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The synthesis of ultrathin 2D amorphous dielectric film represents a major challenge 

due to the metastable nature of amorphous phases. We describe a scalable and 

solution-based strategy to prepare wafer-scale 2D amorphous carbon with thickness 

down to 1–2 atomic layers from coal-derived carbon quantum dots as precursors. 

The prepared atomically thin 2D amorphous carbon can be suspended over cavities 
as freestanding membranes with high modulus of 400±100 GPa and demonstrate 

robust dielectric properties with dielectric strength above 20 MV·cm-1 and leakage 

current density below 10-4 A·cm-2 through a scaled thickness of three atomic layers. 

When implemented as ultrathin gate dielectrics in 2D transistors or ion-transport 

media in memristors, they enable exceptional device performance and 

spatiotemporal uniformity, resulting from their amorphous form, intrinsic ultrathinness, 

and 2D atomic structures.

Abstract

Introduction

Efficient Microelectronic Devices Needed to Reduce Energy Consumption & 

Emissions

Nature 561, 163-166 (2018); https://www.iea.org/reports/data-centres-and-data-transmission-networks; www.spglobal.com/; 
www.forbes.com/; www.technologyreview.com; Nature Climate Change 12, 518–527 (2022).

Data centers: 

• 1–1.5% of global electricity demand

• ~0.3% overall carbon emissions

• Global Information and 

Communication Information sector: 

1.4% greenhouse gas emissions

500 metric tons of CO2 = 600 flights 
between London and New York

Memristors for Modern Computing

https://spectrum.ieee.org/memristor-devices-
ai#:~:text=Memristors%2C%20or%20memory%20re
sistors%2C%20are,both%20compute%20and%20st
ore%20data. 

Memristor structure.
(https://doi.org/10.1007/978-981-19-1673-1_77)

• Memristor, or memory resistor, is a two-
terminal device consisting of a 
sandwiched structure of 
electrode/switching layer/electrode.

• The resistance of a memristor changes 
depending on the direction and amount 
of current flowing through it. A memristor's 
resistance value is maintained even after 
the power is turned off.

• Memristor’s advantage: non-volatile, low energy 
consumption, fast reading and writing, high 
miniaturization.

• Atomically thin 2D materials are ideal switching 
layer with high-performance resistive switching 
characteristics, such as high on/off ratios, low 
set/reset voltages, good retention and 
endurance, fast switching speed, and low power 
and energy consumption.

High performance of memristors based on 2D materials.
(J. Phys. Chem. Lett. 2022, 13, 7130−7138)

2D Amorphous Dielectrics as Switching Layers for Memristors

Schematic of the amorphous carbon growth using the cyclic aromatic 
molecule as the precursor.

Significant limitations of existing vacuum deposition 

methods:

• Limited spatial uniformity and area coverage

• No precise control of film thickness, especially 

beyond first monolayer

• Limited demonstration for device applications

2D monolayer amorphous carbon (MAC). 2D amorphous boron nitride

ACS Nano 2023, 17, 24468−24478
Nature 2020, 577, 199–203; Nature 582, 511–514 (2020)

Experimental

Advantages:

• Coal = small 

graphitic/aromatic domains, 

easy to extract

• Size/chemistry/properties ideal 

for thin film, non-conductive 

materials

• Solution precursors for scalable 

production with precise 

control of thickness

• Inexpensive, can make 

thousands of prototypes

• Domestically sourced 

feedstock

Nanoscale graphitic domains Oxidization/functionalization Assembly/annealing

1 L of Carbon Quantum Dots. 3-inch Memristor Prototype (~24,000 devices).

U.S. patent application No. 17/707,521  
Communications Engineering 2, 93 (2023).

Coal as Feedstock for Low-Cost, Scalable Production of 2D Dielectrics

Synthesis and Functionalization of CQDs

Coal Feedstock Crude CQDs CQDs
fCQDs

(functionalized)

CQD Purification

Synthetic Pathway for Carbon Materials for Microelectronics 

Chemical oxidation fCQD Synthesis

Challenges:

• Impurities of coal feedstock → purification needed

• Variation in size of as-synthesized carbon quantum dots (CQDs) → non-uniform carbon film →size exclusion 

needed

• Highly oxygenated, highly hydrophilic → not compatible with semiconductor device fabrication process → 

functionalization needed

Size Exclusion & Purification Using Cross-Flow Ultrafiltration, & Functionalization

• Step 1. Size Exclusion: 
cross-flow ultrafiltration 

using 50 kDa 

membrane with pore 

size of ~14 nm and 

collecting solution 

passed through 

membrane.

• Step 2. Purification: 
multiple cycles washing 

with acid (HCl) and 

then with water with 

cross-flow ultrafiltration 

using 3 kDa membrane 

with pore size of ~1.5-2.0 

nm. 99.9999% of 

contaminants could be 

removed by repeating 

washing eight times.   

Oxidized carbon particles, large CQDs, 
insolubilized minerals.

CQDs.

Water soluble mineral salts and oxidized  
polycyclic aromatic hydrocarbons (PAHs).

Toluene

Water

1. Oleylamine, EtOH, 80 oC, 2h
2. Filtration
3. Annealing, 130 oC, 30 min
4. Redispersing in toluene

Toluene

Water

Step 3. functionalization: 

Low-Cost Fabrication of Large Area Continuous 2D Amorphous Carbon

 
Carbon 
quantum 
dot ink

Repeat

Annealing
HMDS 

functionalization

• Favorable interaction with hexamethyldisilazane 

(HMDS) promotes alignment of CQDs parallel to 

the wafer surface.

• Carefully controlled surface chemistry and meticulously 

formulated precursor ink for the formation of high-quality, 

continuous 2D amorphous films and device fabrication.

Spin coating

Result and Discussion
Morphology Characteristics of 2D Amorphous Carbon 
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Atomically uniform thickness Monolayer by monolayer deposition

Suspended 
2D MAC

Support

200 nm 10 nm 1 nm

Young’s Modulus comparable to that of crystalline graphene and 
hexagonal boron nitride

Low leakage current <10−4A/cm2, high 
breakdown field >20 MV/cm

Good interface with Si 

Mechanical and Electrical Properties of 2D Amorphous Carbon 

2D Amorphous Carbon as Switching Layer for Memristor
Low operating voltage (<0.4 V), small cycle-to-cycle variability Literature comparison 

Summary 
• Synthesis and control of surface chemistry enable the production of the ideal solution 

precursor for the scalable fabrication of high performance 2D amorphous carbon.

• 2D amorphous carbon exhibits extraordinary mechanical and electrical properties that 

can enable next generation solid state electronic devices beyond the limit of existing 

technology with dramatically improved performance and reduced energy 

consumption.

• When implemented as the switching layer in memristors, the 2D amorphous carbon 

enables one of the best performing memristors with ultrafast switching time, low energy 

consumption, robust endurance, stable data retention, and reduced device 

spatiotemporal variability.

 Reference: Communications Engineering, 2023, 2, 93
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