) 3B % 3R Acta Phys. Sin. Vol. 75, No. 5 (2026) 050802

TR ZHEMBERFRE BRI

BT HEMRRR D B AR R TR RE IR

3

PR A

(AR R F S5RATRR, Bl 518055)
(2025 4F 11 H 24 HUg#); 2025 4F 12 H 31 BUREIE)

G AXIR: FT A [ B 35 A5 AR O 5t J3E 0 K 45 22 48 A L T o, A S 6 3 R Tl B B A Y
M. SR, JE T M il s B0 T A0 A% GE I AR BR B R, S BR A 17 DG 1 S A 1 485 5 4 L 1R 4 B 5 1
A1 B, AR ORAG L AR — RO AR A0 S R G T B AR DAY S e A REAT R 4
Jr S L, RSB BRGSO T B A BRI T ARERR A 4156 T HERDRE A A i A BT AR 1
BCTEAL, FIAr FC AR U SR B Ry R 732 0 T s S sy | B 2 A0 . F A 4 28 oy A Ak
P B A 2 B AR BT AR AR BRGSO AR DU, X R BB A5 A . i — 2B IR AR T P PR AR, b el o]
e PEAR S SR LI BRI AL A, JFR AR DG A Y & A R ER . AR SC B A fORDE i%
IR BT 24 BEA 25275, HE sl D il S TR R OB A — 20 e 55 i

KSR HEAPRL, BT, SCRERI, iR

DOI: 10.7498/aps.75.20251596

1%

1 5
1.1 MRE=5EX

JCTEAE AR A O (R B AR08, 78
RZ G R B, G BRI o
LK | WD R R HEA T I R | HEA R AURIK AR
BT G A 3], S 0T BRI AR 5 B Y B —
PRIARAA L, S A0aT AR FRAT A SR O it 5 B
BRI ERZ A5 R, i SR O oG Rk, n]
PAHERA UM PR RO RNZE | 045 an, 78
e ST A AT LA E = A [R5 8 e i W R
HFIWTE ) bR S A AL BNy 7R =R i
i, ETEACAT DU T3 AN 7 PR 25 40, D't
ASCAT LU SR HEAT Lo M08 25 SR, A B TE A
FRPER . A i s, MELLE th 5256 2 ] T 15 i i
L NI T B B GRS T e A RO Tt

CSTR: 32037.14.aps.75.20251596

OB T R TR RS R RO T a2
PARIETEAN. SR, HAE— 2500 ) KO | ARSAS |
AR R B RGET, I T RAMI I
T HER IR T AN b P B (X e ST R4
PSR B BB . FLAITT &, A i 2 gt (0 R e
JEBR, R0 BRI EER T 22 () BRI S0 A1 B
SLTRIEZA A5, X B S EUE R AL 132 H L
SR VS R T JAR 1) ] _E T

AnAer A BR A4 ROSE S04 B 00 R AR B & Y
JEHEAR B, MO8 T — UMD AU AL DR
)AL TR, AR/ e AR F A R BRORDEIE AR, /5
— MR B BB T AR AR RS T <A
WA W — AR WAL GEIFAT 2R, T mii >R
OB B - AL BRI E A e G i
Oy 2 A AL ST RDC AR TT, R — R
FIIRE G RIS =, PR SERE R RE X
S 47 A 00 P e FE A SR BOLTE. X — %
Lo A THLSC-R I R 23 2 W S 3

* YT F RN AA K350 B L7 5 AR H - (kS RCYX20221008092900001) %% Bl 8.

t BfE1E#E . E-mail: chenxl@sustech.edu.cn
© 2026 FEYIEF% Chinese Physical Society

http://wulixb.iphy.ac.cn

050802-1


http://doi.org/10.7498/aps.75.20251596
https://cstr.cn/32037.14.aps.75.20251596
mailto:chenxl@sustech.edu.cn
mailto:chenxl@sustech.edu.cn
http://wulixb.iphy.ac.cn
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

