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8:15am 2D+AQS+EM+NS+QS+TF-FrM-1 Charge Transport in Printed Films 
of Two-Dimensional Materials for Printed and Wearable Electronics, Felice 
Torrisi, Imperial College London, UK INVITED 

Printed electronics has emerged as a pathway for large scale, flexible, and 
wearable devices[1], Internet-of-Things[2] and smart textiles[3]. Graphene 
and related two-dimensional (2D) materials offer an ideal platform of novel 
materials for high performance printed electronics [4,5]. Electronic inks 
from 2D materials with different electronic properties have been developed 
to print the different elements of a device: semiconducting or semimetallic 
inks in the active layer, insulating inks for dielectrics, and conducting inks 
for electrodes[6]. 

In this talk I will describe the charge transport mechanisms of surfactant- 
and solvent-free inkjet-printed thin-film devices of representative few-layer 
graphene (semi-metal), molybdenum disulphide (MoS2, semiconductor) 
and titanium carbide MXene (Ti3C2, metal) by investigating the 
temperature, gate and magnetic field dependencies of their electrical 
conductivity.[7] 

Charge transport in printed few-layer MXene and MoS2 devices is 
dominated by the intrinsic transport mechanism of the constituent flakes. 
On the other hand, charge transport in printed few-layer graphene devices 
is dominated by the transport mechanism between different flakes.[7] 

[1] Torrisi, F. & Carey, T. “Graphene, related twodimensional crystals and 
hybrid systems for printed and wearable electronics” Nano Today 23, 73 
(2018). 

[2] C. Scholten et al. “Advanced Technologies for Industry – Product Watch: 
Flexible and printed electronics”, doi: 10.2826/29513 (2021). 

[3] Carey, T. et al. “Fully inkjet-printed two-dimensional material field-effect 
heterojunctions for wearable and textile Electronics” Nat. Commun. 8, 1202 
(2017). 

[4] Torrisi, F. et al. Inkjet-printed graphene electronics. ACS Nano 6, 
2992{3006 (2012). 

[5] F. Torrisi & T. Carey “Printing 2D Materials” in “Flexible Carbon-based 
Electronics” Editors P. Samori and V. Palermo, Ed.: Wiley-VCH, Weinheim, 
Germany, 2018. ISBN: 978-3-527-34191-7. 

[6] D. Akinwande “Two-dimensional materials: printing functional atomic 
layers” Nat. Nanotechnol. 12, 287 (2017). 

[7] E. Piatti, A. Arbab et al. “Charge transport mechanisms in inkjet-printed 
thin-film transistors based on two-dimensional materials” Nature 
Electronics 4, 893 – 905 (2021). 

8:45am 2D+AQS+EM+NS+QS+TF-FrM-3 Antimony as a Contact Material 
for Two-Dimensional Semiconductors: Interface Chemistry and Thermal 
Stability, Fernando Quintero Borbon, Joy Roy, Robert Wallace, Rafik Addou, 
University of Texas at Dallas 

Antimony (Sb), a semimetal, has emerged as a promising contact material 
for two-dimensional (2D) semiconductors. Sb contacts have been shown to 
achieve ultra-low contact barriers. The formation of a Sb–Se bond has been 
demonstrated as an effective doping strategy in n- and p-FETs with a single 
WSe2 channel through Sb-Pt contact modification. These findings 
underscore the necessity for further investigation into the interface 
chemistry and thermal stability of Sb on transition metal dichalcogenides 
(TMDs), to determine whether the interaction remains van der Waals or 
becomes chemically reactive upon thermal processing. 

