) Contents lists available at ScienceDirect

Engineering

&5

ELSEVIER journal homepage: www.elsevier.com/locate/eng

Research MEMS Sensors—Article

ET B = HaEWrRMEE SN RIEERT B RRM DT =S
wSCih e, FERE  #hA) T, 1R, Adnan Shakoor ¢, XUAER]®, L0 R ESS B SLE
Y N YN S IR U R

2 State Key Laboratory for Manufacturing Systems Engineering, International Joint Laboratory for Micro/Nano Manufacturing and Measurement Technologies, Overseas Fxpertise Intro-
duction Center for Micro/Nano Manufacturing and Nano Measurement Technologies Discipline Innovation, Xi’an Jiaotong University (Yantai) Research Institute for Intelligent Sensing
Technology and System, School of Mechanical Fngineering, Xi’an Jiaotong University, Xi’an 710049, China

b Shandong Laboratory of Yantai Advanced Materials and Green Manufacturing, Yantai 265503, China

¢ Beijing Advanced Innovation Center for Intelligent Robots and Systems, Beijing Institute of Technology, Beijing 100081, China

d State Key Laboratory of Robotics and Systems, Harbin Institute of Technology, Harbin 150006, China

¢ Eleventh Research Institute, Sixth Academy of China Aerospace Science and Technology Co., Xi’an 710100, China

f Department of Control and Instrumentation Engineering, King Fahd University of Petroleum and Minerals, Dhahran 31261, Saudi Arabia

& Department of Biomedical Engineering, City University of Hong Kong, Hong Kong 999077, China

ARTICLE INFO HE

Article history: ARSI T — T3 T 132 S 5% 0% 8 A CLMGFET) 47 0 B8 7 £ 3. SCeh it 7 — o
Received 3 September 2021 TN LMGFET 5 P VP (8 G P AUHET 15 LLRT R E , R o B . Lt 7 — i
Revised 8 March 2022 H = B0 40 S, 2245 4 1 B A A A IR 1052 R/ O 20 SU-8 R AL, e AR 1 X0

Acceptedsjune2022 I8 B, LMGFET T EIR 5295 FL 9072 H 4t i R KB 741 1 A 38 R A 52 2
vailable online 13 Augus IN4.53%CHE BERE 4 G HD TEAR 1 0.01%. A SCHE N FHE L B R TF R RV T — /Ml 43 (it T 23

oy Fi. 5T LMGFET If) /) H I8 28 1 7 S 9 4.65 wA -nN"', 77 15 3 FL AT 20 B0 2% 6 & (VMGFET)

e SRR E L 58 PR AF A FEHE G T 0.78% TS A N5.10 uN. L3k 51 B 5 9 LMGFET %14

bt FY FEL RN M 2 SR AT L D AL 5 JFAE ) T 74 0 % 8 7 A A 2 S 7 1 o
ik 140525 20 Al A e
et H 1 ) R )

©2022 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and Higher

iﬁ fﬁ%ﬂﬂé EUf Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
PIEs 3 B BURAE (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. 5|F FEVIVIR A7 35 2 (891 R R FUSR i E AN i A 55y

TR, TGN T %0 6244 2 6 A T B 0 A% R 5
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Blo BRI, IXXFT LMGFET #3442 R A, [Koh'e
AT 75 B R LG R 254 AR DR H At 77 [l I, S AT
HHOR B AT IR I 253K

AR F BRI T B, BT —METHE
TETE ) H SRR R A IR /N RF LMGFET #8401 TAEAT I,
FHUEBA T AR T RS FE R T/ RT3 R BE VT AN RE
Hk, #4941 T LMGFET Bt B/ &/ 28, L
ARSI BN B . FRIR, $2H T —Fh 32
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TFHeae 1. w5, FIFHSEERIHIIE T 200 Fri i LMG-
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B, WIMHAR AR Clpn BRI TIER % Ul F1VA T8 HLIA 1, o
R, A7 Hf# LMGFET /) LAEJRH, A %2 R84
ERO IS E, AR VR T AR .
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B, I H oo SR TERE VT A o ASHIF 70 HE T BB 0] BE AR
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»C' . under 0.10 pmairgap v C_ under 0.10 pym air gap

