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Fig. 1. Several low-dimensional allotropes of carbon atoms.

Reproduced with permission from Ref.[2].
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Fig. 2. Schematic diagram of positive and negative PCE.
Reproduced with permission from Ref. [28].

212 KA

MR RL S 2 AR /g Jm ARHZ il B4R
] 1) 2 oK RE QR 22 S e AL AN S REA T il AN
Yy, WA R TS (K 3(a)), TR PN £55;
MR LN, RICMAEL M (SR R ) b R
PE (B 3(b)). 4 A6 F A8 & & T MR B 5

208101-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 20 (2025) 208101

& (E,, > E,) W, A -2 5O AT fE N i i 3
T BIFERS, TR OB, fEEA R AT R ZO0
RN (photovoltaic effect, PVE) = A= i) & B i
CEHE) SEIGRARIN, BG5S J0R e
Z 5 fEEE BRI (L) FMIFEEE (V)R 1]
FHT F 3R B r 80 B34, ] FH P v 37 T SR
TIAE VR AL 3 R0 s RO AR > 5 1w vt 2 FEL
Gy R sy, b 2 e A A R IR P AR ZE IX %
dE M A BT, FEGE S R RS A
M4, AT RSB ERI 29,

(a) (b) A Las

/

) Vee V;

N Isc | — Dark' )
— Illumination

PNZ%

3 (a) PVEJRHRER; (b) AU T PN 458 P4
A E Vg
Fig. 3. (a) Schematic images of PVE; (b) two typical IV

curves of a P-N junction with and without illumination.
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Fig. 4. (a) Schematic diagram of the PBE physical mecha-
nism; (b) plot of I-V curves for a bolometric detector under

both illuminated and non-illuminated conditions.
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Fig. 5. (a) Structure schematic diagram of PTE; (b) sche-

matic diagram of PTE principle.
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Fig. 6. (a) Schematic drawing of a graphene microcavity photodetector, reproduced with permission from Ref.[24]; (b) schematic

representation of a single-tube diode-type photodetector integrated with F-P microcavity, reproduced with permission from Ref.[14];

(c) metal-graphene-metal photodetector with plasmonic grating coupler, reproduced with permission from Ref.[45]; (d) enhanced

graphene photodetector with fractal metasurface, reproduced with permission from Ref.[46].
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7 (a) AEXSBRIEMLEC S N IS AR A A B2 G LRI AS, 1B A SOk [49], B A EAL; (b) P okl 5 FAE B W2 A 28
S VR /I A Y R B, A SCHR [51], B AR RAL; () I A BURR 98 K A O HE AR A R B, A SCHR [52), B kAR
AL () AR AL U | 48 GHz fF 58 i £k I 5 42 L CNT G HL RN 2%, 11 A SCHk (53], B AT IRAL; (e) & T F AL ik 9% 5 1 & 3 CNT
JCEARINES, th 1A SCHk [54], T3RTHEEAL (f) HLAEER: S 119 hBN/SLG/hBN SEHHEMEE, H F1SCik [55), O3k 4%; (g) et
fE- A BRI TR A S BT SO BRI S 1 S50, A Sk [57), © 3R EAL; (h) PTE A 808 6 A 4800 25 1% 3D /s &R, A Sk
[58], B ARAFIRANL; (1) k- 20 5 B 0 I AR i R 2%, B A STk [59], B R A

Fig. 7. (a) Graphene photodetector integrated on a silicon waveguide with asymmetric contact configuration, reproduced with per-
mission from Ref. [49]; (b) schematic illustration of the dual layer graphene modulator/detector integrated on a planarized wave-
guide, reproduced with permission from Ref. [51]; (c¢) schematic diagram showing the structure of a waveguide-integrated carbon
nanotube photodiode, reproduced with permission from Ref. [52]; (d) silicon waveguide-integrated carbon nanotube photodetector
with low dark current and 48 GHz bandwidth, reproduced with permission from Ref. [53]; (e) high-speed carbon nanotube photode-
tector based on a planarized silicon waveguide, reproduced with permission from Ref. [54]; (f) the hBN/SLG/hBN photodetector on
a buried silicon waveguide, reproduced with permission from Ref. [55]; (g) structures of the high-performance silicon—graphene hy-
brid plasmonic waveguide photodetectors, reproduced with permission from Ref. [57]; (h) 3D schematic of the PTE graphene photo-
detector, reproduced with permission from Ref. [58]; (i) silicon-Graphene plasmonic Schottky photodetector, reproduced with per-

