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A B S T R A C T

Silicon-based integrated circuits face performance bottlenecks due to inherent material and processing limita
tions. Low-dimensional carbon-based materials, including graphene and carbon nanotubes, offer promising 
routes toward next-generation high-performance, low-power integrated circuits. However, current all-carbon 
circuits still rely on dielectric layers inherited from silicon technology, which limit full compatibility and 
overall circuit performance. Here, we report a carbon-based dielectric layer fabricated via direct electron-beam 
lithography of AZ5214 photoresist and systematically investigate the influence of key processing parameters. 
XPS reveals a predominantly sp3-hybridized carbon network (64%) with minimal sp2 fraction (2.04%) and 
substantial oxygen functionalities (~34%), providing the chemical basis for its insulating behavior. The opti
mized dielectric exhibits a leakage current density of 7.8 × 10− 7 A cm− 2 at 7.3 MV cm− 1, a breakdown field of 
7.4 MV cm− 1, and frequency-stable response up to 5 MHz,which is well below the typical tolerance levels for 
most electronic device applications. When employed as the gate insulator in top-gated graphene FETs (with 
metal contacts and gate electrode), it achieves a carrier mobility of 2607 cm2 V− 1 s− 1 alongside a dielectric 
constant of ~5.4. Notably, the electron-beam approach integrates material formation and patterning into a single 
step, eliminating the need for seed layers, high-temperature annealing, or additional lithography. These com
bined advantages—a clean graphene/dielectric interface, process simplicity, and balanced electrical 
properties—render this dielectric not only suitable for practical graphene-based top-gated integrated circuits, but 
also an attractive candidate for serving as the insulating layer in future all-carbon electronics.

1. Introduction

Since the 1960s, Moore's Law has propelled the swift evolution of 
silicon-based integrated circuit technology, profoundly influencing 
modern life [1,2]. As chip technology advances, there has been a 
continued scaling of device dimensions, leading to enhanced device 
performance and chip integration. Nonetheless, scaling down of 
silicon-based transistors is approaching the physical limitations of both 
materials and fabrication processes. Furthermore, manufacturing pro
cesses have become increasingly sophisticated, thereby elevating the 
costs of both design and process. Challenges such as power walls [3], 
storage walls [4], and scaling issues are hindering the ongoing 
advancement of Moore's Law [5]. In an effort to overcome these 

limitations, the scientific community has shifted its focus towards 
carbon-based materials [6]. Graphene [7–10] and carbon nanotubes 
[11,12], lauded for their high carrier mobility, ultra-thin channels, and 
compatibility with existing silicon-based CMOS technology, are pre
dicted to serve as the foundational materials for a new generation of 
high-performance, low-power chips [13,14].

Current all-carbon circuits predominantly utilize graphene or carbon 
nanotubes as channels and/or functional materials. For electrodes and 
interconnects, conductive carbon materials such as multilayer graphene 
or amorphous carbon are fabricated using various techniques [15–18]. 
Nevertheless, the dielectrics in these circuits still largely rely on con
ventional materials adapted from silicon-based CMOS processes [19,
20], including inorganic oxides like Al2O3 [21] and certain polymer 
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dielectrics [22,23]. Significant challenges stem from the poor compati
bility and performance degradation observed when growing conven
tional dielectrics on carbon-based channels, alongside the stringent 
requirements posed by polymer alternatives [24–28]. These limitations 
impede the full exploitation of the intrinsic advantages offered by 
all-carbon systems:most notably, the high-quality, low-defect interfaces 
formed between homogeneous or similar carbon materials, which 
facilitate highly efficient carrier transport [29]. Therefore, to advance 
the development of all-carbon circuits, it is essential to establish a 
straightforward, stable, and materially compatible fabrication process 
for carbon-based dielectrics.

Among the various methods currently available for the synthesis of 
carbon-based materials, electron-beam direct writing stands out due to 
its high resolution, low power consumption, and capability for pattern 
definition [30,31]. Specifically, the resolution of electron-beam direct 
writing can reach a few nanometers, enabling the fabrication of patterns 
that meet the demands for device miniaturization and high integration. 
Moreover, compared to alternative techniques, electron-beam writing 
significantly reduces the processing time for carbon-based materials and 
streamlines electrode fabrication. In addition, this technique offers a 
“write-and-inspect” functionality, integrating material deposition with 
in situ characterization. Under electron-beam irradiation, photoresists 
can follow distinct transformation pathways depending on processing 
conditions [32]. Prevailing studies have focused on removing hydrogen 
and oxygen to yield conductive amorphous or graphitic carbon [33–35]. 