*C' . under 0.25 ym airgap ¢ C'_ under 0.25 pym air gap
4C' . under 0.50 pmairgap « C'_; under 0.50 um air gap
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RITOIRE S MR, I H FoRT QL T 1] ¥ 22 8 3 266 & B
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(VA T8 X 35, HA MR IR B Z 0, 7EAS TR A7 B 4 W 2
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N BEINE] 1.0 x 10" em K, V, A NIEE, 0V, R
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Iy, at

—a— N, =5x10"cm?, Q_, =25 107 Cem? -

—=— N,=1x10"cm=, @, = 2.5 x 107 C-cm?
—— N, =3x 10" cem?, @, = 2.5 x 107 C-cm

* N,=1x10%cm=, @, =2.5x 107 Cem? -

4= N, =1x10"%cm, @, = 1.0 x 107 C-cmr?
4N, =1x 10" em, @, = 3.0 x 107 C-cm2

I, at
SN,=5x10"cm® Q' =25%107 Ccm?
N, =1%10" em™, @, = 2.5 x 107 C-cm~
=N, =3 %10 em, @', = 25 x 107 Cem®
N, =1x10%cm? Q,,=25x107 C-cm?
N, =1x10% em™, @, = 1.0 x 107 C-cm?
N, =1x10%em?, Q= 3.0 x 107 C-cm?
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SU-8 layer

Gold layer

DL‘% 3 sourc®
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Source Channel Drain
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"~ 48EL (18)

A, =D RMREES S i E R LR MBI, D2
HI 905 27 S2 B AR B 21, 1545 B A2 S2 ) TR B
MRS o 1) g AN B 2 (A A T LE AT 50N -
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r=-—— (19)
T; (1+D 2L,+L,
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MR T, KT W i, AT AR R e E .
Line2 . % & 1E D A7 & I, WK FES S2 N §EIT Line2,
DA AN B R HIE ) . HRNRESZ R R s, A,

ARG X F AR T, RATER W AT 3l 45 R4
XY YR U, I HR A2 Rk B HoAh 77 18 4
FIFH ANSYS 15.0 Mz 45t #4740, B 7 AR TRAT
No R4 TR MR L 2 4. XA SU-8
SERE B TUA 254, I HL 20838 1) Au- Mk i 2 DL BE A
PR et . TEBLIL,  SU-8 Y62 i () 4 AR 2 A VA A
EL 43 5 9 4.4 GPa [38]H10.22 [39]. 4% 1) K I /2 [ 5 17,
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D JE B 0 K29 673 um. HIFAR B 51 ST fE HAS T 2498
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Parameters Value
Young’s modulus of SU-8 photoresist 4.4 GPa
Poisson s ratio of SU-8 photoresist 0.22
Thickness of lower SU-8 structure layer 0.5 um
Thickness of upper SU-8 structure layer 49.5 um
Air gap Z,,. 0.1 um
Length of center mass L, 2000 pm
Width of center mass W, 1700 um
Length of gate L, 20 um
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= Displacement along Y-axis
= Displacement along Z-axis -
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(b)
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Silicon wafer

lon implanation

Insulation layer deposition

Sacrificial layer deposition

Upper SU-8 layer deposition

—ANAUETE R AN B SU-8 JZ 8 i e i LA B
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B oA R —E MR T -

