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Abstract: For higher fabrication costs and poor consistency of electrochemical seismic sensors, a new
structure for an electrochemical seismic sensor with planar electrodes based on Micro-electric-
mechanical System (MEMS) was presented. A 2D calculation model for the seismic sensor designed
was built. The key structure parameters, such as the widths of electrodes, the space between
electrodes and the height of the channel which might affect the performance of the seismic sensor,
were calculated and optimized by the multi-field coupling numerical simulation method with Comsol
software. Through the MEMS surface processes and quasi-LIGA ( Lithographie Galvanoformung
Abformung) process, the MEMS based electrochemical seismic sensor with planar electrodes was
fabricated and packaged. Finally, the characteristic experiments of the frequency response and the
tiny-vibration testing for the sensor designed and the traditional seismic sensor based on precise-

machining (MET 2003) were carried out. The experiments show that the [requency bandwidth of the
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sensor designed is expanded from 1 Hz to 30 Hz as compared with that of the MET 2003 and the

consistency between the sensor designed and MET 2003 is achieved to 0. 887. The noise level is less

than 120 dB at 1 Hz.

Key words: Micro-electro-mechanical System(MEMS) ; electrochemical seismic sensor; planar electrode; low

frequency vibration detection

1 3 7

b RS I A% B )2 L FH T b ek A B AR L
TR 7 N 7 0 T B S S 7 1 ==
(<1 Hz) 2K BE B % 50 J5 s v 8 /0, e LA g A
R AT Bl 1 v 5B RE | AT 1Y b 7R A U 4 7 b
BR Y BRI R R o R I S A 2L R
WEEM RS, BHAETTIZ N 0 G A o
Wl AL TR L 452 25 49 43 o 438 200 2l P8 = o, 42
2 AT B A AT AP B 4 (FL TR A B AS 5 v, BR okl 77 3L
FEFRDN e 4 15 FH 5 20 B OB PE BB 22 . AN R A ) it
ZALT 2 Hz (155,

20 22 90 A4 H B 1% 3L T L Ak 2 38 25 2% 1Y)
F b 2 b 7% G U 2 PR IGATPE BB 4 (~ 120 ),
AWM % (~ 120 dB), R % F &
(2000 V/(m = s ")) TAEM A K IFEAL (<50
m W) 85 0t 5, 72 IA b 72 A 5 A I LA 28 Hh IR
P AT I H A A R R U R Y A0 BT
fl 27358 25 2 TDRS 285 T 0% 40 099 A el A o D o R P
B T2 AT B8 AF A T IR AR A
1o AR — B 22 S ), ) 29 T HFE AR AR iR
0 51 355, 14 A B g

AL 2 5 (MEMS) $ AR 1T 4F 3 (14 1 3 &
JRAR T H b 27 1 7 A U g 4 0 B A AL £ £k
T. T 2. 2011 4, b B} B fa 7 BT 0F 1t 7 ol
MEMS Hi b2 b 58 AL e , — Fp 3L 1 & )2 iR 45
Fo), — o B oy O T A 25 A ORI AT T
FEAE BRI

55 M RI s , 78 H Ak 27 M ARG D 4 ) B AT 5
F—EXMER R, B9k Kozlov A1 Agafonov %5 A
W TE 226V T TP L 3 6 S T A RS AR F R4 A ik
PRFRL U 25 0 T o % F Ab 2% 1 25 28 10 TR R AT T 4
S 4 T g R BRI SR R L E R 3 T
fap o, HaE T s o, B #2010 4F, Sun
SERFST I G ST T — P e Ak 2 1 25 38 AH G 1 1 A
YLD R 22 5 0 A SO B TR A R T Ak