The present study offers a comprehensive study of the interface chemistry 
between Sb and TMDs, in particular MX2 (M = Mo or W; X = S or Se), using 
X-ray photoelectron spectroscopy (XPS). Sb was deposited in ultra-high 
vacuum conditions (UHV) on bulk TMD surfaces, followed by annealing in 
UHV at 100°C, 200°C, and 300°C. The XPS measurements revealed an 
absence of chemical or interfacial reactions at room temperature, 100°C, 
and 200°C. However, upon annealing at 300°C, complete sublimation of the 
Sb layer was observed. These findings support the van der Waals nature of 
the interface, confirming that the interaction between Sb and the 
underlying TMDs remains non-reactive up to 200 °C. This thermal stability 
and inertness suggest that Sb could be a promising candidate for 

integration in 2D heterostructures and devices that require clean, weakly 
interacting interfaces. 

[1] Y.-T. Lin et al. Nano Lett. (2024) 24, 8880−8886 
[2] Z. Wang et al. Adv. Funct. Mater. (2023) 33, 230165 
[3] T. Su et al. J. Phys. D: Appl. Phys. 56 (2023) 234001 
[4] Wang et al. Adv. Funct. Mater. (2023) 33, 2301651 
[5] Chou et al. IEEE International Electron Devices Meeting (IEDM), San 
Francisco, CA, USA (2021) 7.2.1-7.2.4. 
 
 

9:00am 2D+AQS+EM+NS+QS+TF-FrM-4 Metal-to-Semiconductor 
Transition in Niobium Sulfoselenide Alloy and Niobium Sulfide Films by 
Compositional Control and Post Growth Sulfurization, Tinsae Alem, Abir 
Hasan, Kory Burns, Nikhil Shukla, Stephen McDonnell, University of Virginia 

Transition metal dichalcogenides (TMD) have attracted increasing scientific 
interest due to their diverse properties including a tunable bandgap, optical 
anisotropy, low power consumption, and good elasticity. In this study, low-
dimensional TMD films were grown with molecular beam epitaxy (MBE) to 
investigate the effects of varying chalcogen (sulfur and selenium) content in 
niobium sulfoselenide (NbSxSe2-x) alloys. Here, we focus on their electrical 
resistivity and electronic properties, including the transition from metallic 
to semiconducting behavior to have precise control over the material's 
electrical conductivity. Additionally, we analyzed the semiconductor-to-
metal transition in NbS2 films following post-growth sulfurization and the 
corresponding changes in resistivity. These MBE grown films were 
characterized using in-situ x-ray photoelectron spectroscopy (XPS) to 
analyze the chemical composition. Next, the electrical resistivity of films 
was calculated using their sheet resistance measured with a Jandel 4-point 
probe, and their thickness was estimated using x-ray reflectivity (XRR). We 
used transmission electron microscopy (TEM) to visualize these MBE-grown 
films at the atomic scale, enabling the correlation of atomic structure with 
electronic properties. Lastly, the temperature coefficient of resistance (TCR) 
measurements was performed to understand the resistivity of the films 
with temperature dependence and to determine their metallic and 
semiconducting behavior. Our results demonstrate that the transition from 
metal to semiconductor occurs with the addition of sulfur into the niobium 
selenide film. We also observed a trend of increasing resistivity as the sulfur 
content was increased in niobium selenide film. This work explores the 
potential of tuning the energy gap of TMD materials, making them ideal 
candidates for tunable nanoelectronics in various applications. 

9:15am 2D+AQS+EM+NS+QS+TF-FrM-5 Evolution of the Electronic Gap of 
Directly Synthesized Versus Mechanically Transferred WS2 Monolayer to 
Multilayer Films, Xu He, Antoine Kahn, Princeton University 

Transition metal dichalcogenides (TMDs) have emerged as promising 
electronics and optoelectronics materials for their strong light-matter 
interaction, large exciton binding energies, and bandgap tunability through 
the control of composition and the number of layers. Among TMDs, WS₂ 
stands out for its strong photoluminescence and spin-orbit coupling, 
making it ideal for exploring charge transfer and interfacial phenomena. 
However, discrepancies in reported energy levels (electronic gap, ionization 
energy, electron affinity) remain due to variations in growth and 
measurement methods, impeding device design. 

