 405 nm. The diameter of the wafer is 1 inch. (C) Left: cross-sectional ADF STEM image 
of a 2DP III/(MoS2)2 superlattice film transferred onto a SiO2/Si substrate. Each bright layer consists 
of 2 layers of MoS2 stacked and each dark layer is a 2DP III monolayer. Right: the EELS profiles of 
carbon and sulfur taken from a different area on the sample shown in fig. S16. Scale bar: 5 nm. (D) 
Left: structures of 2DP II/(MoS2)n vertical superlattices. Middle: normalized diffraction peaks 
corresponding to 2DP II /(MoS2)n superlattices measured by GIWAXS. Right: 2D GIWAXS scattering 
patterns of 2DP II/(MoS2)n superlattices. Scale bar: 0.2 Å−1. (E) Schematic of vertical capacitor 
device arrays and individual device geometry. (F) Optical image of a 3 by 5 capacitor device array. 
Scale bar: 500 𝜇𝜇m. (G) Reciprocal of area-normalized capacitance, 1/C’, as a function of N, number 
of 2DP II layers in stacked (MoS2/2DP II)N(MoS2)6-N films. Each data point is averaged from ten 
devices with corresponding stacked film structures shown above. Green: MoS2; yellow: 2DP II. Inset 
shows a capacitance histogram of 25 devices of N = 2. 
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