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As a three-dimensional (3D) extension of two-dimensional (2D) graphene, it retains impressive properties such as
high carrier mobility, electrical conductivity, and interfacial compatibility. Its unique porous network enhances optical field
distribution and carrier dynamics, offering a higher specific surface area and greater active edge density than traditional
semiconductor materials. This makes it an excellent candidate for advanced photodetection. Features such as nano-resonant
cavities enhance light-absorption efficiency through photon confinement and scattering. Its zero-bandgap semimetallic na-
ture enables devices to achieve a wide spectral response from the ultraviolet to the terahertz range. With a work function of
4.5 eV to 4.8 eV, 3D-graphene forms high-quality Schottky heterojunctions with semiconductors including silicon (Si), ger-
manium (Ge), gallium arsenide (GaAs), and indium phosphide (InP), enhancing photogenerated charge carrier separation.
Thus, 3D-graphene photodetectors show great potential for broadband response, high sensitivity, and compatibility with
complementary metal-oxide-semiconductor (CMOS) technology. This review summarizes recent advances in 3D-graphene
photodetectors, focusing on structural design and performance relationships while exploring applications in optoelectronic

logic, polarization imaging, and information encryption.
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1. Introduction

Photodetection technology serves as a vital interface be-
tween optical and electronic information by converting light
signals across various wavelengths into electrical signals that
can be processed. This capability facilitates information ac-
quisition and energy conversion across the spectrum from ul-
traviolet to terahertz.!'= Tts significance spans multiple do-
mains, including environmental monitoring, satellite remote
sensing, biomedicine, national defense and security, high-
speed optical communication, and artificial intelligence visual
perception.!®~!1] With rapid advances in intelligent sensing,
integrated optoelectronics, and on-chip information process-
ing technologies, there is a continuous evolution of novel pho-
todetectors characterized by broadband spectral response, high
sensitivity, rapid response times, low power consumption, and

(12-16] The core driver of these

seamless on-chip integration.
advancements lies in the innovation of material systems. For
these rapidly evolving devices, standardized characterization
of key figures of merit is essential to enable objective compar-
isons across different materials and device architectures and

to evaluate the compatibility of laboratory prototypes with in-
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dustrial technologies.!!”! The transition from traditional sili-
con (Si) based semiconductors and III-V compound semicon-
ductors to next-generation low-dimensional nanomaterials has
broadened the operational parameters and application poten-
tial of photodetectors. [!3:1%)

The advent of two-dimensional (2D) graphene in 2004
ushered in new opportunities for the advancement of in-
novative broadband photodetection technologies.[?’ As a
semimetal with a zero bandgap, graphene exhibits ultrahigh
carrier mobility, low intrinsic noise, and compatibility with
Si-based processes, overcoming the spectral response limita-
tions associated with conventional semiconductors. This al-
lows for a broadband photoresponse spanning from ultravio-
let to mid-infrared wavelengths.>'-23] However, the integra-
tion of 2D graphene in photodetectors is still hampered by
its intrinsic structural limitations. The atomically thin nature
of graphene results in an optical absorption capacity of ap-

24

proximately 2.3%,!”*! which falls short of the requirements

for efficient photoelectric conversion. The zero bandgap also
contributes to diminished carrier lifetime in devices, which

(25,26

constrains sensitivity enhancements. | Despite advance-

ments in device performance through techniques such as sur-
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face modification, heterostructure fabrication, band engineer-
ing, and plasmonic enhancement, achieving a synergistic bal-
ance between light absorption enhancement and the short car-
rier lifetime in 2D planar architectures remains a significant
challenge.!?’-33 Consequently, enhancing the light field mod-
ulation capability while preserving graphene’s excellent elec-
trical transport properties is a crucial goal for the development
of graphene-based photodetectors.

The emergence of three-dimensional (3D) graphene of-
fers a novel structural paradigm to address these chal-
lenges. 3D-graphene, also referred to as vertical graphene
(VG), graphene nanowalls (GNWs), or carbon nanowalls
(CNWs), 34 is characterized by its 3D porous network struc-
ture, resulting from the vertical growth and internal intercon-

[33] High-quality 3D-graphene

nectivity of 2D graphene sheets.
is synthesized through in-situ growth on semiconductor sub-
strates using plasma-enhanced chemical vapor deposition
(PECVD), forming a porous network of interconnected ver-
tically oriented graphene nanosheets. %! This 3D architecture
not only retains the high electrical conductivity and carrier mo-
bility of 2D-graphene, but also offers distinct advantages aris-
ing from its unique spatial configuration.®”~*!l Specifically:
(1) The naturally occurring nano-resonant cavities within the
interconnected porous framework promote light-matter.inter-
actions via multiple scattering, photon confinement, and local-
ized electric field enhancement;“>*3! (ii) The abundant edge
states and ultra-high specific surface area foster numerous ac-
tive sites for the incorporation of quantum dots (QDs), metal
nanoparticles (NPs), and other 2D materials; ¥+ (iii) The in-
situ growth methodology mitigates defects and contamination
typically associated with conventional transfer techniques, en-
suring high-quality interfacial contact between graphene and
the semiconductor, which reduces interface-related carrier re-
combination losses;*0! and (iv) the work function of 3D-
graphene, ranging from 4.5 eV to 4.8 eV, allows the formation
of high-quality Schottky heterojunctions with various semi-
conductors, including Si, germanium (Ge), gallium arsenide
(GaAs), and indium phosphide (InP), thereby generating effi-
cient built-in electric fields that facilitate the separation and
transport of photogenerated carriers.!!”*”] These combined
advantages position 3D-graphene as a promising candidate
material for the development of broadband, high-sensitivity,
self-powered, and CMOS-compatible photodetectors.

In recent years, there has been significant progress in
the development of 3D-graphene-based photodetectors, 4811
driven by various strategies such as the construction of
semiconductor heterostructures, interface engineering, dop-
ing modulation, QD integration, and micro-nano optical field
modulation. These approaches have led to the optimization of
key parameters including light absorption, interfacial charge
transfer, and carrier transport, enabling broadband photodetec-

tion across both the ultraviolet and near-infrared spectra. The
distinct spatial architecture of 3D-graphene is facilitating ad-
vancements in optoelectronic applications, including polariza-
tion detection, optoelectronic logic, visual image sensing, and
information encryption.>->% However, a systematic under-
standing of the intrinsic relationships between diverse struc-
tural designs and the corresponding enhancement mechanisms
is still lacking. Notably, a cohesive theoretical framework
addressing how 3D geometrical configurations synergistically
influence optical field distribution, interfacial electronic struc-
tures, and carrier dynamics remains to be formulated.
Previous studies have established a solid foundation for
the development of 3D-graphene. Li et al., provided an
overview of fabrication techniques and potential applications
for 3D-graphene micro/nano architectures, highlighting the ef-
fectiveness of 3D assembly in enhancing surface area accessi-
bility and improving mass and charge transport.l>’! Fang et
al. examined synthesis routes, surface modification strate-
gies, structural characteristics, and physicochemical proper-
ties. of 3D-graphene macrostructures, offering insights for
controlled fabrication and functionalization efforts.[>8] Peu-
rifoy ef al. demonstrated that molecularly engineered 3D-
graphene nanostructures improve optical absorption and min-
imize interfacial contact resistance in optoelectronic devices,
illustrating how 3D topology influences light—matter interac-