In this study, we directly compare the band structure of WS₂ films from 
monolayer to multilayer (up to four layers) prepared by two commonly 
used methods: direct growth via metal-organic chemical vapor deposition 
(MOCVD) and mechanical exfoliation with layer-by-layer transfer. We utilize 
a suite of characterization techniques, including Raman spectroscopy, 
photoluminescence (PL), UV–vis absorption, and X-ray photoelectron 
spectroscopy (XPS), to probe vibrational modes and optical transitions. A 
combination of ultraviolet photoelectron spectroscopy (UPS) and inverse 
photoemission spectroscopy (IPES) allows us to directly study the evolution 
of ionization energy and electron affinity, hence the electronic gap of the 
materials. 

We find that the electronic gap (Eg) of WS₂ consistently decreases with 
increasing layer number, reaching bulk-like values by the trilayer for 
mechanically transferred layers. The exfoliated monolayer is found to have 
an Eg of 2.43 eV, which reduces to around 1.97 eV at the trilayer and stays 
at 1.98 eV for the tetralayer. This layer-dependent Eg reduction is driven 
firstly by an upshift of the valence band maximum (VBM) at the 1L-2L 
transition and then by a downshift of the conduction band minimum (CBM) 
at the 2L-3L transition. 
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Comparing differently processed layers, we find the MOCVD-gown 
monolayer WS2 to exhibit an electronic gap of 2.56 eV, larger than 2.43 eV 
for the mechanically transferred one. The slightly larger Eg in MOCVD-
grown monolayers also yields a higher exciton binding energy (~0.55 eV) 
than in exfoliated monolayers (~0.43 eV). XPS analysis indicates that 
MOCVD samples contain more oxygen-related defect species, likely 
contributing to the subtle band gap differences and a small blue shift of 
their optical spectra relative to exfoliated layers. 

Overall, this comparative study highlights the influence of the fabrication 
methods on the fundamental electronic structure of WS₂. These findings 
provide important guidelines for tailoring band alignments for WS₂-based 
heterostructures and optoelectronic devices. 

9:30am 2D+AQS+EM+NS+QS+TF-FrM-6 Atomic Precision Manufacturing 
for Carbon Nanotube Field Effect Transistors (CNTFETs) for 10X 
Microelectronics Energy Efficiency, Dawei Wang, Steffen McKearnan, 
Carbon Technology Inc. 

The United States Department of Energy (DOE) Advanced Materials and 
Manufacturing Technology Office (AMMTO) is leading a multi-organization 
effort to solve for rapidly growing U.S. computing energy use with its 
initiative in energy efficiency scaling for two decades (EES2) for 
microelectronics. Under this initiative, DOE/AMMTO has funded a portfolio 
of EES2 device technology R&D projects that promise a first >10X energy 
efficiency increase by 2030. This paper will highlight the most recent of 
these projects—the use of atomically precise manufacturing techniques to 
solve carbon nanotube (CNT) device fabrication challenges. Carbon 
nanotube conduction exceeds that of the best metals by many orders of 
magnitude. Conduction from Teflon to CNTS varies across 33 orders of 
magnitude. The size of a human to the universe is only 27 orders. Current 
semiconductors, even doped, are orders of magnitude worse conductors 
than CNTs. Because metals are orders of magnitudes better than silicon or 
GaAs, we metallize them to create circuits. However, copper is close to a 
million times lower conductivity per atom than a CNT. Even with a double 
damascene processes, Cu fails due to electromigration at ~1000x the 
atomic cross-section of a CNT. DOE industry partner Carbon Technology, Inc 
has pioneered the engineering of atomically precise catalyst particles as 
small as 10 atoms across. These are used to control CNT diameter in 
standard chemical vapor deposition CNT synthesis. With diameter control, 
chiral (semi vs metallic) control becomes a matter of “rusting” the metallic 
CNTs into CO2. High quality CNTs on silicon using standard metal contacts 
and interconnects will provide at least a 10x boost in the efficiency speed 
trade-off by 2030. In the full EES2 time scale of 20 years, All Carbon 
Electronics (ACE), semiconducting CNTs interconnected with metallic CNTs 
(or graphene) on diamond substrates, will deliver the full 1000x 
performance increase over silicon CMOS and the EES2 vision. With smart 
investments in carbon, we will stop pounding sand and deliver the diamond 
age. This talk will present transmission and scanning electron, Raman and 
Atomic Force microscopy as well as electrical data showing the CNT control 
needed to deliver on EES2. Simple graphics showing improvement over 
silicon will also be presented. 

