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Fig. 1. Schematic diagrams of the structure of graphene resonators made by different universities: (a) Cornell University;

; (¢) Columbia University; (d) Cornell University (array) ; (e) Shixi University®;
; (h) Columbia University!62.
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Table 1.  Comparison of performance indicators of graphene resonant pressure sensors.
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Fig. 2. Schematic diagram of the structure of graphene resonant pressure sensor: (a) Optical image of graphene resonator made by
Cornell Universityl®l; (b) ceramic ferrules used by the Hong Kong Polytechnic Universityl®; (c) graphene nanoribbons used by the
Hong Kong Polytechnic University!®); (d) dumbbell shaped squeeze-film graphene pressure sensor made by Delft University®7;
(e) suspended graphene beam under atomic force microscope, in which the oxide is black and the graphene beam is orangel®;
(f) closed cavity F-P resonant sensorl®; (g) open cavity F-P resonant sensorl®; (h) graphene resonant probe made by fusion of
single-mode optical fiber and quartz capillary™; (i) microscopy image of graphene on the ferrule treated by acetone etchingl™);
(j) microscopy image of graphene on the ferrule treated by 350 °C annealing/™; (k) microscopy image of graphene on the ferrule
treated by acetone etching and annealing(™.
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Table 2.  Comparison of performance indicators of graphene resonant pressure sensors.
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Fig. 3. Structure and performance test of graphene resonant accelerometer: (a) Graphene resonant accelerometer designed by Korea

National Jiaotong University[™l; (b) small mass attached to graphene resonant accelerometer™; (c) accelerations against frequency

for different attached masses™; (d) drum graphene resonant accelerometer designed by Columbia University, USA6%; (e) graphene

3

resonant accelerometer designed by National University of Defense Technology, Chinal™l.
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Table 3. Comparison of performance indicators of graphene resonant accelerations.
IIMTT I TR AR K HAR [ VINEEN Loallly7E:N WEIRIR f SCHk
10.8 nmx0.7 nm 0—250 GHz (73]
SFHIFHR KIrg 12.0 nmx0.7 nm FLoF Cike 0—225 GHz [74]
1.2 um x 1.0 um 0—10 MHz [76]
S8 [EJE 3—10 pum HL2# Hi2# 1—10 MHz [62]

2015 4F, 3¢ [H B8 LKA Lee 45 92 %31 T
— i T v R 1 1A SR R BB R R =
HEET, WA 3(d) s, 58S A SR IR
TR &S, B —3 SU-8 MG T A S04
[ 1, 38 5 SU-8 fise e Ssn ok B, o028 £ 250
PITEIRFEE, N AR B S8 e R T
TS 1) A% T R PR IS T b L A B AIL D K 6 4>
B, UEBA T A S50 0 BT v s B A
R TR G R

2017 4, v [ [ B R K5 Jie 55 70 il 5 A
FRITAMHT 84 COMSOL Multiphysics {ff ELWF5E T
A7 S0 VIR I B T, e R PR AU G )
&l 3(e) Bz, AT ot 4 Jom s B 3 78 350 A S8 0
IR ESSF I BEm b, 7R S8 AR v e B i — 1
FriEdk, AT T A SR R Y R 5 i oy

WEIRBTR A RZ I, A 210 3 5 7 SR 0 1 R R
Z IR E R ICR. WA 7 s R e A2 1k
SRR R, AERR VIR A BHLIE AL i 5T
PRIECRY IR B, X SRR R B/, HLh i A
BOHE A SRR T ph 2 RO el N T . o I T A=
A SRR TR AR A I AL R B G M B 5 E T
HEAih.

3R T AR A SRR PR U T A
LVERES R 02757470 R LI A S PR s
BETHRIBE AR B HR Z AL T 05 BT 52 Y B
B, fH3% 3 rhICi R Oy B ST S PR £ ) A
I PRAOMIZE T, R T LA Sl A A A
(753X, RIS BE R B A s iR g BT
BIF T I 02, A 20 R S 8 4 vy o e 2
(ELIN R e A T SEi IR Oge i

126801-10


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. 71, No. 12 (2022)

126801

3.3 AEBERXFEEFBS

Wit AN KA AN T 2 Je, Gan ] S B o b DU
XSGR Y TR BT B T 25T RO R,
SRR PR 2T AL SRR 9 S B R BN I 1) S )
RAL T AT RE, A7 AR A SRR A
/NP TR B AR 2007 4F, AP LR EE T
K1 Sakhaee-Pour 55 7 i F 73 45 44 ) 27
BEWFIY T )2 A S IR E A RS, i 7
AN BT H A A RS HRAT R A 5 0. IR I A R A%
HA 102 g w4 i MR Ry LA EE 11, JF
it 5 A7 B I ) < T L R, R R 2 4R

B XA SRR R AR o i A8 b oy AR
PEIRBNING:, 2= A IR B IR T A R 1Y
PUBIR SR T T 0H9E, $5 ARG IR S AT LI
1o A S M TR A AN R AR . 2009 4%, Fi Ay R
WHUTE T K241 Atalaya 55 780 3501 T 40 & 4(a) Br

(a) (b)

Suspended graphene
P

Gate

10° 10°

TN EERE. o B A SR R R L S e K FE
Al T O R E AR S A s da v R R Bl I
BT, UE T s F R IK S T Y A SR AN
KPR AR ARG M DI, wT LA W] s 45 49 K b
FY BT AN B 2012 4F, S E EH A7 1) Dai 45 ™
K E PR Jiang 55 B0 2351 ) F 2247
SRR AR 2 M 3l ) AR i, HE T A
S R X AL AR I FE L MR S B R 28 4
DU R GRS R 2R, B UE TR A SR M IR X T %
AR SN B AR MR IR, W LA 4 L R
W25, X TARFE I 1A S miEIRas N
F AR RS BT B ), X S50 B i =TT f Ak
) RS RINAG E ELEE , eEETHEToR
TAEBEE 1 J7 .

