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ABSTRACT: Organic semiconducting nanomembranes (OSNMs), particularly Graphene Sraphynen
carbon-based ones, are at the forefront of next-generation two-dimensional (2D)
semiconductor research. These materials offer remarkable promise due to their
diverse chemical properties and unique functionalities, paving the way for
innovative applications across advanced semiconductor material sectors. Graphene
stands out for its extraordinary mechanical strength, thermal conductivity, and
superior charge transport capabilities, inspiring extensive research into other 2D
carbon allotropes like graphyne.: and.graphcliiyne. With its.high electron mob'ility - ™o \\}/’ ‘ y
and tunable bandgap, graphdiyne is particularly attractive for power-efficient “® = o

electronic devices. However, synthesizing graphdiyne presents significant

challenges, primarily due to the difficulty in achieving precise and deterministic
control over the coupling of its monomers. This precision is crucial for determining
the material’s porosity, periodicity, and overall functionality. Innovative approaches have been developed to address these challenges,
such as the strategic assembly of molecular building blocks at heterogeneous interfaces. Furthermore, data-driven techniques, such as
machine learning and artificial intelligence (AI), are proving invaluable in this field, assisting in screening precursors, optimizing
structural configurations, and predicting novel properties of these materials. These advancements are essential for producing durable
monolayer sheets that can be integrated into existing electronic components. Despite these advancements, the integration of
graphdiyne into semiconductor technology remains complex. Achieving long-range coherence in bonding configurations and
enhancing charge transport characteristics are significant hurdles. Continued research into robust and controllable synthesis
techniques is essential for unlocking the full potential of graphdiyne and other 2D materials, leading to more efficient, faster, and
mechanically robust electronics.
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B INTRODUCTION impressive performance, supporting currents nearly 100 times
greater than those in individual graphene nanoribbon devices
while maintaining an on—off ratio that is comparable to these
devices and tunable by adjusting the neck width." These
attributes have sparked extensive research into graphene and
inspired investigations into other 2D carbon allotropes, such as
graphyne and graphdiyne, which consist of sp- and sp*-
hybridized carbons, respectively. These materials exhibit
electronic properties that could potentially surpass those of
graphene and GNM, making them highly suitable for efficient,
high-speed transistor technologies.

Graphdiyne, for instance, stands out due to its theoretically
high electron mobility, up to 10° cm?/V-s, and a bandgap of

The exploration of organic semiconducting nanomembranes
(OSNMs), especially those based on carbon, has been at the
forefront of next-generation two-dimensional (2D) semi-
conductor research.”” These materials offer remarkable
promise by virtue of their diverse chemical properties and
unique functionalities, paving the way for innovative
applications across advanced semiconducting material sectors.
Graphene is particularly noteworthy among the various
carbon-based OSNMs due to its extraordinary mechanical
strength, exceptional thermal conductivity, and superior charge
transport capabilities unmatched by bulk graphite.’ One
notable advancement in graphene research is the creation of
graphene nanomesh (GNM, Figure 1), achieved by perforating

the basal plane of graphene through block copolymer Received: September 4, 2024
lithography. GNM can be viewed as a highly interconnected Revised: ~ November 19, 2024
network of graphene nanoribbons (GNRs). This structure can Accepted:  November 20, 2024

be precisely engineered with variable periodicities and neck Published: December 4, 2024

widths as narrow as 5 nm by fine-tuning the lithographic
process. GNM-based field-effect transistors demonstrate
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Figure 1. (a) Schematic representation of fabricating perforated graphene, nanomesh. The P(S-b-MMA) block copolymer is used for the
nanopatterning process, which defines the neck width and periodicity of pores. (b) AFM phase contrast image of the annealed block copolymer film
on graphene shows hexagonal-packed PMMA domains in the PS matrix. (c) SEM image of a porous PS film obtained by selectively removing the
PMMA domains. (d) SEM image of the SiO, nanomesh mask after reactive ion etching with the PS mask. (e) SEM image of a GNM structure after
removing the top SiO, mesh mask. Scale bars, 100 nm. Reproduced from ref 12. Copyright 2010 Springer Nature.
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Figure 2. From a structural point of view, graphdiyne comprises the narrowest neck width (alkyne linkers) connected with benzene cores.