I g A I AR LR, A HE Sl T i e A A
LR R 1Y R H R B 45 % A5 0 g R i Bt
VE

it — A B e A5 S A R B L AS SCHE LT T H
e MEMS HLAL 27 b 72 1 % i S iy 10, 42
T — iR 0 M 3% R Sl R X TR A R
MEMS H {1k 2 M 52 15 A% B 25 M . [R] I &4 &
Sun %3 BTk L IR AR S5 2 Bt AT T T R
TR AR, I 5 % 48 T 20 AR TS L A
LR AR AR BEAT T X HE A, 3R T 1AL R A Y
PERE

2 R FHEHERBEKRE

FL A 2 R A R B A% 0 BT LA 0 £
i B P A AR S R AR R AR SRR AL 1 S 2 A
WAL 1 BT . LA S AR AR SR P PE AR - B A - B -
PEAR X PR HEB 2 A1 £ B G Y 1T KT KT AN
T, T Lo T 8 A9 HL 0% 7 i R B iz g,
Mooy 3 4 A 42 A A AT E T 1) (I 1 X7 1))
SPAT A 83 AR v TBR A R 79 S L JE %
55 AR 11 o s I [ 2 v b 2 L R A SRS

L0 i U
0] o e’ . " % PO
@ ..'.. O ¥ . e,*

.,.—I"tl_.'..'. [
— o

BT ST H A TR R Ak 2 b 25 A 2 A R B R
Fig. 1 Structure diagram of MEMS based electrochemical

N I SR

seismic sensors with planar electrodes

ARV B A AR D B E R, ZE Tl
AR A AR RIS AR L 3 ) & A T L Ak 2R R

PHME .31 —2e¢ —15

Bt .15 +2e¢ —31

AR Al FL A 2 B8 AR T 2 B, AT D OR i



3 ]

T4 F R B MEMS HL b4 1 722 1% 2% 771

H A S 52 Bl 5 | A i AR i 1 ke 2 S0 v Y 1 R
1k, B PE Navier-Stokes J7 B2 Fl i1 Bt 2% 145K
fif h 3 A0 AR S ) R R R T B TR R
Y54 SR G B S Nernst-Planck 72, 3R 15 1
BT MR BE O3 A i J5 K G Butler-Volmer %A
SRAG i F U % SRR 0 i e T LI A e O 2
AR E], B Bk 3 ASBERLETE OCER M B R 1Y
T B oy AR AL

vV e u=0, @b
Du__ 2
oh = VPtV iutg, (2)
DD(;k_Fkaka . (ChV(P)—DkVZCk:O,(S)
szCk — O, (4)
k
on . Ng _ —kaZC,; o~ @F/RD (U=0—Ey) |
kCCI, e(l*a)(nF/KF)(U*@*EO) , (5)
e N
n- NI; :_nTIa (6)

Hoa, (1) M (2) 2 Navier-Stokes F 1, u L FE
PR R (1) TR R o, o LR VRO B e SR B A R
i BB PR B e B 2 BRI AR B i i
g IR E I i

7 (3) 4 Nernst-Planck J5#2, 2 (4) B H,
PR, CARERWEE , Fhr k HISEX 4 KT T Al
I AL m = s SRR W
8.314 J/(kg mol), @ Ny M L ¥, D ¥ &
B BRI R B F 9. 648 534X 10" C/mol,

. (5) 1 (6) N Butler-Volmer . n i
Wy AL 2R R i, N R B8 3l i, LT bR v B
TR Ry F e 53590 7R PHAR RN BA B 119 S5z 7 3 %
WH n SNBSS TR O 1, o AR
FBGBE N 0.5, E bR fE BB HL 3, U S fin 2
FE FTBA B 1 FL

3 Fawi MEMS b5 E
B B 2 MRt

I HLR R MEMS i £k 27 52 1% 18 85 1 4%
O 45 R s - i B AR )R B AL AL 2 Ca) BT
AN W Z RS )R B B S A IE
PP T 1] SCA Bl FbL A 45 A o S Bl A 19 245 4
P2 (o) It 7 o e B8CBH A B - B - FH A 445 4 i