159 While these studies serve as a

tion and charge dynamics.
foundation for structural design, functionalization, and opto-
electronic property evaluation of 3D-graphene, they do not
primarily address vertically grown 3D-graphene photodetec-
tors. More recently, Wang et al. conducted a comprehen-
sive review of growth techniques, physical characteristics,
device classifications, operational mechanisms, performance
metrics, and the key challenges associated with 3D-graphene

1601 However, there remains a lack of a uni-

photodetectors.
fied framework that correlates controllable structural and in-
terfacial parameters with optical-field modulation, carrier dy-
namics, and quantifiable photodetection performance. Fur-
thermore, despite reports of optoelectronic logic and imaging
demonstrations, a systematic analysis of 3D-graphene devices
for integrated logic operations, information encryption, imag-
ing, and flexible sensing in relation to structural and interfa-
cial design principles is still needed. This review seeks to
address these gaps by focusing on the structure—performance
relationships of 3D-graphene photodetectors, integrating re-
cent advancements in the field, and comparing their multi-
functional applications. In doing so, we aim to elucidate how
structural and interfacial engineering can facilitate the transi-
tion from traditional photodetection to multifunctional opto-
electronic sensing and information processing.

Building on these previous studies, this review aims to
address these gaps by providing a comprehensive analysis
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of the fundamental physical characteristics of 3D-graphene.
We systematically explore its growth mechanisms, structural
attributes, optical absorption behaviors, electrical transport
dynamics, interface engineering strategies, and principles of
morphology control. A key focus is placed on delineating the
structure—performance relationships that elucidate how opti-
cal field enhancement, interfacial charge transfer, and carrier
transport are modulated by the unique 3D architecture. Fur-
thermore, we will scrutinize the operational mechanisms and
performance optimization strategies of various types of 3D-
graphene-based photodetectors. Through comparative case
studies, we will summarize critical performance metrics such
as responsivity, specific detectivity, response speed, and spec-
tral range. A thorough discussion will follow, assessing the
strengths and limitations of different optimization techniques
in areas such as light absorption enhancement, dark current
suppression, interface composite tuning, and broadband re-
sponse expansion. This is intended to provide theoretical in-
sights and technical guidance for the design and application of
high-performance 3D-graphene optoelectronic devices, sup-
ported by relevant illustrations (Fig. 1).
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Fig. 1. Applications of 3D-graphene photodetectors.

2. Physical properties of 3D-graphene

3D-graphene is synthesized through in-situ growth on
semiconductor substrates using PECVD, resulting in a 3D
porous network comprised of interconnected vertically aligned

graphene nanosheets, 333

This architecture distinguishes
3D-graphene from its 2D counterpart by maintaining its in-
trinsic properties of high electrical conductivity and superior
carrier mobility, while simultaneously enhancing capabilities
in optical field modulation, interfacial interaction, and carrier

61,62

transport dynamics.[%1-%?! This section provides a comprehen-

sive analysis of the intrinsic relationships between the struc-
tural attributes, physical properties, and optoelectronic func-
tionalities of 3D-graphene, focusing on structural character-
istics, electrical transport mechanisms, interface modulation
strategies, and morphology engineering techniques.

2.1. Basic structure of 3D-graphene

Atomic force microscopy (AFM) characterization re-
veals that the 3D-graphene is composed of vertically oriented
graphene nanosheets, creating a highly interconnected porous
network (Figs. 2(a) and 2(b)). This architecture features an
impressive porosity of up to 83% and an exceptionally high
specific surface area.!®%* Such attributes enable a signifi-
cant number of adsorption sites for QDs, metal NPs, and 2D

44431 Consequently, this structure is extensively uti-

materials.!
lized in the fabrication of composite optoelectronic architec-

tures.

0
Height (nm)

Fig. 2. (a) AFM image of the 3D-graphene. (b) Porosity of the 3D-
graphene. (631

Semiconductor QDs such as lead sulfide (PbS), molybde-
num disulfide (MoS,), tungsten disulfide (WS,), and carbon
nitride (C3N) exhibit size-tunable band gaps.[®-%%! enabling
the extension of detection wavelengths for Si-based devices
into the near-infrared and short-wave infrared regions. How-
ever, these materials are susceptible to interfacial recombina-
tion of photogenerated carriers.[®! The porous structure of
3D-graphene facilitates a uniform distribution of QDs, con-
In Fig. 3(a),
a cross-sectional scanning electron microscope (SEM) im-
age shows the PbS QDs/3D-graphene/Si heterojunction. PbS

QDs are well-dispersed throughout the 3D-graphene pores. !
[71]

structing efficient charge transport pathways.

Finite-difference time-domain (FDTD) simulation results
(Figs. 3(b) and 3(c)) reveal a significant enhancement in lo-
calized electric field and power dissipation density upon the
incorporation of QDs, showing a synergistic effect in light ab-
sorption between the 3D-graphene nano-resonant cavities and
the QDs. Moreover, metal NPs can also contribute to syner-
gistic enhancement when integrated with 3D-graphene.”?! As
illustrated in Figs. 3(d)-3(f), the deposition of Ag-NPs creates
pronounced electric field enhancement regions by coupling lo-
calized surface plasmon resonance (LSPR) with nano-resonant
cavities in 3D-graphene, thereby enhancing light absorption
and optical field localization.
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Fig. 3. (a) Cross-section SEM image of PbS QDs/3D-graphene/Si, with surface morphology inset.[’") (b) Power loss density distribution and
(c) electric field distribution in the PbS QDs/3D-graphene structure.711/(d): Cross-section SEM of Ag-NPs/3D-graphene/Si, with magnified
inset. (e) Power loss density distribution and (f) electric field distribution of the Ag-NPs/3D-graphene/Si structure. %!