approximately 0.5 eV.” As shown in Figure 2, with the
narrowest neck width (alkyne linkers) connected with benzene
cores, graphdiyne shall gain enough bandgap for sufficient gate
response and on—off ratio, and a denser mesh structure with
molecularly well-defined periodicity and porosity can enable
higher current delivery.®”'® These properties make it
particularly attractive for power-eflicient electronic devices,
offering a substantial contrast to the semimetallic nature of
graphene nanomembranes, which limits their utility in certain
semiconductor applications. Despite the promising character-
istics of carbon-based OSNMs, the synthesis of 2D-ordered
networks of carbon—carbon bonds extending beyond graphene
remains a frontier challenge in contemporary chemistry.'*
Taking the solution-based synthesis of graphdiyne as an
example, achieving the necessary precision in high-molecular-
mass systems is fraught with difficulties, primarily due to their
solubility and tendency to aggregate, complicating their
synthesis via conventional bulk, solution-phase methods."
This often restricts the lateral dimensions of organic OSNMs
to sizes barely exceeding the nanometer-scale scale, limiting
their practical application. In parallel, rampant and random
growth of the skeleton in the out-of-plane direction during the
coupling of the monomer (hexaethynyl benzene, HEB) is often
the result of free rotation between the alkyne—aryl single

bonds. From an organic chemistry perspective, the concept of
free rotation around alkyne—aryl single bonds is closely related
to the conformational dynamics of the molecule.'® Rotation
around a single bond is relatively unhindered, allowing the
molecule to adopt different conformations. The result is a
disordered 3D structure with poorly defined micropores rather
than the desired 2D structure, making the large-scale
fabrication of the membrane unfeasible. Note that the use of
HEB requires great care because it is highly reactive in ambient
conditions.

B INNOVATIVE APPROACHES TO SYNTHESIS

While solution-based synthetic schemes fail to circumvent the
need for precision coupling at scale, the substrate-based
technique takes advantage of the specially chosen platform to
encourage the growth of graphdiyne with long-range, ordered
networks. Innovative approaches have been developed to
navigate these synthetic challenges, such as the strategic
assembly of molecular building blocks at interfaces. Techni-
ques like self-assembled monolayers (SAMs) and Langmuir—
Blodgett films provide planar precursor films, which sub-
sequently undergo intramolecular reactions between the
molecular constituents, thus forming highly conjugated, robust
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Figure 3. (a) Templating an organic base, tetramethyl ethylenediamine (TMEDA), on a thermally restructured, [111]-oriented copper (Cu)
substrate provides spatially well-defined catalytic sites. (b) The spatially well-defined catalytic sites have proven to be the key factor in facilitating
the Glaser—Hay coupling reaction while suppressing the free rotation between the alkyne—aryl single bonds of 1,3,5-triethynylbenzene (TEB)
monomers. (c) The result is the ordered 2D mesh-like architecture formed throughout the entire growth substrate. Reproduced from ref 20.

Copyright 2022 Springer Nature.

carbon-based nanomembranes.'® These durable, monolayer
sheets can be released and transferred onto substrates like
silicon (Si) wafers and sapphires to seamlessly integrate with
existing electronic components. Moreover, modifications such
as low-energy electron bombardment have been utilized to
create cross-linked matrices that transform functional groups.'”
This process, for nitroaryl thiols on gold, forms a dense, cross-
linked matrix within the aryl segments and reduces the chain-
end nitro substituents to amino groups. Upon detachment
from the gold surface, the resulting Janus nanomembranes
feature thiol groups on one face and amino groups on the
other. This dual functionality holds significant potential for
devices that require distinct electronic interfaces on the top
and bottom surfaces.'®

Tremendous progress with SAM-based alternatives began to
shed light on achieving long-range coherence in the bonding
configurations. The limiting step for synthesizing graphdiyne
was simply achieving the desired configuration of carbon—
carbon bonds by monomer coupling reactions at scale.'” This
would have greater implications for real-world applications but
remain a formidable hurdle due to the uncontrollable growth.
The focus of a great deal of research has thus shifted toward
limiting the free rotation of the alkyne—aryl single bonds. One
should consider three important design factors beyond
scalability when considering the proficiency of any synthetic
route to graphdiyne. First and foremost, a process must
produce high regularity and well-defined porosity in the 2D
crystal lattice to ensure mobility and selectivity. Second, the
method must provide fine control over crystallite thickness and
stacking so as to deliver uniform performance. Finally, and for
ease of integration, any process should be compatible with
existing technological platforms.