9:45am 2D+AQS+EM+NS+QS+TF-FrM-7 The Electronic Band Structure and 
Conduction Band Formation of HfSe3, Gauthami Viswan1, University of 
Nebraska-Lincoln, USA; Alexey Lipatov, South Dakota School of Mines and 
Technology; Alexander Sinitskii, University of Nebraska-Lincoln, USA; Jose 
Avila, Synchrotron SOLEIL and Universite Paris-Saclay, France; Takashi 
Komesu, University of Nebraska-Lincoln, USA; Maria C. Asensio, Madrid 
Institute of Materials Science (ICMM), Spain; Peter A. Dowben, University of 
Nebraska-Lincoln, USA 

Abstract: The anisotropic structure of Group 4 transition metal 
trichalcogenides (TMTCs) have gained significant interest due to their 
possible application in optoelectronics. In this work, the band structure of 
quasi one-dimensional HfSe3 was investigated with nano-spot angle 
resolved photoemission spectroscopy (nanoARPES). HfSe3 has a rectangular 
surface Brillouin zone where the effective hole mass along the chain 
direction is -0.27 m­e which is smaller compared to the effective hole mass 
along the direction perpendicular to the chains, -1.17 me. The effective hole 
mass extracted from the band structure along different high symmetry 
directions is compared with that of TiS3 and ZrS3 from prior studies.1 X-ray 
absorption spectroscopy (XAS) has been used to characterize the 
unoccupied states of HfSe3 and will be compared to the XAS spectra of HfS3 

2 and TiS3 and ZrS3.3 The metal chalcogenide hybridization for Hf differs 
from the Ti and Zr trichalcogenides. This may be due to the increase in 

 
1 SSD Morton S. Traum Award Finalist 

effective atomic number leading to strong spin-orbit interaction of Hf based 
TMTCs. 

References 

(1) Yi, H.; Gilbert, S. J.; Lipatov, A.; Sinitskii, A.; Avila, J.; Abourahma, J.; 
Komesu, T.; Asensio, M. C.; Dowben, P. A. The Electronic Band Structure of 
Quasi-One-Dimensional van Der Waals Semiconductors: The Effective Hole 
Mass of ZrS 3 Compared to TiS 3. J. Phys.: Condens. Matter 2020, 32 (29), 
29LT01. 

(2) Lipatov, A.; Abourahma, J.; Viswan, G.; Acharya, K.; Paudel, T. R.; Loes, 
M. J.; Bagheri, S.; N’Diaye, A. T.; Mishra, E.; Ekanayaka, T. K.; Zaz, M.; 
Rodenburg, J.; Dhingra, A.; Streubel, R.; Dowben, P. A.; Sinitskii, A. 
Electronic Transport and Polarization-Dependent Photoresponse in Few-
Layered Hafnium Trisulfide (HfS 3 ) Nanoribbons. J. Mater. Chem. C 2023, 11 
(28), 9425–9437. 

(3) Gilbert, S. J.; Yi, H.; Paudel, T.; Lipatov, A.; Yost, A. J.; Sinitskii, A.; 
Tsymbal, E. Y.; Avila, J.; Asensio, M. C.; Dowben, P. A. Strong Metal–Sulfur 
Hybridization in the Conduction Band of the Quasi-One-Dimensional 
Transition-Metal Trichalcogenides: TiS 3 and ZrS 3. J. Phys. Chem. C 2022, 
126 (41), 17647–17655. 