2.2. Electrical properties of 3D-graphene

The interfacial charge transfer dynamics of the Schottky
heterojunction formed at the interface between 3D-graphene
and semiconductor substrates are analyzed at the nanoscale
using scanning Kelvin probe microscopy (SKPM) and con-
ductive AFM (C-AFM).I”3 As shown in Fig. 4(a), SKPM
measures the contact potential difference (Vcpp) between the
probe and the sample to map_the surface potential distribu-
tion. Figures 4(b)—4(e) illustrate that the surface potential
of the 3D-graphene/Si-on-insulator (SOI) heterojunction in-

creases under illumination, with. Vcpp rising from 150 mV in

the dark to 210 mV. This enhancement suggests that light ex-
posure facilitates interfacial charge redistribution and carrier
transfer. C-AFM results provide insight into the localized con-
ductive properties of the 3D-graphene structure. As depicted
in Fig. 4(g), current transport primarily occurs along the ver-
tically aligned graphene sheets, while the regions between the
sheets exhibit diminished conductivity. This observation con-
firms that the vertical architecture of the graphene fosters ef-
fective carrier transport pathways. Additionally, the /-V char-
acteristics illustrated in Fig. 4(f) display rectifying behavior,
further substantiating the formation of a Schottky heterojunc-
tion at the 3D-graphene/SOI interface.
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Fig. 4. (a) Diagram of SKPM used for 3D-graphene/SOI heterojunction characterization. (b) Surface potential in the dark. (c) Surface
potential under light. (d) Surface potential variation perpendicular to the interface in the dark. (e) Variation under light. (f) I-V curve for the
3D-graphene/SOI surface from current maps in (g). (g) C-AFM current maps of the surface at different bias voltages.!”’]

2.3. Controllable interface of 3D-graphene

In the Schottky heterojunction formed by the direct inter-

face between 3D-graphene and semiconductors, two signifi-

cant challenges arise at the contact interface. The first issue is
the inadequate passivation at the 3D-graphene/semiconductor
boundary, which results in a high surface density of states
(DOS) and consequently leads to considerable leakage
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currents.!’* The second challenge stems from the formation of
an amorphous carbon (AC) transition layer, typically 3—5 nm
thick, during the growth of 3D-graphene. This disordered
AC layer introduces numerous defects and scattering centers,
diminishing the efficacy of charge transport at the interface.
Therefore, engineering the interface is crucial for optimizing
the performance of 3D-graphene-based photodetectors.[?+7>!
Incorporating an Al,O3 high-x dielectric layer between
3D-graphene and Si forms a metal-insulator—semiconductor
(MIS) tunneling structure, %! enhancing interfacial defect pas-
sivation and selective carrier transport. The SEM image in
Fig. 5(a) shows the layered 3D-graphene/Al,O3/Si architec-
ture. SKPM in Fig. 5(b) indicates improved interfacial car-

Ly

(b)

Potential (mV)

-

3D-graphene

X
Electric Field (a.u.)

3D-graphene ¢
High-« (Al,O3)

rier separation under illumination. FDTD simulations reveal
that the inclusion of the high-x layer enhances optical field
localization and light absorption efficiency (Figs. 5(c) and
5(d)). In addition to high-x dielectrics, the insertion of a 2D-
graphene interlayer serves as another effective strategy for in-
terface optimization. Positioning 2D-graphene between the
3D-graphene and Ge allows for the replacement of the AC
transition layer and improves the interfacial electronic struc-
ture. Density functional theory (DFT) calculation results!””]
(Figs. 5(e) and 5(f)) show that the 2D-graphene interlayer
boosts interfacial electronic DOS and coupling, enhancing

light absorption and carrier transport.
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Fig. 5. (a) Cross-sectional SEM image of the thin high-k photodetector (THPD). (b) Surface potential of the THPD. 3D electric field dis-
tributions in (c) HPD and (d) THPD.!7® Surface electronic DOS of (e) 3D-graphene/AC and (f) 3D/2D-graphene systems based on DFT

calculations, with 0 eV marking the Fermi levels of the systems.””]

2.4. Shape regulation of 3D-graphene

The spatial geometric structure of 3D-graphene is intri-
cately linked to its optical field distribution, interfacial charge
transfer dynamics, and carrier transport characteristics.[78-8!1
By manipulating parameters such as nanosheet curvature,
porosity, edge density, and growth direction, one can tai-
lor the local electric field distribution, band structure, and
light-absorption capabilities. Nitrogen (N) doping plays a
pivotal role in modulating the growth kinetics, resulting in
a hydrangea-like hierarchical architecture. DFT calculation
results (Figs. 6(a)-6(d)) indicate®*! that N-doping elevates
the work function of graphene, thereby enhancing its inter-
facial charge transfer efficiency. Furthermore, the curvature-
induced localized plasmon resonance (CLPR) arising from the
morphology and nanogaps produces intense localized electric
field hotspots between the petals (Figs. 6(e) and 6(f)).[#?] The
seaweed-like graphene synthesized from a low-pressure lig-

uid ethanol carbon source develops a porous, curled network

structure (Fig. 6(g)).!83 FDTD simulations (Fig. 6(h)) indi-
cate the formation of multiple nano-resonant cavities within
these curled sheets. The incident light experiences extensive
scattering and reflection within these cavities, which extends
the optical path length and boosts light absorption, achiev-
ing rates up to 89%. Additionally, the bio-inspired cat’s eye
structure enhances the light field modulation capability of 3D-
graphene.®¥ In the 3D-graphene/anodic aluminum oxide (Al-
AAO) configuration, characterized by an aluminized inner
layer, as shown in Figs. 6(i) and 6(j), the reflective cavities
on the inner walls of Al-AAO and the 3D-graphene resonant
cavities form synergistic coupling, enabling secondary reflec-
tion and repeated absorption of unabsorbed light. FDTD sim-
ulation results (Figs. 6(k) and 6(1)) further reveal substantial
enhancements in local electric fields and power dissipation re-
gions within the composite structure, improving light utiliza-

tion efficiency.

108101-5



Chin. Phys. B 35, 108101 (2026)

(a) (b)
. 3D-graphene/Si
2 |lo=4576eV/ E,e
5 e \
£ y E,
§-10 %{Q !

S XX XX 2
L Yy
g 20 % o Siatom
% ¢ I o C atom
5 30 Yty }

Z-axis Direction

(c)

. N-doped 3D-graphene/Si
> i

3 |1®=48666V/ Enc\
5. &

o

a

L

g y o Si atom
g o C atom
§ o N atom
w

Z-axis Direction

)

3D-graphene

Power Loss Density (a.u.)

[ S ]
(‘n"e) pley ouy08|3

Seaweed photonic
graphena®

» Electric Field (a.u.)

Electric Field (a.u.)