Recently, Jie Shen, Yichen Cai, Lain-Jong Li, Yu Han, and
co-workers, in collaboration with our group, later showed that
templating an organic base, tetramethyl ethylenediamine
(TMEDA), on an ultraflat, single-crystalline [111]-oriented
copper (Cu) substrate provides spatially well-defined catalytic
sites.”” Templating TMEDA on the atomic steps of Cu(111)

has proven to be the key factor in suppressing the free rotation
between the alkyne—aryl single bonds of 1,3,5-triethynylben-
zene (TEB) monomers, thus promoting the formation of the
ordered 2D mesh-like architecture throughout the entire
growth substrate (Figure 3). The extended control in this
phase minimizes variations in the material’s porosity and
periodicity, enhancing its electrical conductivity, mechanical
strength, and chemical reactivity. One of the most exciting
aspects of the TMEDA templating method is its reproducibility
and scalability. Through the Glaser—Hay coupling reaction,”!
long-range coherence in 2D graphdiyne membranes is easily
achieved and is only limited by the size of the TMEDA-
templated Cu(111) substrate, making it possible to scale up
production while maintaining high crystallinity. This scalability
extends the potential applications of graphdiyne far beyond
traditional semiconductor uses.

Indeed, the resulting 2D graphdiyne membranes can be
facilely transferred onto porous support and exhibit excellent
water transport and molecular sieving properties, which are
superior to state-of-the-art membranes reported for water/
monovalent-ion separation driven by osmotic pressure.
Molecular simulations further reveal that seemingly vertical
channels are connected by interlayer spaces to form a 3D
network, thus allowing water molecules to pass rapidly through
the membrane. Future advances in this area could explore new
chemical pathways for monomer coupling, employ templating
agents to guide monomer assembly, or refine reaction
conditions to produce even more uniform and scalable
products. These developments would significantly impact the
scalability of graphdiyne production and pave the way for its
adoption in various emerging fields, including -catalysis,
molecular sieving, lithium (Li) sequestration, sensor tech-
nologies, and its established role in semiconductors.

B DATA-DRIVEN PRECISION FOR FUTURE WORK

Exfoliated 2D materials often possess unique properties
surpassing their 3D counterparts, opening up a wide range of
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Figure 4. Schematic illustration of how ML accelerates the discovery and development of 2D OSNMs. ML models predict material properties,
optimize synthesis conditions, and characterize structural configurations by processing large data sets efficiently. These techniques streamline the
identification of promising candidates with desirable properties and enhance the precision of structural control, enabling the scalable production of

high-quality 2D materials.

potential applications. However, using traditional theoretical
and computational approaches to predict their properties can
be highly resource-demanding and time-consuming. Despite
their strengths, traditional methods like density functional
theory (DFT) calculations and classical molecular dynamics
(MD) simulations are often constrained by high computational
demands and limited capacity to process large data sets
efficiently. In the past few years, we have witnessed the rising
trend in data-driven methods for expediting 2D material
research, transforming how materials are discovered, designed,
and developed. To this end, machine learning (ML) provides
an alternative for investigating 2D organic OSNMs and
speeding up their discovery.

ML models are extensively utilized to predict properties,
optimize preparation conditions, and analyze structural
configurations of 2D OSNMs, as illustrated in Figure 4. ML
can identify promising material candidates with desirable
properties such as high thermal conductivity, electron mobility,
and exceptional mechanical strength by using algorithms that
detect patterns and correlations in data sets. This approach not
only streamlines the discovery process but also deepens our
understanding of the fundamental physical and chemical
mechanisms involved. There are two main approaches to
predicting properties: one involves ML trained on databases
comprising computational results and experimental data, and
the other uses machine-learning interatomic potentials
(MLIPs) trained over short ab initio molecular dynamics
trajectories, offering an acceleration in evaluating forces and
energies compared to DFT-based solutions. ML-based
methods have predicted properties of carbon-based nano-
membranes, such as thermal conductivity,zz’23 phononic
properties,”* and mechanical properties.”>™>