2011 4%, IR S JEFEE K21 Arash 55 B
i 5 3h 125 BRFSE T 5 AR A1 MUk

-
o3

,_.
V)

1

i
95}
195}
0
0

e
=

Sensitivity /(GHz-10-2! g—1)
Q
el
=
=

1 2 3 4 5 6

(d) (e)

e st tt— .. 104 ¢

Juy
[}
Y

’

N
\

Frequency/GHz
[
o
: w0
=
1 5
n
wn
Frequency/GHz
=
2
\
0
=
Q
0
w
Frequency/GHz

—
[}
©

—
(=)
=

101! 0

350

w
[=3
(=}

= = [\V) l:.’)

o o S &

S & & o
Frequency shift/GHz

t
=)

. . . 10 .
0.1 1 10 100 1000 0.1 1
Attached mass/(10-2! g)

B4 s s I X i A2 PR RE R AIE

Attached mass/(1072! g)

(=)

8 10 12 14
Layer number

n 0 n n n n
100 1000 0 2 4 6

(a) AR WY BE TR~ et B S 1 IR X B A% A 78 (b) ot [ B ik

THI A 88 40 IR 25T A2 18R 8% B9 (o) A SRR 1 Bk X BT 10 A% SR AR TE AN R 3 SR A 1 T | AU B (d) SRR 2 2 0 3B R OR
BB B2 B9 () FAJR M 22 A0 8200 B IR AL - B 4 A8 Ak i 42 90 () IR IR BT AUERS 5 B G R4k, ¥ (it 4k
AN TSR AT B A1 S AR R B AE AL, 2060 2k SRS RS B A B8 2 B L 8

Fig. 4. Graphene resonant mass sensor and its performance characterization: (a) Graphene resonant mass sensor designed by
Chalmers University of Technology!™; (b) graphene resonant mass sensor designed by Semyung University®; (c) sensitivity of
graphene resonant mass sensor under different boundary conditions®; (d) resonant frequency mass variation curve of
monolayer/multilayer graphene films®; (e) frequency shift mass curve of monolayer/multilayer graphene films®}; (f) relation curve
of resonant frequency and frequency shift with mass, the blue curve represents the change of resonant frequency with the number of
graphene layers, and the red curve is the change of frequency shift (36,
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Table 4. Comparison of simulation performance indicators of graphene resonant mass sensors.
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Fig. 5. Process of graphene resonant mass sensor produced by Japan Advanced Institute of Science and Technology
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(h) Schematic diagrams of top gated graphene resonator fabrication processes with CVD graphene on Si substrate with 285 nm SiO»;

(i) optical image of the fabricated top-gated graphene resonator.
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Abstract

The resonant sensor is a kind of high-sensitivity and high-stability sensor that directly outputs digital
signals. The resonance sensitive elements of traditional resonant sensors are mostly made of metal, quartz
crystal, silicon and other materials. However, with the development of resonant sensor toward the
miniaturization and intellectualization, the sensitive materials of new resonator are micro-nano machined and
highly sensitive. As a new type of two-dimensional nanomaterial, graphene has the great potentials in the field
of resonance sensing because of its excellent mechanical, electrical, optical and thermal properties. Therefore,
the mechanical quantity sensor based on graphene material is expected to surpass the silicon material
mechanical quantity sensor in many aspects such as micro-nano size, high performance, and environmental
adaptability. This review focuses on the graphene resonant mechanical quantity sensor. In the first part, we
summarize the basic properties, preparation methods, and transfer methods of graphene materials. The
preparation and transmission methods of graphene are key to high-performance graphene resonator, but there
are still different problems in the preparation and transfer of graphene, which also greatly restricts the
development of graphene resonator. In the second part, the basic theory of resonant sensors is given, and the

common methods of transferring graphene films are introduced in detail. Then the theoretical and experimental
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studies of graphene resonator are discussed. For example, the theoretical studies of graphene resonator are
investigated by using the classical elastic theory, non-local elastic theory, molecular structure mechanics and
molecular dynamics. Then the effects of graphene preparation method, graphene layer number and shape,
excitation and detection methods on the resonance performance are estimated in the resonant experiments of
graphene resonators. After that, the research progress of graphene resonator is summarized in the fields of
pressure, acceleration and mass sensors. Compared with traditional silicon resonators, graphene resonators have
a small dimension and demonstrate preferable resonant performance under low-temperature and low-pressure
conditions. In this case, the technical issues of graphene resonant sensor are introduced to emphasize the
importance of suspended graphene film transfer, structure fabrication of harmonic oscillator and vibration
excitation/detection of resonators, which contributes to the potential applications in the fields of aerospace,

intelligent detection and biomedical sensing for graphene resonant sensors.

Keywords: graphene, resonator, mechanical quantity sensor, performance analysis
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