Fig. 6. (a) Electrostatic potential of the 3D-graphene/Si along the Z-direction..(b) Side view of charge density difference. (c) Electrostatic potential of N-doped
3D-graphene/Si along the Z-direction. (d) Charge density difference for N-doped 3D-graphene/Si; yellow indicates electron accumulation, cyan indicates
depletion.!>*! (e) SEM of N-graphene hydrangea/Si surface. (f) Normalized electric field distribution of N-graphene hydrangea/Si.!®?! (g) Cross-sectional SEM
of Seaweed photonic graphene/Si. (h) Electric field distribution at the junction.(®3! (i) 3D-graphene/Al-AAO biomimetic structure. (j) Schematic of dual light
reflection paths. (k) Normalized power loss density and (1) normalized electric field distribution of 3D-graphene/Al-AAO based on FDTD simulations. 341

3. 3D-graphene-based photodetectors

3D-graphene exhibits the properties of a zero-bandgap
semimetal,[®3] facilitating the formation of Schottky hetero-
junctions with various semiconductors,  including Si, Ge,
GaAs, and InP, through metal-semiconductor contacts with-
out the necessity for precise lattice alignment,[!>??! thereby
exhibiting excellent process compatibility. In contrast to tradi-
tional semiconductor photodetectors, 3D-graphene functions
as a carrier- transport channel, leveraging the built-in elec-
tric field of the Schottky junction to efficiently separate pho-
togenerated charge carriers and modulate channel conductiv-
ity, thereby generating a notable photoresponse.!®®! However,
the direct-contact configuration of 3D-graphene with semi-
conductors is hindered by several challenges, including ele-
vated dark currents, inadequate near-infrared absorption, pro-
nounced interfacial recombination, and restricted mechanical
flexibility. To address these issues, researchers are exploring
various strategies such as heterojunction optimization, dop-
ing strategies, interface engineering, quantum dot integration,
optical field enhancement, and the adoption of flexible sub-
strates (Fig. 7). Specifically, efforts have focused on: (i) broad-
ening the response spectral range through the integration of
multiple semiconductor materials; (ii) tuning the Fermi level
and barrier height via nitrogen doping; (iii) improving inter-
facial transport characteristics by incorporating high-x tun-

neling layers; (iv) extending the spectral response into the
short-wave infrared region through QDs incorporation; (v) en-
hancing optical field coupling using plasmonics, resonant cav-
ity designs, and patterned structures; and (vi) enabling strain
modulation and wearable applications with flexible supports.
Advancements along these lines have led to the evolution of
3D-graphene photodetectors, transitioning from basic broad-
band photodetection to sophisticated applications in logic op-
erations, image sensing, and flexible optoelectronic integra-
tion.

3.1. 3D-graphene/semiconductor heterojunction photode-
tectors

3.1.1. Working principle of 3D-graphene/semiconductor
heterojunction

3D-graphene demonstrates weakly p-type conductivity in
ambient conditions, with a work function ranging from ap-
proximately 4.5 eV to 4.8 eV. This creates a favorable work
function difference when compared to semiconductors like
SOI (4.1 eV), Si (4.3 eV), and Ge (3.62 eV), facilitating
the spontaneous formation of Schottky heterojunctions upon
physical contact.[®7-891 The photoelectric conversion process
can be delineated into three primary stages: charge trans-
fer, the establishment of a built-in electric field, and the
In the
3D-graphene/SOI heterojunction case study,’®! as shown in

separation and transport of photogenerated carriers.
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Fig. 8(a), the Fermi levels of the materials differ before con-
tact, with SOI having a higher level. This causes electrons to
migrate from SOI to 3D-graphene until thermal equilibrium is
reached, creating a built-in electric field at their interface di-
rected from SOI to 3D-graphene. As shown in Fig. 8(b), after
equilibrium, the band bends upward on the SOI side, while
the change on the 3D-graphene side is relatively small. When
the incident photon energy exceeds the band gap of the semi-
conductor, the semiconductor absorbs photons and generates

3D-graphene/semiconductor
heterojunction photodetectors

L\

\

QDs integrated
3D-graphene-based
photodetectors

N-doped
3D-graphene-based
photodetectors

3D-graphene-based

electron-hole pairs. Under the built-in electric field, holes drift
toward 3D-graphene and are collected by the top electrode,
while electrons migrate into the interior of the semiconduc-
tor and are collected by the bottom electrode, thus forming a
directional photocurrent, as illustrated in Fig. 8(c). This mech-
anism enables 3D-graphene/semiconductor heterojunctions to
achieve efficient broadband photodetection, and the response
can be extended from the visible to the near-infrared region by
selecting different semiconductors.

Engineering interfaces for
controlled 3D-graphene-based

photodetectors
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(NEP)

Signal-to-Noise Ratio Responsivity
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Fig. 7. Schematic overview of 3D-graphene photodetector configurations and key performance metrics.

Fig. 8. Energy band diagrams of 3D-graphene/SOI: (a) before equilibrium, (b) at equilibrium, and (c) in light.[3]

3.1.2. 3D-graphene/Si Schottky heterojunction pho-
todetectors

The optical = characterization of the heterojunction
comprising wvertically aligned graphene nanowall arrays
(VAGNAs), also known as 3D-graphene, integrated with Si
(VAGNAS/Si), is presented in Fig. 9(a).[°”! The device ex-
hibits a remarkable photoresponse across a broad spectral
range of 380 nm to 1550 nm, as depicted in Fig. 9(b), achiev-
ing a responsivity of 66 A/W and a specific detectivity of
7.3%x10'° Jones, and rapid response times of 178 us (rise time)
and 186 ps (fall time) (Fig. 9(c)). The device maintains sig-
nificant temperature stability, operating between 218 K and
388 K (Fig. 9(d)), while offering 180 x 180 pixels multi-
wavelength imaging capabilities (Fig. 9(e)), indicating its po-
tential for broadband imaging applications. Additionally, the
6-inch wafer-scale VAGNAs exhibit excellent spatial unifor-
mity and durability, establishing a solid groundwork for large-
scale integration.

Lian et al.'®3 employed ethanol-PECVD for in-situ
growth to address the challenges associated with graphene
transfer. This method enables the formation of a defect-
free heterointerface, leading to the development of a Sea-
weed photonic graphene/Si heterojunction photodetector. The
bioinspired porous branched architecture improves interfacial
light absorption and carrier mobility, resulting in a stable op-
erational response across a spectral range of 440-1550 nm
(Figs. 10(a) and 10(b)). At 1550 nm, it achieves a respon-
sivity of 82 A/W, a specific detectivity of 1.1x10'" Jones,
and rapid response times of 130 us for rise time and 154 ps
for fall time (Fig. 10(c)). As shown in Figs. 10(d)-10(f), un-
der self-powered conditions, the photocurrent polar plot stim-
ulated by a 1550 nm polarized laser reveals a strong polariza-
tion dependence, with a polarization ratio of 1.31, indicating
that the device is highly sensitive to the incident polarization
direction, and 320 x 320 pixel polarization imaging has been
demonstrated.
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3.1.3. 3D-graphene/Ill-V semiconductor
heterojunction photodetectors

Schottky

GaAs exhibits excellent electron mobility, but its intrinsic
absorption cutoff wavelength is approximately 874 nm.[3%91]
To broaden its near-infrared response, Wu et al. " developed
a 3D-graphene/GaAs heterojunction. This device demon-
strates a stable photoresponse in the 440-980 nm range
(Fig. 11(a)), achieving a responsivity of 3.1 A/W, a specific
detectivity of 1x 10! Jones, and response times of 302/295 ps
(Fig. 11(b)). Under self-powered conditions at 0 V, the device
performs dual-band light-controlled “AND” and “OR” gate

logic operations (Figs. 11(c)-11(d)), and facilitates 310x330

pixel imaging, demonstrating its potential for integration into
optoelectronic logic systems (Figs. 11(e)-11(f)).