) 3B % 3R Acta Phys. Sin. Vol. 75, No. 5 (2026) 050802

N RS F DR R RS R RE S S it
TRIFTARA R RTHE Lo,

JUE EA TR T AL I RO %
7, H JCLRIA RGN R AR T D BT iX — Fi
BVERE R, JFR AR 5 A5 B8 L6
SLIEAR DR, ASCR RGN —2 1. A
ZEARAE R WD BB ) A5 R SAR Jo L
W IR, 7328 5 T s TR0 | R 580N L
ES QLR RV ONAS AV RO SR S & ST Y KR €ithl
TEA, Xf FE AR RE S . DR AR T I
PR, ABERLE A | SR 0FR RS AR O EAY
LSS, IR AR AR DETE SO S A R
B ARLEE BTN B AR BEOCT B bl ot
AR BTTEMT S5, 45 X TR R “HFap ik
R, s PR RE TR AR AR A B R Rk
R R PR T BEF T L RIS &, 5 2 A1
(BRI K .

1.2 FiENEKREE

DETEAS A SEAR JEU LI I AN R KOG 3
R BHF AR, R RIS B A B
fror e, IR R ARIEAOER R, iR
JEIER B AL GOLIEAE TAR B AT Lok 53t
BT RVREOE B AE . Hod, S BDGIEAUR
3 5 e B O AE TR R DT 9 AR e 8
RAEZS [A]_LJ3fife, PR A A0 48 M S A AN )
BROER SR, HA R B AGDLREIEE. 7>
JERETEAEA B, BB 7 B, (HH
Jv s B E AL AR R -5 2 — 2 1 2 ] g
o0, ANEE R B T ERDEEY, LU R
FOLEAO AR, HTAR R T e HAh T3
SO=ADER G, W TR RSB T
ROERIE S (TR D), Rmdid i AL e+
R THAC R IE- PR AR S, RIASPERDEE. +
WRDCHEACR A T ASD e BI(E &, GERAH
AR, AR E R RE s (De 45k, PR RRE R,
JEAS i B BB R OGRS ASOR 28 A7 B8 e A LR
8 H R PR ARG, e P A G 2% K i
JE. UEC R ROETEL S T R, (DT HE A T
VR B ' P B8 SRR, o B S B s 0
FRGTTE AL | 5 2R e K LR 7807 SE A UE I T

B B o A T RS | A A R
JETE AR B a3 1, JEHGR R LUR BRI

BOETEAL. N7 e 25 Bh Uk, il (X AERS Rl mt
TP 55 BE R AR B, T R ADE I AR
RO, BA HAR G0 — R0 A B 5 1 Bt T AE
T3, K5l s B0 AN A A T bR R AN W s 7 R
P, RGN AT T T R s L, A
A LSS A R AR, M A A AR B 5 A9
KA A, [F) R AR 2 A i G B ik
i, AR A SRR GG 2Ok
TG RTRPE R AT, XMELIAE b X as e 20K
BT 7E e S S L

1.3 B

TR SUAFR AT R 45 2= 2 K2, AT LUk AR
RETFIR . FHLE 4%, Zon T FHE0EY
GEHE R, BARBUN R wT e A
AR 5. T AR B2k, e
020 I B 2N LN i U O A = W R RV S
FY 001 A AR | eI BRI RS A
TAERHE SEEOEE O I X B, Ho iy m
THAR, KM BeBe . T ki A Ak, S
PR 1948 /)N 3090, 3153 AR RGO S35 SO AR ]
ARG “o 6" B, e R FH g i- et SR DA
TR Py H 43l (1010950 150 o A R ffc A e i
PGE A R EE AT BA AN RSO ) v i
TV R S | B LA AR [ SR T A R 2 57
GITAE, XCTE AT g5, BE S PRI 48 R 1S
5 e Ja AL i A S T A
Jik (151035 2015 4F-, Bao 1 Bawendil'? F] H] B
AN TRI R 1 ) 2 A BB BB X A e AT
Hifi, 454G CMOS KM ERFEH LI T R 2=k
P ETEAL, /3 PEFRIE 5 nm; 2019 4F, Yang
A 120 BTl B A 7 AR b B BRAR G OR il T
BRI ARBES, ST RSHXZ) 100 pm, 73 FE %3k
15 nm MFIRDETEAY. TR E MR E R TC T & 4
A3 S F R, RECELE R R 0 T USRI ok
PR RGRG 55, 2L Fr
AR E AR T R