In contrast, the formation of insulating, device-compatible carbon 
dielectrics-a key enabler for monolithic all-carbon circuits-has received 
little attention.

In this work, we propose a method for preparing a carbon-based 
dielectric via electron-beam direct writing of AZ5214 photoresist and 
systematically investigate the effects of key processing parameters. The 
optimized dielectric exhibits low leakage current, which is well below 
the typical tolerance levels for most electronic device applications. A 
graphene top-gated field-effect transistor (FET, with metal contacts and 
gate electrode) employing this carbon-based dielectric as the gate 
insulator achieves high carrier mobility and a favorable balance be
tween insulating capability and transport performance, which makes 
this gate dielectric a promising candidate for practical graphene-based 
top-gated FETs, and further suggest its potential as an excellent insu
lating layer for future all-carbon integrated circuits.

2. Experimental section

Fig. 1a illustrates the fabrication process of the carbon-based 
dielectric using electron-beam direct writing. 1) The AZ5214 photore
sist was first diluted in isopropanol to adjust the carbon source con
centration, and then spin-coated onto SiO2/Si substrates at 4000 rpm for 
40 s. 2) A copper film was subsequently deposited onto the photoresist 
layer by sputtering to serve as a catalyst. The presence of copper facil
itates the fracture of C–C and C–H bonds within the AZ5214 photoresist 

Fig. 1. a) Schematic diagram of the preparation process of carbon-based dielectrics grown by electron-beam direct writing. b) SEM and c) AFM result of patterned 
carbon-based dielectric layer.
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upon electron-beam irradiation [36–39], thereby accelerating the first 
phase of the growth process (Phase 1, Fig. 2a), as discussed later. 3) The 
AZ5214 thin film was converted into a carbon-based dielectric using a 
focused electron beam in an electron-beam lithography (EBL) system, 
with an acceleration voltage ranging from 10 to 30 kV and an 
electron-beam dose between 100 and 5000 C/m2 4) The copper film was 
then etched away using a saturated potassium persulfate solution, fol
lowed by an acetone rinse to ensure complete removal of the untrans
formed photoresist. Fig. 1b and c shows the SEM and AFM result of 
patterned carbon-based dielectric layer, which roughness Sq = 7.8 nm. 
The fabrication process began with electron-beam lithography (EBL) 
using a TECAN VAGE3 system for direct writing of the desired patterns. 
The chemical composition and elemental states of the films were 
investigated by X-ray photoelectron spectroscopy (XPS, pHI 2510 XPS 
system). The thickness and surface roughness of the resulting samples 
were characterized by atomic force microscopy (AFM, NX-10, Park), 
while the structural properties of the carbon-based dielectric were 
examined using Raman spectroscopy (Raman, RTS-2, Titan 
Electro-Optics). The insulating performance of the samples was evalu
ated using two electrical characterization systems: a Qianye probe sta
tion equipped with a Keithley 2450 sourcemeter, and a Lake Shore TTPX 
probe station coupled with a Keysight B1500A semiconductor parameter 
analyzer.

3. Results and discussion

3.1. Systematic investigation of the growth mechanism and key processing 
parameters for carbon-based dielectrics fabricated via electron-beam 
writing

The preparation of carbon-based dielectrics by electron-beam direct 
writing mainly includes two phases, as shown in Fig. 2a. In phase 1, the 
AZ5214 hydrocarbon undergoes molecular chain fragmentation from 
large to small under high-intensity electron beam irradiation. As 
decomposition proceeds, the liberated oxygen and hydrogen atoms 
combine to form volatile groups such as CO2, H2, and CH3O [40,41]. In 
phase 2, as the dose of the electron beam increases, the AZ5214 
photoresist converts from a positive to a negative tone due to the 
enhanced crosslinking of its small molecular chains [42–45]. Limited by 
the maximum electron-beam acceleration voltage in our experiment, the 
electron-beam energy is insufficient to directly carbonize the photore
sist. Therefore, the extent of the aforementioned small molecular chain 
crosslinking can be controlled by modulating other parameters (e.g., the 
electron-beam dose and the AZ5214 content), thereby regulating the 
insulating properties of the final carbon-based dielectrics.