mission from Ref. [59].
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Table 1.  Performance comparison of carbon based infrared detectors with integrated SOI waveguides.
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Fig. 8. (a) Waveguide-integrated, plasmonic enhanced graphene photodetectors, reproduced with permission from Ref.[66]; (b) ultra-

fast, zero-Bias, graphene photodetectors with polymeric gate dielectric on passive photonic waveguides, reproduced with permission

from Ref.[65].
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# 2 AR SIN, BERRYBRIELLAMRIN AP ERE L XT

Table 2.  Performance comparison of carbon-based infrared detectors integrated with SiN, waveguides.
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Fig. 9. (a) The graphene photodetector based on a slot-waveguide, reproduced with permission from Ref.[69]; (b) graphene photode-
tector employing double slot structure, reproduced with permission from Ref.[70]; (c) the graphene-plasmonic integrated photode-
tector, reproduced with permission from Ref.[74]; (d) waveguide-integrated mid-infrared photodetection using graphene on a scal-

able chalcogenide glass platform, reproduced with permission from Ref.[72].
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Table 3. Performance comparison of carbon based infrared detectors integrated with advanced heterostructure waveguides.
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Abstract

Carbon-based materials, such as graphene and carbon nanotubes (CNTs), have garnered significant
attention for next-generation infrared photodetection due to their unique and excellent physical properties,
including ultra-high carrier mobility and exceptionally broad spectral absorption. These characteristics present
vast application prospects in fields such as optical communications, military sensing, biomedical imaging, and
energy. However, a critical bottleneck for their practical application is the inherently weak light-matter
interaction stemming from their low-dimensional nature. For example, a single layer of graphene absorbs only
2.3% of incident light, which severely limits the sensitivity and overall performance of photodetectors.

To overcome this fundamental limitation, integrating carbon-based materials with photonic waveguides has
emerged as a highly effective and promising strategy. This approach confines light within the waveguide and
utilizes the evanescent field to couple with the carbon material over a long interaction length, greatly enhancing
the total light absorption. Furthermore, its intrinsic compatibility with CMOS fabrication processes paves the
way for low-cost, high-density, and large-scale manufacturing, meeting the stringent demands of future
optoelectronic systems.

This paper comprehensively reviews the latest developments in waveguide-integrated carbon-based infrared
photodetectors, systematically summarizing and analyzing the progress made in three major integration aspects:
silicon-on-insulator (SOI), silicon nitride (SiN,), and advanced heterostructures such as plasmonic and slot
waveguides). Various performance enhancement strategies are detailed by exploring different photodetection
mechanisms, including the photovoltaic effect (PVE), photothermoelectric effect (PTE), photobolometric effect
(PBE), and internal photoemission effect (IPE). Key breakthroughs are highlighted, such as achieving ultra-
high bandwidths exceeding 150 GHz on SOI, realizing a superior balance of high responsivity (~2.36 A/W) and
high speed (~33 GHz) on SiN,, and enhancing responsivity to over 600 mA/W while extending the detection
range to the mid-infrared (5.2 pm) using advanced heterostructure waveguides.

Finally, the current development bottlenecks are discussed, including challenges in material transfer,
interface quality control, and thermal management. Future research directions are also suggested, such as the
development of novel carbon-based heterostructures, deeper integration with on-chip photonic systems, and the
exploration of new waveguide materials for long-wave infrared applications. This work provides a clear roadmap
for the continously developing high-performance, waveguide-integrated carbon-based infrared detectors.

Keywords: carbon-based materials, graphene, waveguide integration, infrared detector
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