Xt FIHA A ROGTEY, H T AR 3R Ry
2R EA =0 oL Horh A o PR R HI DT AR
RS TR] ATE AS B R S e 3, SEBXT S5 Y
R RCR. BETTEAT GRS SOR B AT R R 5
I A BDEREA AAZO AP BR. AR Tk, =]
DU HA A RO Y SE 158 0 R BEY) BA AN

050802-2


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

Y B ¥ R Acta Phys. Sin.

Vol. 75, No. 5 (2026) 050802

I s FL 378 T 7 33 ' FEL I R 81, sl K B
o S 1 R A FH A R R T B 3 A (8:10-15,27-29,8133]
BT IR e R 5 S LA, 38 nT LA FH R
Lk SZ SN HL s R R AR, I YRR AR L
MR B TR R B G e B TR, SR AR I A
PR A5 (] 1)[10-25.3034.35] 3¢ e JEE < o] 107 ¥ 3
AN AT IEVER B SO GTEAN, AT B TTa
W R R BCR (2—4 ), AR T
AR g R, BIVAT S8 s P Re rY Ok e HE T g, 3K
ATTRR K iy 45 B A TR0 S 1 A S A /0 P Bl R 2
TGS, 2017 47, Yuan 45 1163657 JeF BABERL
IR it (AR 1 1 BT 8 A AR S AL ) T AEHIL
JET 2021 4ESEHE, SR PR TAE. A

WD B SR TR TR A 2 A i A T B, Sk
%&ﬁ%@@, FEAT BRI 59K RIS

T 2—a R

r Vas

—[_ .'-'-—-

Vig

Bl 1
CIRGEGUE Y 7B RS

/b AR BT g IR SO B8, RO AN T 2—4 A R AR, (9% (EAS BR T U Ha A L A 452, i s
NTT 52 I8 1 S P 7 335 19 38 A 2 1 7 o

IHER, RIS . BRI LR TR

R AR B T AR (R R B e i R IR

W A B TT AR ORGSO TR A
B TAES IR, HTARD BRI A 3 40 1) 222 2) R
B 3) HAY. o, 222k R EA GRS
HIaHO G Z B B OC R, X PR O &R ]
DA 38 3 00 e A2 P ' L e S R PR S, T DU 2
Tl 8 210 T 1 Y D R S D1 i 2 T % Sk S B o
Kl 2(a) s, XRS5 AGHOET R B4
RIERE, JEHI I 5SS Py 2 [0 e E R
Ip = Rp Py . 2 I Fo-AFSM#L D F Xt
NG R I, Ry, HAMIELY D MK MK
HREm N . SNEEY D Rl LIRS 1Y
XL S AGHETI R R AR LM L R NA

NI G R

1.4

WEN

st A

Fig. 1. Schematic diagram of the minimal-electrode miniaturized spectrometer, the spectrometer requires only 2—4 electrodes, includ-
ing but not limited to source-drain electrodes and gate electrodes, external physical fields are introduced via the structure design, to

realize the reversible and nonlinearly modulation of photoelectric response spectra of the device.
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Fig. 2. Schematic diagram illustrating the operating procedures of a minimal-electrode miniaturized spectrometer: (a) Learning step:
to obtain the mapping relationship between photocurrent and incident light spectra; (b) sampling step and reconstruction step,
measuring the photocurrent vector Ip under the irradiation of an unknown spectrum, and obtaining the spectrum of incident light

by reconstruction algorithms.
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Fig. 3. The tunable bandgap and band structure of two-dimensional materials via external physical fields: (a) The experiment (dots)

and calculated (lines) bandgap of BP films under external electric fields with layer numbers of 17, 19 and 21, respectively®; (b) PL

measurements of monolayer MoS, at different electric fields, fluorescence peak position occurs redshift with the increase of in-plane

electric field intensity’; (c) transfer curves of MoS,/WSe, heterojunction with illumination at different wavelengths!'®l.
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Fig. 4. Representative works on different types of minimal-electrode miniaturized spectrometer based on two-dimensional materials