Compared with GaAs and InP, it exhibits superior elec-
tron mobility, which enhances its application prospects in op-
tical communication. However, the intrinsic band gap of InP,
at 1.34 eV, restricts its operational range in the near-infrared
spectrum.[?3-%31 Zhang ez al.!>! reported the fabrication of a
3D-graphene/InP heterojunction utilizing a PECVD-assisted
in-situ growth technique. This device demonstrates impressive
broadband photodetection capabilities spanning 380-1550 nm
(Fig. 12(a)), achieving a responsivity of 12.2 A/W and a spe-
cific detectivity of 2.1 x 10'° Jones. The device exhibits a noise
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current of approximately 6x107° A/ Hz!/2 (Fig. 12(b)), with
a cutoff frequency of 400 Hz (Fig. 12(c)), and response times
of 510/390 us (Fig. 12(d)). Notably, the device maintains
stable performance under zero-bias conditions (Fig. 12(e)).

Additionally, it successfully implements an American Stan-
dard Code for Information Interchange (ASCII)-encoded opti-
cal communication function (Fig. 12(f)), verifying its potential
for applications in near-infrared communication systems.
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Fig. 11. (a) Rectification characteristics at wavelengths 440 nm, 520 nm, 780 nm, and 980 nm with equal power. Inset: device structure.
(b) Rise and fall times at 1 kHz. (c) “OR” gate logic. (d) “AND” gate logic with circuit diagrams (V = 0 V). (e) Target image schematic.
(f) Imaging results (310x330 pixels) under 440-980 nm illumination. %!
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Fig. 12. (a) -V characteristics of the 3D-graphene/InP photodetector at specific wavelengths. (b) Frequency-dependent noise current. (c) Pho-
tocurrent amplitude attenuation at various modulation frequencies. (d) Response time. (e) Photoresponse to varying optical power at 0 V bias.

(f) Output signal of “InP” ASCIL 3]
3.2. N-doped 3D-graphene-based photodetectors

To enhance the interfacial band structure of the 3D-
graphene/Si Schottky heterojunction, Zhang et al.’¥ utilized
PECVD to grow N-doped 3D-graphene in situ on a Si sub-
strate, constructing an N-doped 3D-graphene/Si heterojunc-
tion photodetector. The N-doping modulated the Fermi level
and reduced the Schottky barrier height of the 3D-graphene,
which increased the built-in electric field strength. This mod-
ification facilitated the separation of photogenerated carriers,
leading to dark current suppression and photocurrent enhance-
ment. As shown in Figs. 13(a)-13(c), the device demon-

strated a photoresponse across a spectrum of wavelengths,
exhibiting a remarkably low dark current on the order of
107! A, a responsivity of 79.6 A/W, and a specific detec-
tivity peaking at 10'3 Jones, with response times recorded
at 130 ps and 180 ps. Additionally, the device was capable
of performing light-controlled “AND/OR” logic operations,
enabling ASCII-encoded infrared communication and broad-
band imaging across the range of 440—1550 nm under O V bias,
as depicted in Figs. 13(d)—13(f), demonstrating its application
potential in the integration of photodetection, logic operations,
and image sensing.
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3.3. Engineering interfaces for controlled 3D-graphene-
based photodetectors

While doping can enhance the performance of devices;
significant challenges such as high interfacial recombination
rates and elevated leakage currents continue to arise when 3D-
graphene interfaces directly with semiconductor materials. To
address these issues, the incorporation of an interfacial block-
ing layer has emerged as a critical strategy for optimizing de-

(9] This approach leverages selective quantum

vice efficiency.
tunneling and photovoltage-driven processes to-achieve dark-
state carrier blocking and facilitate efficient charge transport
under illumination, mitigating dark currents and improving
overall detection performance.[*’-%°]

In this context; He er al.”®! proposed a novel architec-

ture by inserting a high dielectric constant tunneling layer be-
tween the 3D-graphene and the semiconductor, resulting in
the construction of a thin high-x photodetector (THPD). As
shown in Figs. 14(a)-14(c), under the experimental condition
of 1550 nm wavelength and —3 V bias, the device demon-
strates a responsivity of 11.2 A/W, a specific detectivity of
5.9%10' Jones, and response times of 168/196 ps. The im-
plementation of the high-« interfacial layer suppresses interfa-
cial recombination and leakage currents, while simultaneously
ensuring rapid carrier transport. This balance enhances both
the sensitivity and response times of the device, underscoring
its potential for applications in short-wave infrared communi-

cation and sensing technologies.
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Fig. 14. (a) I-V curves of the HPD (black line) and THPD (blue line). (b) Enlarged view of a single on/off cycle for THPD and HPD. (c) In

(red) and R (blue) of THPD as a function of incident light power. [76]

3.4. QDs integrated 3D-graphene-based photodetectors

QDs offer tunable band gaps and enhanced light ab-
sorption capabilities, addressing Si’s limitations in the near-
infrared spectrum. Their ability to facilitate carrier trapping
extends carrier lifetimes.[0>-81 The porous structure3>-*6! and
exceptionally high specific surface area of 3D-graphene create
a dense platform for QD integration, forming a highly efficient

63,64

carrier injection interface.[%3%* This combination leverages a

dual synergy of enhanced light absorption and interface mod-
ulation.

To mitigate the challenges of low light absorption ef-
ficiency and short carrier lifetimes in Si-based graphene
photodetectors, Wu et al.l'%! developed a MoS, QDs/3D-
graphene/Si heterojunction photodetector.  As shown in
Figs. 15(a)-15(c), the device demonstrates an ultra-broadband

response from 380 nm to 2200 nm, achieving a responsiv-

108101-10



Chin. Phys. B 35, 108101 (2026)

ity of 0.04 A/W, a specific detectivity of 1.15x10° Jones,
and response times of 300 ps and 280 ps. Figures 15(d)-
15(f) present the output of encrypted information, specifically
the letters “NIR”, along with the responses of light-controlled
logic gates (“AND” and “OR” gates) to light excitation at var-
ious wavelengths.