Variations in the thickness of the carbon-based dielectrics indirectly 
reflect the aforementioned growth process. As shown in Fig. 2b, the 
thickness of the carbon-based dielectrics prepared under different 
AZ5214 contents changes with the electron-beam dose. It can be found 
that as electron-beam dose increases, the thickness of the carbon-based 
dielectrics initially increases and then plateaus, indicating that a suffi
cient dose of electron beam is required to provide the energy necessary 
to fragment large molecular chains into small ones (phase 1) and then 
crosslink them into a negative-tone network (phase 2), until the 
photoresist is fully converted (Fig. 2b plateaus). Moreover, a higher 
AZ5214 content results in a thicker carbon-based dielectric, owing to the 
greater total volume of large molecules in it. Fig. 2c presents the AFM 
height image of the carbon dielectric layer for thickness determination. 
For each sample, five different locations were measured to obtain a 
comprehensive assessment of the sample height.

To quantitatively evaluate the efficiency of the electron-beam- 
induced transformation, we derived the dose sensitivity from the slope 
of the thickness–dose curves shown in Fig. 2b. This parameter represents 
the incremental change in film thickness per unit electron-beam dose, 
with units of nm⋅cm2/C (equivalently, nm per C/cm2). As shown in 
Fig. 2d, the dose sensitivity varies significantly with AZ5214 

concentration. For the 600 μL samples, the sensitivity reaches a 
maximum of 0.015 nm m2/C at a dose of 100 C/m2, beyond which it 
gradually decreases. This decrease can be attributed to the saturation of 
crosslinking and carbonization reactions at high doses, where additional 
electron exposure primarily induces structural densification rather than 
further thickness growth. In contrast, the 1000 μL samples exhibit a 
higher peak sensitivity of 0.058 nm m2/C, consistent with the higher 
carbon content in the precursor film, which provides more available 
reaction sites for electron-beam-induced crosslinking.

To substantiate the aforementioned process, Raman spectra were 
recorded for the carbon-based dielectrics fabricated by electron-beam 
direct writing using AZ5214 at varying content (laser wavelength 
532 nm,acquisition time 5 s, laser power 80 mW and the baseline 
correction procedure) as illustrated in Fig. 2c. In contrast to the Raman 
signal of the pristine AZ5214 photoresist, the carbon-based dielectric 
prepared after electron-beam irradiation exhibited D peak 
(~1350 cm− 1) and G peak (~1580 cm− 1) signals, consistent with the 
negative conversion of photoresists to amorphous carbon reported in a 
previous study [46,47]. A higher AZ5214 content yielded a more intense 
Raman signal, validating that a greater amount of photoresist could 
undergo more carbonized conversion. To further elucidate the chemical 
composition and bonding states of the electron-beam-writing 1500 μL 
AZ5214 films, XPS measurements were performed. The survey spectrum 
(Fig. 2f–up) reveals that the films are composed exclusively of carbon 
(76.84 at%) and oxygen (23.16 at%), confirming the formation of a 
carbonaceous material with high purity and substantial functionaliza
tion. The high-resolution C 1s spectrum (Fig. 2f, down) was deconvo
luted into four components after charge correction (calibrated to the 
adventitious carbon peak at 284.8 eV): sp2 C–C at 284.2 eV (2.04%), sp3 

C–C/C–H at 285.1 eV (64.00%), C–O at 286.3 eV (22.94%), and C=O at 
288.4 eV (11.02%). The overwhelming dominance of sp3 carbon (64%) 
and the negligible sp2 fraction (2.04%) indicate that the carbon network 
is predominantly composed of tetrahedral carbon with virtually no 
extended π-conjugation. The sp3/sp2 ratio of approximately 31.4 con
firms an extremely high degree of structural disorder, which is further 
corroborated by the significant oxygen content (23.16 at%) and 
oxygen-containing functional groups (34% of carbon species). Collec
tively, these characteristics—the sp3-dominated carbon framework, the 
absence of π-conjugated pathways, and the presence of polar oxygen 
functionalities—provide a clear and consistent explanation for the 
excellent insulating behavior of our carbon-based dielectric. This 
interpretation is fully supported by the Raman D/G bands (Fig. 2e) and 
the O 1s spectrum (Fig. S3), which shows a single peak at 532.2 eV 
corresponding to C–O and C=O species.