10:00am 2D+AQS+EM+NS+QS+TF-FrM-8 Green Synthesis of Pd-Doped 2D 
Materials for Energy Applications, Stefania Sciacca, University of Catania, 
Catania, Italy; Cassandra Pichry, University of Mons, Belgium; Roberto 
Fiorenza, Salvatore Scirè, Luisa D'Urso, Carmela Bonaccorso, Giuseppe 
Forte, University of Catania, Catania, Italy; Cristina Satriano, University of 
Catania, Italy 

In this work, we present the preparation and comprehensive 
physicochemical characterisation of bioinspired nanostructured 2D hybrids 
based on graphene oxide analogues functionalised with palladium (Pd) 
nanoparticles, synthesised via a green wet-chemical route. Using glucose as 
a sustainable reducing agent and polyvinylpyrrolidone (PVP) as a stabilising 
agent, we achieved controlled deposition of Pd nanoparticles on the 2D 
surface, ensuring structural integrity and improved dispersion. 

The physicochemical properties of the resulting hybrids were thoroughly 
investigated using X-ray photoelectron spectroscopy (XPS), confocal Raman 
microscopy, UV-visible absorption and fluorescence spectroscopy analyses 
to elucidate the chemical and electronic structure. In particular, the ratio of 
ordered to disordered carbon domains was exploited to gain insight into 
the structural evolution of the GO-derived materials. This ratio was 
correlated with the presence of oxygen- and/or sulfur-containing moieties, 
providing valuable information on the degree of functionalisation and the 
influence of heteroatom doping on the hybrid structure. Through quantum 
mechanical calculations, the interaction energy between graphene oxide 
and the adsorbed palladium nanoparticles was determined, along with the 
simulation of absorption and Raman spectra generated by this system. 
Morphological and topographical features were analysed by atomic force 
microscopy (AFM) and transmission electron microscopy (TEM), revealing 
uniform nanoparticle distribution and nanoscale hybrid architecture. These 
Pd-doped 2D hybrids beyond graphene exhibited promising photocatalytic 
activity, especially in hydrogen (H₂) generation under simulated solar 
illumination, highlighting their potential in sustainable energy conversion 
applications. 

Acknowledgements: CS and CB acknowledge the financial support by MUR 
in the framework of PRIN2022-PNRR call under project CoMu4CaT. 

10:30am 2D+AQS+EM+NS+QS+TF-FrM-10 Applications of Two-
dimensional Materials in Energy, Water, and Healthcare, David Estrada, 
Boise State University INVITED 

The rapidly evolving field of 2-dimensional (2D) materials continues to open 
new frontiers in fundamental and applied research across water 
purification, healthcare, and energy applications. This talk will highlight our 
recent work in the synthesis of 2D and layered-materials-based inks, 
enabling energy innovations in microsupercapacitors, triboelectric 
nanogenerators, and electron devices [1-3]. In water applications, we 
introduce a flowing electrode capacitive deionization (FE-CDI) system 
utilizing Ti3C2Tx MXene electrodes to efficiently remove and recover 
ammonia from synthetic wastewater and carbonates from simulated ocean 
water. This FE=CDI system demonstrates promising potential for managing 
nitrogen and carbon cycles while improving access to clean water [4]. In 
healthcare, the intersection of graphene and biology offers a powerful 
avenue for musculoskeletal tissue engineering, where graphene’s 
exceptional physical properties contribute to fundamental biological 
insights [5-7]. Laslty, this talk will highlight recent insights into WS₂ 
nucleation and film growth on sapphire using tungsten hexacarbonyl and 
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hydrogen sulfide precursors in an AIXTRON 2D Close Coupled Showerhead 
MOCVD 3 × 2 reactor, with in situ photoreflectometry monitoring.Together, 
these findings highlight the transformative role of 2D materials beyond 
graphene in addressing critical engineering challenges and advancing 
sustainable solutions across diverse fields. 