G, AR RS A GO R — T Al
B 2540 VI 2 () X7 1) BE R AN . 4 f%
JERER 32 B A TR Sh B LR RS TR X7 AR
TP s, IR TE LT SR A SUHS B i & A Ak
SR G A0 TR I T AL R A SRR B B A
O AR AR PCB MR R ke AR
38 2o 4 225 % R A H AR AR 2 L 3B i PCB HL S Al
5 h i T A

i

(€)= =N o |

(a) Schematic diagram of chipset

Fr 4

(b) X 45 MLtk 25 ¥ 7R 2 R
(b) Schematic diagram of interdigital electrodes
Bl 2 RS STEA LK R A

Fig. 2 Basic structure of sensitive units

4 HMERAG A 5K

HL A 27 R A TR 1) 45 48 2 B Cn i UL
07 280 WO B S5 A 2 5055 ) B2 T A A 7 10 3
JE 5 73 A | RO L A L e 2 W A% SR AR B i i
PRI DA A e P BB 119 H 2 R £ SR 8 L 0 L &6
WZHEAT T 05 B R AL .

S ThT LA R L A 2 M R AL AR B Lt E B
O P 2R G A TR i 1 g B 2N R i A A
AT S T AR 3 BTN 8RR 8 i B
BERL, o LR SUR SO AR SEE . D JE LA HLR



772 b1 T Y %23 %
e 9 B R R 2 T 9 B LR 0 38 5 E L W 10or {12540 pm
JE X B 2 1] i 1] B HULFFE100 pm

< 10p
£
e — :
I E
L !// f// L. \\ Y \\ — SO s e
vV NN —+ 100 umBE
Wb b Bl b 001 OE'Z"” “[':.‘I-'*"’-* : P
B3 Frequency/Hz
Fig.3 Simulation model (o) AR ERE
(a) Electrode width L
o 5 B A5 2L B TR A4 I 2 R B 100; 100
7 BLA A N HE S IR (1077 m/s) A [R5 3R 11 T PR HE100 pm
S E 26 1 89 o 38 22 3 I 9 £ < 10
4 P 77 g AR ) 25 0 2 8 Cr L 9D B o E
B D A R FD A fF 2 4L 4 1 .
BRI gl
FPE 4 Ca) BT LU HE, W 68 L<100 pim a0 Ui
N 0 S 901 2 A 7 LB T S L oLl
161 Hz LLU I8 .1 Hz DL 3% 0 o AH X 48 Frequency/Hz
AN YL SERE L=>100 pm B, 5 2R 0 R ) 48 & (b) HL B ELHE D
B BORBOANRAE R o IRAEEE R L (1) Electrode spacing D
B S A B R IR B 0 o (7 oor 8 BE100 um
L B4 100 B E K 2 e 3 L3 8 S A 48 Tt HL 1540 pm
B %0 R0 1E 88 R 2 A O £ 1
fh P 4 Cb) T L7t 90 BB 6D B D 5, 45 E
SRRV H 26 5 PR T FL 0. 1 Ha LR !
3 AR MNLR T A, 30 DA Oy U518 e e o % 1] Zol
AEGE A T e LDk B 2 3 SRR 40 0 L 3 2 2 2308wt NN
SRR TR 15 09 T poleimil L s
AL T IR BE D 2 65 1, % 55 32 3 31 1 i Frequency/Hz
R E% ey (Wit H
fh P 4 oo T DA M L 03 B HE BB R A (e)Channel height H
FE SRR AT SR 4T R ROl R P4 SRR AR 1 9 5 20
A B, B EE H B, NRERLY Fig. 4  Simulation of impact of various parameters on