To evaluate the electrical properties of the carbon-based dielectric, 
we fabricated metal–insulator–metal (MIM) capacitors using the 
electron-beam-treated AZ5214 films as the insulating layer. Fig. 2g 
shows an optical microscopy image of a typical MIM device, with the 
equivalent circuit diagram inset. In this structure, the carbon-based 
dielectric is sandwiched between a 20 nm Cr/20 nm Au bottom elec
trode and a 20 nm Cr/20 nm Au top electrode. This MIM configuration 
was used for all leakage current (Fig. 2h–j, Fig. 3e) and capacitance 
measurements (Fig. 3b and c) presented in this work.

Fig. 2h shows the leakage current density of carbon-based dielectrics 
obtained at different AZ5214 contents under different electron-beam 
doses, with a 30 kV electron-beam acceleration voltage and fixed 
2.5 MV/cm electric field. As the electron-beam dose increases, the 
leakage current density of the carbon-based dielectrics decreases. 
Moreover, the carbon-based dielectrics prepared from a higher AZ5214 
content exhibit a lower leakage current density. This confirms that a 
sufficient electron-beam dose and a high AZ5214 content can result in a 
carbon-based dielectric with excellent insulation performance. Howev
er, as evident from the curve corresponding to a 1000-μL AZ5214 con
tent, beyond a certain level of electron-beam dose and AZ5214 content, 
the extent of further reduction in leakage current density diminishes. 
This warrants further exploration.
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Fig. 2i and j demonstrate the impacts of copper film thickness (at a 
fixed 30-kV acceleration voltage) and electron-beam acceleration 
voltage (at a fixed 10-nm copper thickness), respectively, on the leakage 
current density of the carbon-based dielectrics. In Fig. 2i, it can be seen 
that under the preparation condition without copper and no electron- 
beam direct writing (0 C/m2), the leakage current density of AZ5214 
positive photoresist is about 3.4 × 10− 7 A/cm2. The transformation from 
AZ5214 positive to negative photoresist is achieved at 400 C/m2, and 
due to incomplete transformation, its leakage current density is 
extremely high (~2.3 × 10− 4 A/cm2). When the electron-beam dose is 
further increased to 700 C/m2, the leakage current density of the carbon- 
based dielectrics no longer decreases with the increase of electron-beam 
dose (~1.5 × 10− 5 A/cm2), indicating that the conversion of AZ5214 in 
the absence of copper has reached its limit. When preparing carbon- 
based dielectrics with copper films, the carbonized conversion 
deepens, and the leakage current density decreases (~3.3 × 10− 8 A/ 
cm2) with the enhancement of electron-beam dose. In addition, the in
crease in copper thickness leads to an increase in the leakage current 
density of the prepared dielectric layer, possibly due to the dissipation of 
a portion of the electron-beam energy through scattering and reflection 
by the relatively thick copper.

As indicated in Fig. 2j, an electron-beam acceleration voltage below 
30 kV is insufficient to drive adequate negative-tone crosslinking of 
AZ5214 photoresist at the given content, thereby resulting in a relatively 
high overall leakage current density. Moreover, the initial rise and 
subsequent fall in the leakage current density indicate a conversion of 
the AZ5214 photoresist from a positive to a negative tone. Once the 
electron-beam acceleration voltage reaches 30 kV, the maximum 
negative-tone crosslinking at any given electron-beam dose can be 
attained. Consequently, a copper film with an appropriate thickness 
(10 nm) and a sufficiently high electron-beam acceleration voltage 
(30 kV) are required to ensure the maximum negative-tone conversion 
of the AZ5214 photoresist, thereby minimizing the leakage current 
density of the carbon-based dielectrics.

3.2. Investigation of electronic properties of carbon-based dielectrics

In order to apply the prepared carbon-based dielectrics to all-carbon 
devices and circuits, the equivalent circuit diagram and the optical mi
croscopy image (OM) correspond to the same metal-insulator-metal 
(MIM) test structure as that depicted in Figs. 2g and 3a, consists of a 
patterned carbon-based dielectric encapsulated by two electrodes (Cr: 
20 nm/Au: 20 nm).