Lian er al."%! developed a heterojunction composed of
WS, QDs/3D-graphene/Si heterojunction. As illustrated in
Fig. 16(a), the integration of WS, QDs markedly curtails car-
rier recombination, enhances charge separation, and results
in a substantial increase in photocurrent. The temperature-
dependent /-V characteristics at 1550 nm (across 243-373 K)
depicted in Fig. 16(b) affirm that the device exhibits robust
operational stability throughout a broad temperature spec-

) 102

trum. The response times recorded in Fig. 16(c) are impres-
sively rapid at 139/145 ps, indicating an ultrafast dynamic re-
sponse. Operating in a self-powered mode, the device achieves
a responsivity of 83 A/W alongside a specific detectivity of
5.6 x 10'! Jones. As shown in Fig. 16(d), the self-powered
photodetector can encrypt and process intricate binary sig-
nals under 1550 nm laser excitation. Furthermore, Figs. 16(e)
and 16(f) reveal the outputs of light-controlled logic gates,
specifically “AND” and “OR”, through the application of dual-
wavelength inputs. These advancements facilitate efficient op-
tical signal encryption and the execution of logic operations,
thereby paving the way for enhanced optical computing and
information processing capabilities:
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Fig. 15. (a) Optical response-of MoS; QDs/3D-graphene/Si Schottky photodetectors.

(b) Noise currents comparison of 3D-graphene/Si

Schottky heterojunctions vs. MoS> QDs/3D-graphene/Si structures. (c) Device rise/fall times. (d) Encrypted information output at 2200 nm.

(e) and (f) Logic gate responses (“AND” and “OR”) to optical excitation at various wavelengths, with signal flow diagrams for the circuits.
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Fig. 16. (a) I-V curves of WS, QDs before and after integration with the 3D-graphene/Si Schottky heterojunction under dark and 1550 nm illumination.
(b) I-V characteristics from 243 K to 373 K under 1550 nm illumination. (c) Rise and fall times of photodetectors. (d) Encrypted output from the device at
1550 nm. (e) Output response of the “OR” gate with different light excitations. (f) Output response of the “AND” gate with different light excitations. ']

Zhang et al.['? designed a C3N QDs/3D-graphene/Si all-carbon framework photodetector assisted by machine learning.
The Dgj, symmetric structure of C3N QDs reduces the carrier transport barrier at the 0D-3D carbon interface and improves the
interfacial charge transfer efficiency. Figure 17(a) demonstrates that the device achieves a broadband response from 380 nm
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to 1550 nm. The transient photocurrent (TPC) decay curves in Fig. 17(b) compare the carrier dynamics with and without
C3N QDs, and the inset shows the electrochemical impedance spectroscopy (EIS) Nyquist plot and equivalent circuit model,
revealing the interfacial charge transfer capability. At 0 V, the device achieves a responsivity of 75.7 A/W, a specific detectivity of
1.23%x 10! Jones, and response times of 257/296 us (Fig. 17(c)). In addition, this device successfully implements dual-band logic
operations, Morse code communication, and broadband image recognition capabilities, as shown in Figs. 17(d)-17(f), illustrating
the significant potential of all-carbon optoelectronic devices in advanced intelligent information processing applications.
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Fig. 17. (a) Broadband photoresponse of the C3N QDs/3D-graphene/Si photodetector (380 nm to 1550 nm). (b) TPC and EIS Nyquist plot.
(c) Response times of the photodetectors at 1550 nm and 1 kHz. (d) Responses of optical logic gates (“AND” and “OR”) at 980 nm and
1550 nm. (e) Input/output signals for transmitting Morse code “CRANE” in an infrared system. (f) Image recognition results under various
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PbS QDs are gaining significant traction in long-wave
near-infrared detection due to their narrow bandgap proper-
ties. Zhang et al.U’"! constructed a PbS QDs/3D-graphene/Si
heterojunction that utilizes the Fermi level difference be-
tween PbS QDs and 3D-graphene to enhance the built-in elec-
tric field, improving the separation efficiency of photogener-
ated carriers. As depicted in Figs. 18(a)-18(c), the device
achieves a responsivity of 13.7 A/W and a specific detec-
tivity of 1x10'! Jones at 1550 nm, with response times of
326/337 us. Following further optimization, the device’s de-
tection capability extends to 2200 nm, maintaining a respon-
sivity of 52 A/W and a specific detectivity of 6.8 x 10'? Jones,
as shown in Figs. 18(d)—18(f). The infrared imaging results in
Figs. 18(g)-18(j) verify its application potential in fields such

as night vision surveillance, medical diagnosis, and infrared

imaging.["!]

3.5. Optical-field modulation 3D-graphene-based pho-
todetectors

3D-graphene has advantages like nanocavity architecture
and strong optical field enhancement, but it has limitations in
near-infrared light absorption. To address this, the incorpo-
ration of plasmonic nanostructures, micro/nano patterns, and
optical resonant cavities can bolster the localized electromag-
netic field. This enhancement allows for the effective recap-
ture of “escaped” photons, leading to improved light absorp-
tion efficiency and increased carrier generation, ultimately el-

evating the optoelectronic performance of the device.!103-10%]
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LSPR plays a crucial role in facilitating optical field
coupling. 1961971 When the oscillation frequency of free elec-
trons in metal nanoparticles aligns with the incident light fre-
quency, a pronounced localized electric field emerges, en-
hancing light absorption. Zhang er al.l’?! integrated Ag-
NPs into a 3D-graphene/Si heterojunction to construct a near-
As shown in Figs. 19(a)-19(c), a

significant improvement in both dark current and photocur-

infrared photodetector.

rent was demonstrated, extending the detection wavelength

108]

to 1550 nm, achieving a responsivity of 65.3 A/W, a spe-
cific detectivity of 1.5x10'" Jones, and response times of
245/185 us, indicating that the LSPR effect enhances near-
infrared light absorption and carrier transport. Furthermore,
micro/nano-patterned structures have been shown to optimize
optical field distribution. Wang et al.!'% fabricated a pat-
terned 3D-graphene/Si photodetector that boosts localized op-
tical fields and modulates carrier transport through structural

design. As shown in Figs. 19(d) and 19(e), compared to
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conventional 3D-graphene/Si, the patterned variant exhibited
a lower dark current and a higher photocurrent, achieving
a responsivity of 68.47 A/W and a specific detectivity of
1.43%10'2 Jones under self-powered conditions at 0 V, with
response times of 116/120 us (Figs. 19(f) and 19(g)). Fig-
ures 19(h) and 19(i) demonstrate that the device enables dual-
band optical logic operations and binary-encoded communi-
cation, highlighting its prospective applications in high-speed
optical communication and information processing.

Furthermore, Zhang et al.!'! employed a curvature-
induced localized photonic resonance (CLPR) mechanism
to enhance optical field interactions and developed a 3D-
graphene/Si photodetector. The curvature-induced structure
strengthens the electromagnetic field confinement in local-
ized regions, leading to improved near-infrared photoresponse
characteristics. As shown in Figs. 20(a)-20(c), the CLPR de-
vice exhibits a lower dark current and a higher on/off ratio
at 1550 nm, achieving a responsivity of 11 A/W, a specific
detectivity of 1.07 x 10'! Jones, and fast response times of
267/260 ps. Figures 20(d) and 20(e) demonstrate the device’s
capabilities in 1550 nm communication encoding and multi-
wavelength image recognition, emphasizing its potential for
high-speed near-infrared communication and advanced imag-
ing systems.