This material is based on research sponsored, in part, by Air Force Research 
Laboratory under agreement number FA8650-20-2-5506, as conducted 
through the flexible hybrid electronics manufacturing innovation institute, 
NextFlex. The U.S. Government is authorized to reproduce and distribute 
reprints for Governmental purposes notwithstanding any copyright notation 
thereon. The views and conclusions contained herein are those of the 
authors and should not be interpreted as necessarily representing the 
official policies or endorsements, either expressed or implied, of Air Force 
Research Laboratory or the U.S. Government. 

References 

[1] F. Rajabi Kouchi, et al., Small Methods, in revision (2025).[2] C. Hollar, et 
al., Advanced Materials Technologies, 5 (11), 2000600 (2020).[3] T. Pandhi, 
RSC Advances, 10, 38205-38219 (2020).[4] N. Mansoor, et al., npj Clean 
Water, 5 (1), 1-11 (2022).[5] M. Sawyer, et al., ACS Applied Materials & 
Interfaces, in revision (2025).[6] M. Sawyer, et al., ACS Applied Biomaterials, 
6 (9), 3717-3725 (2023).[7] S. M. Frahs, et al., ACS Applied Materials & 
Interfaces, 11, 41906 – 41924 (2019). 

11:00am 2D+AQS+EM+NS+QS+TF-FrM-12 Electronic Structure Modulation 
in 2D Metal–Graphene–Metal Electrocatalysts for CO₂ Reduction and 
Hydrogen Evolution Reactions, Arturo Medina, Ines Saih, Vikas 
Muralidharan, Georgia Institute of Technology; Jinwon Cho, NREL; Faisal 
Alamgir, Georgia Institute of Technology 

Two-dimensional metal–graphene–metal (M/Gr/M) heterostructures 
provide a versatile platform for tuning electrocatalytic behavior through 
controlled interfacial strain and charge redistribution. In previous work, 
orbital-level descriptors were introduced to explain how pseudo-epitaxial 
strain alters the electronic structure of ultrathin metals, driving changes in 
catalytic activity for the CO₂ reduction reaction (CO₂RR). These concepts 
were grounded in density functional theory and validated experimentally 
by correlating spectroscopic strain signatures with shifts in catalytic onset 
potential. 

Building on this framework, the present study expands the scope and range 
of electrocatalytic reactions studied in M/Gr/M systems. We integrate new 
measurements on the hydrogen evolution reaction (HER), exploring 
whether the same strain–electronic structure–reactivity relationships 
observed in CO₂RR extend to HER kinetics. This includes analysis of onset 
potentials, overpotentials, and durability across a diverse set of M/Gr/M 
configurations. Various metals from the 3d to 5d series were investigated as 
candidate electrocatalysts, deposited as atomically thin layers on single-
layer graphene. The graphene is supported by both metal and metal oxide 
substrates, enabling systematic modulation of ligand effects and interfacial 
bonding. 

To probe strain and charge transfer, we employ a suite of synchrotron-
based and lab-scale techniques including carbon K-edge near-edge X-ray 
absorption fine structure (NEXAFS), extended X-ray absorption fine 
structure (EXAFS), ultraviolet photoelectron spectroscopy (UPS), X-ray 
photoelectron spectroscopy (XPS), and electron energy loss spectroscopy 
(EELS). We track strain-induced modifications in electronic structure 
through synchrotron-based spectroscopy, revealing systematic correlations 
between interfacial bonding, orbital structure, and catalytic performance. 
By comparing systems with and without graphene, we isolate the role of 
interfacial bonding in modulating both electronic structure and catalytic 
behavior. 