(in time order) [16,18,20,21,23,34]
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Table 1.  Representative works on minimal-electrode miniaturized spectrometers based on two-dimensional materials.
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Fig. 5. Minimal-electrode miniaturized spectrometer based on a BP dual-gate transistor(!%:: (a) Schematic diagram of the structure of

the BP dual-gate transistor-based micro-spectrometer; (b) photoresponse matrix of the BP transistor as a function of electric field D

and wavelength \; (c¢) reconstructed spectrum (solid line) from the BP micro-spectrometer and the theoretical spectrum (dashed

line) of the incident blackbody radiation light source.
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Fig. 6. Minimal-electrode miniaturized spectrometer based on van der Waals heterostructures??l: (a) Schematic of the BP/MoS,
spectrometer tuned by bias voltagel®”; (b) photoresponse matrix of the bias-tunable BP/MoS, spectrometer as a function of bias
voltage Vg, and wavelength A?2; (c) schematic diagram of the band structure of the BP/MoS, heterojunction under positive and
negative bias voltages®??; (d) reconstructed spectrum from the BP/MoS, spectrometer (solid line) and the measured spectrum from
a commercial spectrometer (dashed line) ?2; (e) schematic of the BP/MoS, spectrometer tuned by gate voltage/?; (f) response spec-
tra at different gate voltages V, of the BP/MoS, spectrometer ?; (g) schematic diagram of the band structure of the BP/MoS, he-
terojunction under positive and negative gate voltages®); (h) reconstructed spectrum from the BP/MoS, spectrometer (blue line)

and the measured spectrum from a commercial spectrometer (orange line) 2.
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Fig. 7. Minimal-electrode miniaturized spectrometer based on the electrostrictive effect?”: (a) Schematic of the MoS, miniaturized
spectrometer based on the electrostrictive effect; (b) schematic diagrams of the lattice structure and band structure of monolayer
MoS, in the initial state (left panel) and under the in-plane electric field (right panel); (c) the reconstructed spectra of monochro-
matic peaks and the corresponding full-width at half-maximum over the entire operational waveband; (d) the dual- and single-sig-
nal reconstructed spectra of the dichromatic light with a 1.2 nm wavelength spacing.
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Fig. 8. Minimal-electrode miniaturized spectrometer based on the metasurface-modified two-dimensional materials®!: (a) Schematic

diagram of a miniaturized spectrometer based on a metasurface-modified graphene detector; (b) schematic diagram of the neural

network training for reconstruction spectra, which consists of an input layer, an output layer, and several hidden layers; (c) recon-

struction results of the incident light wavelength and polarization by the graphene miniaturized spectrometer.
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Fig. 9. The impact of rank of responsivity matrix R, sampling number, and noise on the reconstruction accuracy of spectra

20,

(a) RMSE of reconstructed spectra as a function of the rank of R; (b) rank of R as a function of sampling number M; (c) obtained

RMSE as a function of M using different algorithms (L2: L2 regression algorithm; L2+Grad: L2 regression with gradient descent al-

gorithm; L2+Compress: L2 regression with compressed sensing algorithm); (d) obtained RMSE as a function of noise coefficient §