In addition to the benefits provided by micro-nano strue-
tures, substrate optical cavities play a crucial role in enhanc-
ing optical field coupling. Specifically, the buried oxide layer
in SOI substrates can establish an optical resonant cavity that
reflects unabsorbed light back into the active region, thereby
facilitating multiple optical path enhancements.!' %1121 He ef
al.'3! constructed a 3D-graphene/SOI broadband photodetec-

tor. As shown in Figs. 21(a)-21(d), the device exhibits excel-
lent photoresponse across a wide spectral range. At 1550 nm,
it achieves a responsivity of 27.4 A/W, a specific detectiv-
ity of 1.37x10'! Jones (at —0.5 V), and response times of
212/242 ps, along with good stability and reproducibility. The
synergistic effect between the SOI optical cavity and the 3D-
graphene nanocavity structure enhances the light-matter in-
teraction, providing a new design concept for low-cost, high-
performance integrated optoelectronic devices.
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Fig. 21. (a) I-V curves for a device irradiated with 1550 nm light at various intensities, with a schematic of the 3D-graphene/SOI device inset.
(b) Photoresponse of the device to light (1550 nm) at 250 Hz, 500 Hz, and 1000 Hz. (c) and (d) Enlarged images of the photoresponse at

500 Hz showing fast rise and fall times. "]

3.6. 3D-graphene-based flexible sensors

The devices discussed are mainly fabricated on rigid
substrates, which inherently restrict their flexibility and ap-
plication scope. In contrast, the vertically interconnected
porous network of 3D-graphene presents considerable struc-
tural benefits for flexible device integration.!'!3] This mate-
rial maintains high electrical conductivity while its hierarchi-

cal pore architecture enhances the specific surface area and

allows for versatile interface modulation.''*) During mechan-
ical deformation, such as bending or stretching, the 3D con-
ductive framework regulates stress distribution, influencing
the electrostatic potential and electromagnetic coupling at the
heterointerface.!!'3] By utilizing various flexible substrates,
these structural advantages can be harnessed to enable multi-
dimensional functionalities, including photodetection and me-

chanical sensing.
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3.6.1. 3D-graphene/PDMS flexible sensor

The integration of 3D-graphene with a flexible poly-
mer substrate enables direct modulation of the conductive
contact state within its porous network through applied
strain, resulting in a measurable change in resistance that
facilitates real-time human motion monitoring.[''®! The 3D-
graphene/polydimethylsiloxane (PDMS) system exhibits an
anisotropic conductive architecture, granting the device om-
nidirectional strain sensing capabilities.

In the 3D-graphene/PDMS composite, the device pos-
sesses combined optoelectronic and mechanical response
functionalities.!!!”! Tensile testing reveals a pronounced direc-

tional dependence in its response characteristics (Fig. 22(a)).
The pressure response time is approximately 0.7 s, while the
recovery phase is influenced by the intricacies of the porous
structure, yielding a relaxation time of 4.41 s (Fig. 22(b)).
During dynamic monitoring, the device differentiates between
various motion states, such as walking, running, and jumping
(Fig. 22(c)), displaying distinct signal profiles. It can be uti-
lized for monitoring physiological cues such as blinking, facial
expressions, respiration, and joint movements. This capabil-
ity highlights its potential applications in health monitoring,
human-machine interaction, and rehabilitation training, along
with demonstrating deformation adaptability and stability.
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Fig. 22. (a) Response evaluation of the 3D-graphene flexible sensor in various stretching directions. (b) Response time measurement. (c) Sensor

used on the sole to detect walking, running, and jumping signals.!'!7]
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images. (f) Wrist-based detection configuration for heart rate measurements on (g) resting and (h) post-exercise conditions.

3.6.2. 3D-graphene/Ge flexible sensor

In flexible semiconductor systems, the incorporation of
3D-graphene converts the non-uniform strain from mechani-
cal bending into interfacial coupling phenomena. This inter-
action synergistically modulates the stress field, electrostatic

[125]

potential, and carrier transport, thereby enhancing the opto-
electronic response under strain conditions.[!18-1241 A flexi-
ble photodetector built on a 3D-graphene/Ge heterostructure
demonstrates a remarkable broadband spectral response.[!23]

The narrow bandgap of Ge (0.67 eV) enables the device to op-
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erate across a wavelength range of 380-1850 nm, exhibiting
exceptional optoelectronic performance metrics (Figs. 23(a)—
23(c)), including a responsivity of 80.2 A/W, a specific detec-
tivity of 1.2x10'! Jones, response times of 164/161 ps, and
a cutoff frequency of 1.8 kHz. The device maintains a stable
response across varying bending strains and presents tunable
characteristics (Fig. 23(d)). Application demonstrations indi-
cate the potential for multi-wavelength imaging, facilitating
target recognition and image fusion at wavelengths of 780 nm,
980 nm, 1550 nm, and 1850 nm (Fig. 23(e)). Furthermore,
integration into wearable technology enables heart rate pho-
toplethysmography (PPG) monitoring during both resting and
exercise conditions (Figs. 23(f)-23(h)), paving new avenues
for the development of advanced flexible optoelectronic de-
vices and biosensing applications.

4. Summary

This review summarizes advancements in 3D-graphene-
based photodetectors, highlighting material properties, het-

erostructure design, and performance modulation strategies.
Key methods include semiconductor heterostructure construc-
tion, nitrogen doping, interface optimization, quantum dot
composites, and flexible integration, greatly enhancing opto-
electronic features. The spectral response has expanded from
ultraviolet to short-wave infrared (380-2200 nm), with respon-
sivity reaching 83 A/W, specific detectivity of 10! Jones, and
a reduced response time of 116 us. These devices are self-
powered, stable over a wide temperature range, and suitable
for applications like broadband imaging, high-speed optical
communication, and wearable electronics. The photodetection
mechanisms rely on the built-in electric field of the Schottky
heterojunction for effective cartier separation and transport.
Key performance metrics are summarized in Table 1, show-
ing the versatility of these devices in various applications, in-
cluding infrared communication and biosensing. Moreover,
growing 3D-graphene on semiconductor substrates improves
adhesion and compatibility, paving the way for integrated op-
toelectronic systems.

Table 1. Performance metrics for 3D-graphene photodetectors, including responsivity, response time, wavelength, and detectivity.