To gain further insight into the dielectric behavior and interface 
quality of the carbon-based films, we performed systematic capaci
tance–voltage (C–V) measurements on the MIM capacitors under various 
conditions. Fig. 3b shows the C–V curves measured at 10 kHz over a 
voltage range of − 1 V to +1 V for both 1000 μL and 1500 μL samples 
with different dielectric thicknesses. For the 1500 μL samples, the 
capacitance density ranges from 64 to 69 nF/cm2, while for the 1000 μL 
samples, it ranges from 53 to 56 nF/cm2. Importantly, all C–V curves in 
Fig. 3b exhibit flat responses with negligible voltage dependence over 
the entire measured range, regardless of the AZ5214 concentration or 

film thickness. This observation indicates the absence of significant 
charge trapping, mobile ions, or interface states at the electrode–di
electric interface. In conventional dielectric materials, voltage- 
dependent capacitance often arises from trap-mediated charge injec
tion or polarization saturation under high electric fields, which can 
severely degrade device performance. The flat C–V characteristics of our 
carbon-based dielectric therefore confirm the good quality of the MIM 
capacitors and the stability of the dielectric under applied bias, making 
it suitable for reliable device operation.

To further evaluate the frequency stability of the dielectric response, 
we measured the C–V characteristics at frequencies from 10 kHz to 
5 MHz under ±1 V (Fig. 3c). The capacitance density remains essentially 
constant across the entire frequency range for both 1000 μL and 1500 μL 
samples, with no observable dispersion or relaxation. This frequency- 
independent behavior indicates that the oxygen-containing functional 
groups are covalently bonded within the rigid sp3-dominated carbon 
network, rather than existing as mobile polar side chains that would 
exhibit dipolar relaxation. The capacitance density scales with the 
AZ5214 content, consistent with the higher carbon density in the 
1500 μL precursor. The combination of voltage-independent and 
frequency-stable capacitance is advantageous for practical device ap
plications, ensuring predictable performance under varying bias and 
operating frequencies up to 5 MHz. These results establish the electron- 
beam-treated AZ5214 carbon-based dielectric as a promising candidate 
for high-frequency electronic applications. The capacitance C is related 
to the dielectric constant k through the following relationship [53]: 

C=
Aε0k
tox 

Where A is the effective overlap area of the electrodes of the MIM 
structure, tox is the thickness of the carbon-based dielectric, and ε0 is the 
vacuum permittivity. The thickness dependence of the dielectric con
stant was systematically investigated in Fig. 3d. For the 1000 μL sam
ples, k increases from 1.96 at 32 nm to 3.49 at 54 nm, beyond which it 
saturates at approximately 3.49. For the 1500 μL samples, k increases 
from 3.68 at 43.6 nm to 5.40 at 66 nm, beyond which it saturates at 
approximately 5.4. The saturation regions are highlighted by gray 
shaded areas in Fig. 3d.

This saturation behavior indicates that the thickness dependence is 
not merely an artifact of series interfacial capacitance or measurement 
errors, but rather reflects an intrinsic microstructural feature of the 
carbonaceous network. We attribute this observation to the presence of 
sp2 carbon clusters and polar oxygen-containing functional groups (C–O 
and C=O) dispersed within the dominant sp3 carbon matrix (as 
confirmed by XPS, Fig. 2f). Below the threshold thickness, the film 
volume is insufficient to host a percolating network of these 
polarization-active species, and the measured effective k is suppressed 
by the low-k sp3 matrix. Once the film thickness exceeds the critical 
value, the polarization-active species form a percolating network that 
enables full dipole polarization, and further thickness increase only adds 
inactive sp3 carbon, resulting in a saturated k value. The different 
threshold values for the two concentrations (54 nm vs. 66 nm) reflect the 
different densities of polarization-active species in the precursor films, 