ML can optimize preparation conditions by analyzing the
impact of various factors on the resulting material structures
and properties. For instance, we can predict the conditions for
achieving precise control over monomer coupling in graph-
diyne synthesis by adjusting temperature, pressure, and
precursor concentration. This predictive capability is crucial
for addressing the challenges of achieving long-range
coherence and enhancing charge transport characteristics in
2D graphdiyne. In addition to optimizing preparation
conditions, ML is also important for understanding and

characterizing structural configurations. ML-based methods
process data from advanced spectroscopy and microscopy
tools, such as optical microscope (OM) and scanning
tunneling microscopy (STM), to characterize structural
configurations and find correlations that encode the underlying
physics. ML has successfully identified the twist angles of
bilayer graphene from Raman spectra corresponding to their
vibrational properties,”® and from STM corresponding to their
local density of states.”” It has also characterized graphene
dispersions, such as flakes and sheet species, from polarized
OM.? ML is proving to be a powerful tool for characterizing
structural configurations and solving complicated inverse
problems. Furthermore, AI has been effective in designing
2D layered materials with tailored properties for practical
applications. Recent examples include but are not limited to
the wafer-scale fabrication processes of electronic grade 2D
OSNMs guided by ML and grid searching, ultimately
optimizing the device performance.’’

Using ML for screening precursors, optimizing structural
configurations, and predicting the properties of carbon-based
nanomembranes is promising. ML accelerates research by
providing predictive insights, reducing the trial-and-error
aspect of material synthesis. Additionally, the synergy between
ML and traditional techniques enhances understanding of the
mechanisms governing material behavior. This approach
enables the development of robust and controllable synthesis
methods, paving the way for scalable production of high-
quality 2D graphdiyne with enhanced properties and expanded
functionalities.

B POSSIBLE APPLICATIONS

The potential applications of highly crystalline graphdiyne in
semiconductor technologies are particularly promising due to
its distinctive combination of properties. For instance, the
TMEDA/Cu(111)-substrate-based methods for scalably pro-
ducing 2D graphdiyne in a molecular precision at a low
processing temperature (<200 °C), coupled with the thermal
resistance up to 600 °C, presents a significant advantage in
semiconductor manufacturing by reducing thermal budgets
and associated costs. This characteristic is particularly valuable
in applications where substrate sensitivity or integration with
other low-temperature processes is crucial. Moreover, graph-
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diyne’s tunable bandgaps offer the flexibility to engineer
materials for specific electronic functions, ranging from visible-
light photoactivity to charge transport layers in various
electronic devices. This tunability allows for the customization
of electronic and optical properties, making graphdiyne
suitable for multiple applications, including photovoltaics,
memories, and transistors. The high mobility of charge carriers
in graphdiyne, which significantly exceeds that of many
conventional semiconductor materials, enables devices to
operate at higher speeds or with greater efficiency. This
property is particularly critical in developing high-speed
transistors and circuits, where rapid charge transport is
essential for performance improvements. In parallel, the high
mobility of charge carriers in graphdiyne contributes to
efficient charge separation in heterojunction devices. For
example, in graphdiyne/molybdenum disulfide (graphdiyne/
MoS,) heterojunctions, the electron repulsion of the alkyne-
rich skeleton in graphdiyne facilitates effective electron—hole
pair separation and transfer.

Additionally, graphdiyne’s anisotropic thermal resistance is
pivotal for applications requiring efficient heat dissipation, such
as power electronics and high-performance computing devices.
Efficient thermal management enhances device reliability and
longevity by mitigating thermal degradation. Lastly, the
mechanical properties of graphdiyne, including its robustness
and flexibility, open up new possibilities for its use in flexible
electronics and wearable devices. The material’'s durability
under mechanical stress makes it an ideal candidate for
applications where electronic components must maintain
functionality under bending and stretching. Together, these
attributes make highly crystalline graphdiyne a versatile and
promising material for next-generation semiconducting chan-
nels in various electronic and optoelectronic devices. Its
integration into current semiconductor technology could lead
to more energy-efficient, faster, and mechanically robust
electronics, significantly impacting the industry’s landscape.