Device structure Wavelength (nm) tr (us) te (Us) Responsivity (A/W) Detectivity (Jones) Ref.
Seaweed photonic graphene/Si 1550 130 154 82 L.1x10" [83]
VAGNAS/Si 1550 178 186 66 7.3x10'0 [90]
3D-graphene/GaAs 980 302 295 3.1 1x10'0 [92]
3D-graphene/InP 1550 510 390 12.2 2.1x10'0 [55]
N-3D-graphene/Si 1550 130 180 79.6 1.4x101 [54]
3D-graphene/high-K/Si 1550 168 196 11.2 5.9x10'0 [76]
MoS; QDs/3D-graphene/Si 2200 300 280 0.04 1.15%10° [100]
WS, QDs/3D-graphene/Si 1550 139 145 83 5.6x10!! [101]
C3N QDs/3D-graphene/Si 1550 257 296 75.7 1.23x10'"! [102]
PbS QDs/3D-graphene/Si 1550 326 337 13.7 Ix10M [70]
PbS QDs/3D-graphene/Si 2200 350 372 52 6.8x1010 [71]
Ag-NPs/3D-graphene/Si 1550 245 185 65.3 1.5%10'0 [72]
Patterned 3D-graphene/Si 1550 116 120 68.47 1.43x10'2 [108]
CLPR 3D-graphene/Si 1550 267 260 11 1.07x 10" [109]
3D-graphene/SOI 1550 212 242 27.4 1.37x10"! [73]
3D-graphene/Ge 1850 164 161 80.2 1.2x10" [125]

5. Outlook and challenges

While considerable advancements have been made in
the development of 3D-graphene photodetectors, several hur-
dles must be addressed to transition these technologies
into next-generation high-performance photodetection appli-
cations. This section outlines potential opportunities for
emerging photodetection technologies, focusing on scalable
synthesis, optoelectronic integration, innovative architectures,

and commercialization pathways.

5.1. Scalable synthesis and optoelectronic system integra-
tion
To achieve controlled synthesis of high-quality 3D-
graphene, it is crucial to optimize various PECVD parame-
ters in a coordinated manner tailored to specific functions.

Growth temperature plays a key role in enhancing the sur-
face diffusion of reactive carbon species and fostering sp>-
lattice reconstruction to improve crystallinity while minimiz-
ing amorphous carbon formation. Both plasma power and
working pressure influence precursor dissociation, reactive-
species density, and the intensity of ion bombardment; thus,
establishing an optimal processing window is vital to encour-
age vertical nanosheet growth while reducing plasma-induced
defects. When CHy serves as the carbon precursor, the pres-
ence of H can selectively etch weakly bonded and amorphous
carbon, making the CH4/H; flow ratio critical in balancing car-
bon deposition with etching processes. This balance is essen-
tial in regulating nucleation density, intersheet spacing, and
edge density, while the duration of growth mainly determines
the height of nanosheets and the connectivity of the network.
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Through coordinated optimization, one can fine-tune porosity
and network connectivity, enhancing light trapping capabili-
ties while ensuring efficient carrier transport.

On the integration front, device architecture and inter-
face configuration should be synergistically considered along-
side heterogeneous integration. Combining 3D-graphene with
semiconductors, 2D materials, quantum dots, and ultrathin di-
electric layers allows for the precise tuning of band align-
ment, mitigating dark current and interfacial recombination
while broadening spectral response. However, the presence
of exposed edges and complex interfaces heightens suscep-
tibility to environmental degradation, making encapsulation
and reliability enhancements critical. Future encapsulation
techniques must guard against oxygen and moisture ingress
without compromising the porous configuration or hindering
optically and electrically active interfaces. For comprehen-
sive systems, strategies such as low-temperature processing,
selective-area growth, pixel-array fabrication, readout integra-
tion, and waveguide coupling will be pivotal in developing
CMOS-compatible on-chip systems. Additionally, the inte-
gration of mechanically robust encapsulation, stretchable in-
terconnects, and signal-decoupling measures will facilitate the
progression of flexible and wearable optoelectronic devices.

5.2. Advanced architectures and process integration

In addition to periodic enhancements of existing struc-
tures, several innovative architectures from the broader pho-
todetector domain could be repurposed to exploit -the dis-
tinct characteristics of 3D-graphene.. (i) Unipolar barrier
architectures for dark-current suppression. Implementing a
unipolar barrier can effectively limit majority-carrier injec-
tion while enabling photocarrier extraction, thus reducing dark
current and potentially increasing specific detectivity with-

(1261 This approach

out significant trade-offs on photoresponse.
could be advantageous for 3D-graphene/Si Schottky pho-
todetectors, where thermionic emission-related dark current
constrains performance. Techniques such as work-function
modulation via N-doping or interface engineering, combined
with interfacial band engineering, can establish asymmet-
rical carrier-selective barriers while facilitating photocarrier
transport through the porous network. (ii) Dual-band pho-
todetectors for multispectral discrimination. The inherent
broadband response of 3D-graphene/Si heterojunctions allows
for multiwavelength detection,!!'?”! yet lacks built-in spectral
discrimination. Inspired by vertically stacked back-to-back
architectures,[!?3! a dual-band device could leverage the vis-
ible to near-infrared interband absorption of Si alongside the
internal photoemission facilitated by 3D-graphene below the
Si bandgap as distinct spectral channels. Achieving inde-
pendent carrier extraction and minimizing spectral crosstalk
will necessitate oppositely directed built-in fields or carrier-

selective barriers, enabling filter-free dual-band discrimina-
tion. (iii) Integrating with Si photonic waveguides is critical

(1291 The unique

for enabling on-chip optical communication.
properties of 3D-graphene offer a significant advantage in this
context, facilitating innovative developments in on-chip opti-
cal interconnections.?3! Through these targeted strategies and
advanced architectures, 3D-graphene photodetectors have the
potential to significantly impact the future landscape of pho-

todetection technologies.

5.3. Commercialization pathways

Scalable manufacturing and performance uniformity:
Successful commercialization hinges on achieving wafer-scale
control over pivotal parameters such as nanosheet height, in-
tersheet spacing, porosity, edge density, and defect concentra-
tion. These characteristics significantly influence optical ab-
sorption, carrier transport, and photoelectric conversion effi-
ciency. Large-area fabrication techniques must minimize spa-
tial variations and device-to-device as well as batch-to-batch
inconsistencies to attain performance metrics on par with es-
tablished commercial photodetectors.

Process compatibility: The growth and processing
methodologies for 3D-graphene diverge significantly from tra-
ditional semiconductor fabrication techniques. Notably, the
high temperatures and plasma bombardment associated with
PECVD can compromise the integrity of semiconductor sur-
faces, dielectric materials, and pre-existing circuitry. There-
fore, it is crucial to develop low-temperature, low-damage,
and selective-area growth techniques that are compatible with
standard lithography processes, metal interconnections, passi-
vation layers, and back-end-of-line manufacturing.

Long-term stability and packaging reliability: The porous
architecture and exposed edges of 3D-graphene make it vul-
nerable to moisture, oxygen, and various environmental con-
taminants, which can lead to fluctuations in work function, in-
terfacial barrier height, dark current, and photoresponse. To
mitigate these issues, conformal encapsulation methods that
maintain the integrity of the porous structure and active in-
terfaces, along with rigorous environmental and operational
aging assessments, are essential to ensure lasting stability and
reproducibility in performance.
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