Fig. 2. a) Schematic diagram of the growth principle of carbon-based dielectrics fabricated by electron-beam direct writing of AZ5214 photoresist. b) Thickness of 
carbon-based dielectrics as a function of electron-beam dose for different AZ5214 content. The inset provides an enlarged view over the dose interval from 0 to 
1000 C/m2 c) AFM height image of the carbon dielectric layer, with thickness determined from the step height across the pattern edge. d) Dose sensitivity as a 
function of electron-beam dose for different AZ5214 content, calculated from the slope of the thickness–dose curves in b to represent the incremental thickness 
change per unit dose (nm⋅m2/C). e) Raman spectra of carbon-based dielectrics grown at different AZ5214 content, showing the characteristic D and G bands of 
disordered carbon. f) XPS characterization of the electron-beam-written AZ5214 film. Upper panel: survey spectrum showing C 1s and O 1s peaks with atomic 
concentrations of 76.84% and 23.16%, respectively. Lower panel: high-resolution C 1s spectrum deconvoluted into sp2 C (284.2 eV, 2.04%), sp3 C (285.1 eV, 
64.00%), C–O (286.3 eV, 22.94%), and C=O (288.4 eV, 11.02%). g) Schematic diagram and an typical optical image of the MIM structures, with current flowing from 
the top electrode to the bottom electrode; Scale bars: 100 μm in the optical image. h) Leakage current density as a function of electron-beam dose for different 
AZ5214 content, measured at a fixed electric field of 2.5 MV/cm i) Electron-beam-dose dependence of leakage current density for carbon-based dielectrics fabricated 
with varying copper film thickness (1000 μL AZ5214, 30 kV acceleration voltage). j) Electron-beam-dose dependence of leakage current density for carbon-based 
dielectrics fabricated with varying electron-beam acceleration voltages (1000 μL AZ5214, 30-nm-thick copper film).
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which are determined by the initial AZ5214 concentration. The higher 
concentration (1500 μL) yields a more carbon-rich precursor, resulting 
in a higher density of sp2 clusters and polar groups that require a larger 
thickness to establish a fully percolating network. Similar phenomena 

[54,55] have also been reported in other work settings.
To evaluate the dielectric robustness, we performed breakdown field 

measurements using a ramped voltage stress test on MIM capacitors with 
different AZ5214 concentrations (600, 800, 1000, and 1500 μL, 30 kV). 

Fig. 3. a) Schematic diagram and an typical optical image of the MIM structures; Scale bars: 50 μm in the optical image. b) Capacitance–voltage (C–V) characteristics 
of MIM capacitors measured at 10 kHz for 1000 μL and 1500 μL samples with different dielectric thicknesses. c) Capacitance-voltage (C-V) characteristics of two 
carbon-based dielectrics fabricated with AZ5214 contents of 1500 μL and 1000 μL, measured at different frequencies (10 kHz, 100 kHz, 1 MHz, and 5 MHz). d) 
Thickness dependence of the dielectric constant k of carbon-based dielectrics fabricated with AZ5214 contents of 1500 μL and 1000 μL. e) Applied electric-field 
dependence of leakage current density in the carbon-based dielectrics fabricated with AZ5214 contents of 1500 μL, 1000 μL, 800 μL, and 600 μL; f) Breakdown 
electric field versus dielectric constant k for commonly used dielectric materials in conventional, 2D material, and organic FET processes [48–52].
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During the measurement, the bias voltage was continuously increased at 
a constant ramp rate while the leakage current was monitored in real 
time. The breakdown event was identified by a sudden and sharp in
crease in the slope of the leakage current–voltage curve (a clear inflec
tion point indicating the onset of catastrophic conduction), and the 
electric field at this point was recorded as the breakdown field. The 
measurement range was extended up to 8 MV/cm to fully capture the 
breakdown behavior.

Fig. 3e presents the leakage current density as a function of the 
applied electric field for the four concentrations. The breakdown field 
increases monotonically with increasing AZ5214 concentration: 
4.8 MV/cm for 600 μL, 6.1 MV/cm for 800 μL, 7.1 MV/cm for 1000 μL, 
and 7.4 MV/cm for the 1500 μL sample. For the optimized 1500 μL 
sample, the leakage current density remains as low as 7.8 × 10− 7 A cm− 2 

at 7.3 MV cm− 1, just below the breakdown field, confirming the excel
lent insulating stability of the dielectric even under extreme electric field 
stress. This trend clearly demonstrates that a higher carbon source 
concentration leads to a more robust dielectric with superior breakdown 
resistance. The marked improvement in breakdown field with increasing 
AZ5214 concentration can be attributed to the enhanced carbonization 
and crosslinking density achieved at higher precursor concentrations. As 
confirmed by our XPS analysis (Fig. 2f), the resulting carbon network is 
predominantly sp3-hybridized (64%), which provides a wide-bandgap 
insulating matrix that effectively suppresses carrier injection and 
avalanche breakdown. Furthermore, a higher precursor concentration 
yields a more densely packed and homogeneous carbon network after 
electron-beam irradiation, reducing the density of structural defects or 
pinholes that could serve as preferential pathways for electrical failure. 
The residual oxygen-containing functional groups (C–O and C=O, 
~34%) also contribute to breakdown suppression by disrupting π-con
jugated pathways and introducing deep trap states that impede charge 
transport.