This work experimentally explores theoretical predictions for HER in 
M/Gr/M systems and provides new insight into how strain-induced orbital 
modulation governs charge transfer and reactivity across multiple 
electrocatalytic reactions. Together, these results highlight M/Gr/M 
structures as a model system for disentangling the fundamental 
interactions between dimensionality, strain, and catalytic function. 

11:15am 2D+AQS+EM+NS+QS+TF-FrM-13 Large Area Nanostructuring of 
Van Der Waals Materials for Photon Harvesting in the Flat Optics Regime, 
Matteo Barelli, Francesco Buatier de Mongeot, Simone Di Marco, University 
of Genoa, Italy; Rajesh Chennuboina, University of Genoa, India; Giorgio 
Zambito, Giulio Ferrando, University of Genoa, Italy; Matteo Gardella, CNR-
IMM, Italy; Maria Caterina Giordano, University of Genoa, Italy 

2D-Transition Metal Dichalcogenides (2D-TMDs) are two-dimensional 
semiconductors featuring high optical absorption coefficient combined with 

good transport and mechanical properties. Although mechanically 
exfoliated TMDs flakes ensure the best optoelectronic properties, 
homogeneous large-area growth techniques are mandatory for real-world 
applications [1,2]. At the same time, in view of light conversion applications 
in the extreme thickness regime of 2D-TMDs, it is essential to develop 
effective photon harvesting flat optics strategies derived from 
nanophotonics. 

Here we demonstrate that periodic modulation of few MoS₂ and WS₂ on 
large area nanostructured samples fabricated by laser interference 
lithography (either MoS₂ nanostripes arrays or conformal MoS₂ layers 
grown on top of nanogrooved silica templates). These nanopatterned layers 
can effectively steer light propagation via Rayleigh Anomalies in the flat 
optics regime, promoting strong in-plane electromagnetic confinement and 
broadband omnidirectional photon absorption enhancement, with strong 
impact in photoconversion. [3,4]. 

As a case study, we investigate the photocatalytic performance of 
periodically corrugated MoS₂ layers for photodissociation of Methylene 
Blue (MB), a widely used yet harmful textile dye. Under optimized angles 
coupling light to photonic anomalies, MB degradation is two times faster 
compared to planar MoS₂ films [5]. Additionally, periodic TMD nanostripes 
serve as directional scatterers, expanding possibilities for advanced light 
manipulation. 
 

Another major challenge is the scalable fabrication of 2D van der Waals 
(vdW) heterostructures, often limited to micrometric flakes. Here, we 
demonstrate large-area (cm²-scale) nanoscale reshaping of vdW 
heterostructures. Specifically, we report a flat-optics platform using 
vertically stacked WS₂-MoS₂ heterostructures endowed with type-II band 
alignment, forming periodic nanogratings [6]. These engineered large-area 
vdW heterostructures enable scalable applications in nanophotonics, 
photoconversion [7], and energy storage. 

We recognize founding by the NEST - Network 4 Energy Sustainable 
Transition - PNRR partnership. 
 

References 

1. M.C. Giordano et al. Adv. Mater. Interfaces, 10 (5), 2201408, 
2023. 

2. C. Mennucci et al. Adv. Opt. Mater. 9 (2), 2001408, 2021. 
3. M. Bhatnagar et al., Nanoscale, 12, 24385, 2020. 
4. M. Bhatnagar et al. ACS Appl. Mater. Interf., 13, 11, 13508, 2021. 
5. G. Ferrando et al. Nanoscale 15,4, 1953, 2023. 
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11:30am 2D+AQS+EM+NS+QS+TF-FrM-14 Exploring the Temperature 
Coefficient of Frequency (TCf) in Graphene Trampoline Resonators, 
Yunong Wang, Nawara Tanzee Minim, S M Enamul Hoque Yousuf, Philip 
Feng, University of Florida 

In this work, we report the first experimental investigation of the 
temperature coefficient of resonance frequency (TCf) in graphene 
trampoline nanoelectromechanical system (NEMS) resonators. Trampoline 
resonators are widely used in photothermal sensing applications thanks to 
their superior thermal isolation, enabling high sensitivities. Leveraging the 
exceptional mechanical strength, thermal stability, and ultralow mass of 
two-dimensional (2D) materials, graphene trampoline resonators offer a 
compelling platform for ultrafast infrared (IR) detection. Characterizing the 
TCf is essential for designing sensors with stable performance across a wide 
temperature range, enabling high-resolution IR detection, and developing 
robust NEMS for advanced light sensing applications. 