The periodic arrangement of the alkyne linkers connected to
the benzene cores of graphdiyne closely resembles patterned
graphene, making it possible to establish conditions for
minimizing epitaxial lateral overgrowth of 2D and 3D
semiconducting crystals. In this light, the atomic registry
between the host substrate and the epilayer can be better
matched through periodic porosity, thus facilitating the
partially screened electrostatic potential of the substrate to
interact indirectly with the adatoms during epilayer growth.
Meanwhile, because of the formation of indirect chemical
bonds, this remote interaction can lead to well-aligned
nucleation of an epilayer that follows the orientation of the
substrate.””*® Moreover, the interconnected networks of
benzene cores provide a dangling-bond-free van der Waals
(vdW) surface, enabling remote-epitaxial films to be detached
at the interface through simple mechanical exfoliation with
atomic precision.zAr

Moreover, theoretical explanations of the correlations
between different descriptors and target properties are
necessary to better understand these properties and improve
ML model prediction efficiency and accuracy. Interpretable
ML models, rooted in physical or chemical knowledge,
enhance the reliability of predictions and can reveal
unexpected correlations, offering new scientific insights into
physical chemistry. Data-driven approaches can facilitate the
discovery of graphdiyne derivatives with enhanced perform-

ance characteristics for use in flexible electronics, sensors, and
energy storage devices.

Bl CONCLUSION AND OUTLOOK

The engineering challenges and associated costs of developing
2D graphdiyne technologies are pivotal in ongoing research
and manufacturing. Optimizing the production process of 2D
graphdiyne may require a hybrid strategy that integrates
various techniques, enabling the direct assembly and deploy-
ment of these materials in specific applications. The approach
will need to be highly flexible and adaptable, tailored to the
requirements of each intended use. Central to future
advancements in 2D graphdiyne technology are the synthesis
techniques employed. There is an urgent need for innovative
methods that can expand the range of inorganic SNM materials
beyond what is achievable with current techniques such as
exfoliation, etching, epitaxial growth, and bonding. Like other
classes of nanomaterials, the morphological and chemical
properties of 2D graphdiyne surfaces are critical. In some cases,
existing technologies for surface passivation may be adapted to
create multilayer 2D graphdiyne structures, such as SiO,/Si/
SiO, configurations, which protect critical interfaces from
environmental degradation.

In other instances, 2D graphdiyne surfaces may be
deliberately exposed and functionalized for specific applica-
tions, such as sensors.”> This functionalization is crucial for
expanding the utility of 2D graphdiyne beyond traditional
electronic and optoelectronic devices into a broader range of
applications, including membranes in catalysis,”® nanoelec-
tromechanical systems (NEMS), photonic and plasmonic
structures,”””® thermal and mechanical energy harvesting
components, and micro/nanoscale sensors. Graphdiyne
possesses a direct bandgap, a crucial characteristic of
semiconductor applications. Tuning this bandgap offers
significant advantages in device design and performance
optimization. One notable approach is H-substitution, which
can significantly widen the bandgap. For instance, H-
substituted graphdiyne (H-GDY) exhibits an increased
bandgap energy of approximately 2.5 eV. The bandgap of
graphdiyne can also be tuned by modifying its structure.
Different edge structures and widths in graphdiyne nanorib-
bons can lead to variations in the bandgap. With its wider
bandgap, H-substituted graphdiyne (H-GDY) has shown
enhanced photocatalytic hydrogen production when combined
with TiO,. The synthesis of functionally useful organic
OSNMs beyond 2D graphdiyne poses significant challenges.
Still, it offers tremendous potential, particularly through
interfacial assembly and cross-linking techniques on mono-
crystalline substrates that are only limited by the dimensions of
the annealing oven.””~** These approaches could lead to the
fabrication of new materials with tailored properties for specific
applications.

Understanding the physics of transport in shaped, chemically
functionalized, and/or strain-engineered 2D graphdiyne could
reveal additional properties, potentially exceeding those
achievable with current materials and methods. Data-driven
approaches will be essential in these advancements.”*~** ML
can dramatically reduce the trial-and-error process in material
development by providing predictive insights and optimizing
synthesis processes. Integrating ML with traditional techniques
will deepen our understanding of material behavior, paving the
way for scalable production of high-quality 2D materials.
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The continued exploration of advanced 2D graphdiyne
technologies could lead to groundbreaking applications across
a broad spectrum of fields, including microfluidic devices,
molecular sensors, sieves, and scaffolds for cell culture, among
others. Each of these applications stands to benefit from the
unique properties of 2D graphdiyne, which can be precisely
tailored through advanced synthesis and functionalization
techniques to meet specific operational demands.
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