Finally, in Fig. 3f, we compared the dielectric constant (k) and 
breakdown field (EBD) of our carbon-based dielectric with those of 
commonly used dielectric materials in conventional semiconductor 
FETs, two-dimensional FETs, and some organic FETs [48–52]. Our 
carbon-based dielectric exhibits a dielectric constant of ~5.4 and a 
breakdown field of 7.4 MV/cm, placing it in a competitive position 
among emerging dielectric materials. Notably, this performance is 
achieved through a simple, low-temperature, one-step electron-beam 
direct writing process, which offers several distinct advantages over 
conventional dielectric fabrication methods.

Compared with high-k oxides (HfO2, Al2O3, Y2O3) grown by ALD or 
MBE, our e-beam direct writing approach eliminates the need for a seed 
layer and any graphene interface modification, thereby avoiding 
plasma-induced damage and reducing interface defects (Supporting 
Information Fig. S1) [56–58]. Moreover, it integrates material forma
tion and patterning into a single step, simplifying the fabrication flow. 
Compared with polymer dielectrics, our carbon-based dielectric offers 
superior thermal stability and a higher breakdown field (7.4 MV/cm vs. 
1–3 MV/cm). Its moderate k (≈5.4) strikes a favorable balance between 
gate controllability and leakage suppression—lower than high-k oxides 
but higher than most polymers (k ≈ 2–4) [22,59]. Compared with other 
carbon-based dielectrics (amorphous carbon, diamond-like carbon, 
carbon nitride, graphene oxide), our approach offers three key advan
tages: (i) a simple and scalable process (spin-coating + e-beam irradia
tion, no high-temperature annealing or transfer); (ii) direct-write 
patterning without additional lithography or etching; and (iii) a struc
turally engineered sp3-dominated network (64%) with oxygen func
tionalities (34%) that ensures excellent insulation with tunable 
thickness and capacitance.

Crucially, the small gate capacitance of our dielectric—lower than 
most high-k oxides—provides three benefits for device applications 
[60–62]: (i) enhanced maximum oscillation frequency (fmax) in 
RF/terahertz devices via reduced RC delay; (ii) lower dynamic power 
consumption in logic switching; and (iii) improved sensitivity in 

chemical/biosensors, where transconductance is inversely proportional 
to gate capacitance. Combined with its high breakdown field and fre
quency stability up to 5 MHz, our electron-beam-written carbon-based 
dielectric stands as a promising candidate for next-generation electronic 
devices.

3.3. Graphene-based top-gated FETs with carbon-based dielectric

To validate the performance of carbon-based dielectric in graphene- 
based devices, a graphene top-gated FET was fabricated by using 
epitaxial graphene as the channel and a 44.7-nm-thick carbon-based 
dielectric fabricated from 1000 μL AZ5214 content as the top-gate 
dielectric layer. The single-layer graphene used in the FET was epitax
ially grown on the Si face of 4H-SiC with n-doping, and its Raman 
spectra, AFM, and lateral force microscopy (LFM) results are shown in 
the supporting information Fig.S2.

After patterning the epitaxial graphene on the Si face of 4H-SiC by 
photolithography, a 10-μm-wide and 30-μm-long graphene channel was 
obtained, followed by fabricating drain and source electrodes (20 nm 
Cr/20 nm Au). The patterned carbon dielectric layer was developed via 
electron-beam direct writing of AZ5214 photoresist. Finally, a gate 
electrode (20 nm Cr/20 nm Au) with a width of 7 μm was prepared to 
complete the preparation of the graphene-based FET. The device 
structure and a typical SEM image are shown in Fig. 4a, where the 
patterned carbon dielectric is placed on the black area.