€50, Zac €510, Liow su—s
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A, Ty, susMegus i T2 SU-8 HIE LRI R e,
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1 %107 em™, XTEFESIIE T 242 7 DLSCELf[25]. il
it % B M 0.150 um ) 0.300 pm A [ 5 FENGEE, B
FL T VATE 2% I 4 AT a0 ] 52 eV E R AR E . 14 (D)
SR T AE 0.275 wm BT N TR BE R B0 (03 N B8 4 A7 11
K. HEE R T4 (@ R IE X g
WERIFRBOR BE Ar A o BN T — AN T AR SR IR vk B

(a)

& 14. A0 B i R AL, (2) BRI 3D LMGFET #2241
Xl A RENERE

Lower SU-8 layer deposition

Metal layer deposition

= Substrate Si SuU-8
s Doped Si Au
= Si N, R sio,

Releasing

B 13. AW TTde i i i R i fs
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oA, w14 (b) PR LT R . A R TE HLA L
Ol NV B FE 50 BOENREZ IR . £451H T A
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Parameters Value
Acceptor concentration of silicon substrate N, 1x10%cm™
Thickness of insulator silicon nitride 7, 100 nm
Thickness of gold gate 7, 0.2 um
Thickness of effective silicon dioxide T, 1 um

Length of channel L, 5 um

Width of channel W, 20 um
Implanted depth of source/drain X, 0.5 um
Implanted depth of channel 0.15-0.30 pm

4.2, HSBALIGTE

K14 ) o, FEM. PR IR R XI5
s EIYAAE R, FFEBONZL GRS, DT ST A
HAT . BRI 1 SRS R ARG, B L A
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— Simulated concentration

! 10 A
‘o gt profile '
: s 8L\ | ---Approximated concentration Active phosphorus (cm)
56T 7 | profile E
12EE 6| , .5,001><10Zu
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‘gz ar !
i3 2Ix, 6.300 x 10°
E 0F 7y e |
! 0 01020304 050607 0.8 09 1.0 2.236 x 10
Lo ] Depth (um) ___ ... !
Gate electrode 7.938 x 10
Effective .
Source electrode Si0, layer Drain electrode 2.817 x 1022
e ——— 1.000 x 10

Substrate electrode
(b)
(o) YA E PR ENIREE s (FF B G X sl i 2R HR By N B8 T He o
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Implantation depth (um) X!z (um) Oy (Crem™) V.

dsate

(V) Vdsatu (V)

0.150 0.0791 1.266 x 107 7.127 10.658
0.200 0.1073 1.717 x 107 9.585 13.767
0.250 0.1367 2,187 x 107 11.978 16.812
0.275 0.1509 2414 x 107 13.094 18.234
0.300 0.1661 2.658 x 107 14.270 19.737
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TE T RN 1.51%, 7£60 pum {78 5 V418 % 5% R N 2.63%.
T A FH 2 S 2R T B B KR R R 2 43 i) R 6.64% A
5.84%. [k, *FF LMGFETMERE T, Frd d foAs sl Ly
DA A 2 SRS 1

R5 i LMGFET 2344 (195256 2 %[ 24]

Parameters Value
Length of channel L, 30 pm
Total channel width W, =W, + W 60 um
Studied covered channel width W, 0, 18, 60 um
Gate oxide thickness T 27 nm

insu

1x10"% cm™
2.37%x107 C-cm™
-0.30V

1.55x 10* F-cm™

Acceptors concentration of silicon substrate N,
Effective channel charge density O,
Work function difference ¢,

Effective gate oxide capacitance in covered area C,
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Sensitivity (WA-nN™")? Nonlinearity (%) Deformation range (pm) Measurement range (uN) Merit factor (mA)
This work 4.65 0.78 +10.0 +5.10 47.07
LMGFET [24] 0.01 7.28 +30.0 +14.50 0.32
VMGFET [25] 12.53 1.35 0.3 0.42 5.24
VMGFET [22] 3.24 11.12 0.2 0.12 0.35
VMGFET [23] 0.05 17.75 1.0 Na Na

Na: not available.
# Sensitivity is unified into the same unit.
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