using different algorithms.
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534341 (principal component analysis) . 1F |k
B (regularization algorithm) 4. X F REEGH
Uila g Ly, W N AR R, EADGIG A E P, b
Tk M || RP — Ll |? fe/h, Hoffiop 5
FH, A MRS R A SRR, 00 500 AR A M e
G ERE IR A TR S iy NN o W 7 TR = RS
i Ay S o S A MR T B B 3 2UF B ok
REARE a4 B, (HAE AL B Aotk nt, nlRE S E 2R
W EEE R, FEEMEEA L. ENR L,
B kA 5 IE AR B (OFR L2 IE AR,
I T AT D) b ke i 2 ok g s i 2R 28 B
PRRAE | RP — Inl|5 + || Pl /b, Jorby 2 iE
WAL 5L, B B A R e PR ERR v, 2 H
TR H I AR 2 — 618222451 He T | fb 57
bE B Tl O Z Tl D AN & 27 .51 = R v - N 2
BRI okt — 2 P m X W R . TR AR IR
LT AR IR E R, WU INREE S S £
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TEMAR A By 3 405 TR, 7 e M KSR AT 7T LA
PREFEF A ERR EE (1K1 9(d)). S8TT, ALyt
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By LT i) I et e N TTES 4 & i B N L E TS
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2 S AR R I R B L R M RE . B
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D N TRHERE R T AR, ST A AR A
KERE. FAT, 22 TR T R A Ik B etk
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R, I HAR AR TAR P AR 2 1O Z 1 (f
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JERLIS ASD IR B AR IR R R EOC R, 0
A IE NSk SE L S E A, (ELR T T
22 LR IZO LR W R A T I 2R, SEBE T
SRR R BT, i 7 B IK 0.35 nm,

L5 LRI, BT AR RO D R T AR

D ETEUE R —FET R GBI R A, BA R
FR/IN, DB | i 1 2 445 0, 7R B TR ik
SHTEEDCH T oudRF B RE S B Ay TH A
BN TS HF AL O 238 i R Ak L 37 8 i A%
TR U 5 L M o AR | BT e L Y L A R A
39 A e e R A o R B A 3Rk, 45 TR
TR | P2 4 TR TERE RS R A5 T ek
HfE B EE 1. RIS, 76 —4EphRl & R R i
DA R G TSR S B R T R 4 B AL
SRE R, Bl GaAs, GaN K &, th KiEsh T
TR AN 1 e (209208, R4S JEF — e R RHI B
A R ORI G AN R T 5 45U B I IS T I T
2RI, EREE MR B BOR BRI 2D | SRk
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SPECIAL TOPIC—2D materials and future information devices

Miniaturized spectrometers with minimal electrode unit
devices based on two-dimensional materials”
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Abstract

Spectrometers are the devices which can acquire multi-dimensional information of incident light including

intensity and wavelength. They have broad applications in both laboratory and industrial fields. Nevertheless,

spectrometers relying on gratings or Michelson interferometers are inherently bulky, which restricts their
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integration and deployment in portable devices. Consequently, the miniaturization and on-chip integration of
spectrometers are crucial for the advancement of next-generation optoelectronic devices. Two-dimensional (2D)
materials, with unique characteristics including atomic-scale thickness, absence of surface dangling bonds, and
versatile band structure modulation capabilities, show great potential for fabricating on-chip miniature
spectrometers.

This review focuses on micro-spectrometers with minimal electrodes based on 2D materials, and provides a
detailed analysis of their device configurations, working principles, advantages, and existing limitation. Unlike
array-based or tunable-filter spectrometers, the devices with few-electrode architectures utilize physical effects
such as the Stark effect, quantum tunneling, and electrostriction to encode spectral information into electrical
signals, thereby achieving spectral reconstruction and greatly reducing device footprint and complexity. We
conduct a systematic categorization and evaluation of representative implementations of these spectrometers.
Through a comparison of their key metrics, such as spectral resolution, operational bandwidth, response speed,
and reconstruction accuracy, we clarify the underlying physical mechanisms that determine their performance.
In addition to conducting a comprehensive survey of cutting-edge devices, we perform a critical assessment of
the long-standing challenges within the field. These challenges include the scalable and reproducible material
synthesis, the stable integration of devices with silicon photonics and readout circuits, the environmental
stability of 2D materials, and the optimization of computational algorithms for reliable spectral retrieval under
the conditions of noise or limited data. Finally, we outline future research directions with the aim of improving
device performance and putting them into practical applications in on-chip photonic systems. This review is
expected to provide useful information for researchers engaged in the research on ultra compact miniaturized

spectrometers and to promote innovation in ultra compact spectral sensing technologies.
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