The transfer and output characteristics of the graphene-based FET 
are shown in Fig. 4b and e, respectively. From the transfer curve in 
Fig. 4b, the charge neutrality point (the minimum of the channel cur
rent) is observed at Vg = − 3.5 V, indicating n-type doping behavior. 
The corresponding transconductance (gm = dId/dVg) is presented in 
Fig. 4c, where a maximum value of 7.3 mS/mm is achieved at Vd = 4 V. 
Notably, the transconductance on the hole side (i.e., for gate voltages 
above the charge neutrality point) remains approximately constant over 
a wide gate voltage range, indicating good electrostatic control and a 
clean graphene/dielectric interface. The extracted carrier mobility is 
2607 cm2/(V⋅s), which is competitive with values reported for graphene 
FETs utilizing other dielectric materials. Importantly, the gate leakage 
current remains consistently below 15 pA throughout the entire gate 
voltage sweep (Fig. 4d), confirming that leakage through the carbon- 
based dielectric does not interfere with the transfer characteristic mea
surement. As shown in Fig. 4e, the output characteristics exhibit no clear 
current saturation up to Vd = 10 V, suggesting that the trans
conductance will continue to increase with increasing drain voltage.

Finally, we compared FETs with graphene channels obtained using 
different methods (i.e., epitaxy, CVD-growth, and exfoliation) and 
different dielectric materials as the dielectric layer [63–72]. The rela
tionship between the dielectric constant k of the dielectric material and 
the mobility μ of the device was plotted in Fig. 4d. The fabricated gate 
dielectric (k = 2.8) achieves an excellent carrier mobility of 2607 
cm2/(V⋅s) in graphene top-gated field-effect transistors, striking a su
perior balance between dielectric constant and transport performance. 
Unlike high-k materials such as HfO2 (k > 17) which often severely 
degrade mobility, or low-k SiO2 (k ≈ 3.9) which offers weaker electro
static control, the present dielectric maintains a moderate k value while 
preserving high mobility, indicating low interface scattering and defect 
density. Moreover, this performance is obtained without complex buffer 
layers or specialized processing, demonstrating good compatibility with 
standard semiconductor fabrication. These combined 
features—balanced dielectric constant, high mobility, clean graphe
ne/dielectric interface, and process simplicity—make this gate dielectric 
a highly promising candidate for practical graphene top-gated FETs.

4. Conclusions

In this work, we have developed a high-performance carbon-based 
dielectric fabricated by electron-beam direct writing of AZ5214 
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Fig. 4. a) Schematic diagram and SEM image of a typical top-gated FET with carbon-based dielectrics as the top-gate dielectric layer and epitaxial graphene as the 
channel, the scale is 100 μm. b) Transfer characteristics, c) Transconductance gm versus gate voltage VG and d) Leakage current versus VG of a top-gated FET with a 
carbon-based dielectric and a 30 × 10 μm epitaxial graphene channel. f) Mobility μ versus dielectric constant k for FETs with graphene channels grown by various 
approaches and dielectric layers of different materials [63–72].
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photoresist. The electron-beam irradiation induces crosslinking and 
partial carbonization, forming a disordered carbonaceous network with 
a predominantly sp3-hybridized framework (64%), minimal sp2 fraction 
(2.04%), and substantial oxygen-containing functional groups (~34%), 
as confirmed by XPS. This unique chemical structure provides the 
fundamental basis for the excellent insulating behavior of the material. 
The dielectric exhibits a dielectric constant of ~5.4, a high breakdown 
field of 7.4 MV/cm, frequency-stable response up to 5 MHz, and voltage- 
independent capacitance. When integrated as the gate dielectric in top- 
gated graphene FETs, it achieves a carrier mobility of 2607 cm2/(V⋅s), 
demonstrating a clean and low-defect interface without the need for 
seed layers or surface modification.

Beyond its balanced dielectric performance and high mobility, our 
electron-beam direct writing approach offers several distinct advan
tages: (i) simple, scalable fabrication without high-temperature 
annealing or post-deposition transfer; (ii) direct-write patterning that 
eliminates additional lithography and etching; (iii) damage-free pro
cessing that preserves channel quality; and (iv) precise thickness control 
for tunable capacitance. Its moderate dielectric constant yields a small 
gate capacitance, beneficial for high-frequency operation, low-power 
logic, and high-sensitivity sensing. These combined features establish 
the electron-beam-written carbon-based dielectric as a promising 
candidate for next-generation carbon-based electronics.
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