We use focused ion beam (FIB) to make trampoline structure on our 
graphene drumhead resonator. The resonance characteristics of the device 
are measured by using a laser interferometry system. An intensity-
modulated 405 nm blue laser is employed to drive the device 
photothermally, and a 633 nm He-Ne laser is used to read out device 
resonance motions. The reflected light is detected by a photodetector and 
converted to an electrical signal, which is analyzed by a network analyzer to 
obtain the resonance response. To measure the resonance frequency at 
different temperatures, we regulate the temperature of the device with a 
metal ceramic heater. The temperature of the chip is measured by a 
platinum resistance temperature sensor. 

We measure the resonance response of the device at different 
temperatures and extract the resonance frequency and quality (Q) factor by 
fitting the measured spectrum to the damped simple harmonic resonator 
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model. The drumhead resonator with 20 µm diameter shows a resonance 
frequency f=3.44 MHz and Q=528, while after FIB, the trampoline structure 
achieves a significantly higher f=13.03 MHz and Q=5509. As temperature 
increases, the negative thermal expansion of graphene causes an upward 
shift in resonance frequency. We observe a TCf exceeding 30,100 ppm/°C 
from the drumhead structure, extracted from frequency shifts between 30 
°C and 60 °C. After we FIB the drumhead structure into a trampoline, we 
found that the TCf reduced to 588 ppm/°C. 

A lower TCf value from the stage heating-up method is desirable for stable 
operation across varying thermal conditions. Due to geometric isolation 
and reduced thermal coupling to the substrate, the trampoline is expected 
to exhibit a smaller TCf than its drumhead counterpart. This makes the 
trampoline resonator a strong candidate for IR sensing applications that 
require stable performance over a broad range of temperatures. 

11:45am 2D+AQS+EM+NS+QS+TF-FrM-15 Nitrogen Doped Graphene 
Materials for Solid-State Hydrogen Storage, Peter Rice, Buddhika Alupothe 
Gedara, Mi Yeon Byun, Pacific Northwest National Laboratory; Sam 
Johnson, Colorado School of Mines, USA; Maria Sushko, Elizabeth Denis, 
Zbynek Novotny, Zdenek Dohnalek, Bojana Ginovska, Tom Autrey, Pacific 
Northwest National Laboratory 

In this work we report our recent experimental and computational findings 
on controlling the interaction of liquid-organic hydrogen carriers (LOHC’s) 
and hydrogen (H) with nitrogen (N)-doped graphene materials for solid-
state H-storage. Specifically, density functional theory (DFT) calculations, 
inverse gas chromatography (iGC), X-ray photoelectron spectroscopy 
(XPS)and nuclear magnetic resonance (NMR) are used to quantify both the 
LOHC (benzene and pyridine) and H adsorption thermodynamics, on 
materials with varying concentrations of pyridinic and graphitic N. We find 
that N-doping with basal plane graphitic N has the greatest impact on the 
LOHC adsorption energetics, compared with basal plane pyridinic and edge 
site N, due to an enhancement of the π-π stacking configuration. 
Interestingly, the opposite trend is observed for H adsorption, whereby the 
calculated adsorption energies and XPS binding energy shifts suggest that 
pyridinic sites are key sites for binding H, compared with basal plane 
graphitic N. Our findings provide some guiding principles for developing 
novel N-doped graphene materials for H2 storage. 
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