BRI B £ TE 25 5, JIT L, e 0 e i 34 K 5 () B 3
e B AT S VAL T A B 5 4 1) SR R 2D 2
M) I S R SRR

WReEfg Eal M, iR E L ATERT
100 pm, 1M /N T 100 pm W 3K A 3 f 2 RO .
HL AR ED B D 3 249/ o] DA o e 4000 e, [ B e
ARSI R . W IE = B H OB g R AR A
T A R BB AN Kkt

frequency characteristics

5 F@mugA MEMS &b u E
EREREAHIELT S

g e B A2 M R A IR AR AR SR I T T2
S e AP — B0 25 55 [ L, ~F- T FiL R 2 MEEMIS i £ 2
R 0 R Bt i 4R MEMS K1 T 2



3 ]

F AW A T H AR MEMS LAk 2% b 72 1% I8k 4% 773

e LIGA T 204 LT 202 an ke 5 Fis

1 (a)
(b)
(c)
————————————— (d)

 — (e)

_I_“. .I:. ]_ .I_. — ( ﬂ

—Si0,
I e B o B e B e B e ez
e O e e e ) X
I B o |SUSJ A

K5 MEMS T4 8nmEE
Fig.5 Schematic diagram of MEMS process steps

E R 15 VE (8] ) J5 AT 4 2% 2 (8] 5b)
A8 H— T8 R G20 3047 U e 7% (1 S50) 5 il 2o ik
SR lift-off T 20345 A5 Btk (Kl 5d) . RIGHE
Ho g — T H A R AT N HE G 2 IR A Lifeoff T
20 A B HA AR AR A B (K Se) . A
#fE LIGA T 2074 A AT B % 108 B b il 4R
SUS it i, gR 15508 7 3 5 (B 56, R Ll A
L HXTHESL 8 2 7 56 0 o AL S 23R4T )2
B A A AV AT 13 BRI AR 2 S0 4L (K 59),

Yo W25 K 2 500 L0 25 R 38 B R W B
L=100 pm, LA D=40 pm. il & E H=
80 pm, HIAEH K (1) MEMS M 5% 1% 8% 2% 12 B 65
A& 6 Jian, B 6(a) 2 —ANis i 3k B 9 Jm i
WRE, K 6 (b)) A ZREFESEZ G M H
SEM M F .

TM3000_ 2014/01/16 16:34 H TD52 x120 500 pm

Ca) WA 3 AT 45 4 14

(a) Structure of electrode surface

TM3000_

2014/01/16 16:20 H D7.1 80 1 mm

(bR JZ B
(b) Structure of chipset
K6 AL Z B4 SEM B R
Fig. 6 Picture of chipset scanned by TM3000

6 AR K

6.1 ST Mm K7 fh 2% i3

FESCI Z EREE N L FIH E 0 Ak 2 i 72 2 IR
AR B (R R 5 R A A IR P W b AR
P I R A FL IS S 4L O L S T A A R A b
SR IRAR AT TR Ny th el ik, JF 5 R AR 42
0 T Ak 27 b 7R A% A MIET2003 3 47 %
bl 45w i 0 R 25 SR an 1 7 B

1 000
PAPS & 9
< 100+
E ———— g, S
§ 10F
3
=} 1+
B
=
© 0.1
’ —aMEMSZHT
—*MET2003
0.01 s n

001 0.1 I 10 100
Frequency/Hz

7 MEMS #4415 MET2003 45 3R 45 1 (1 L 4

Fig. 7 Frequency characteristics of MEMS device

compared with MET2003

S 25 R R T T H AR R MEMS HL A6 %7
AR YT R AE 1 Hz WK, 3 dB 4 %8 R
30 Hz,1fii MET2003 #1547 55 R 7E 50 Hz;
fE 0. 1~1 Hz BB, SR i /N T 20 dB/dec, B
i T MET2003 & f; 76 << 0. 1 Hz Wi B, 5



774 e KE TR

5 23 &

MET2003 #% 4 45 % K5 M — B, ikl W, 3 T
MEMS T2 () F- 17 L A Y H Ak 2% b 5% A% 848 19
M o7 A4 58 15 G K5 28 i T/ MIET2003 H fk 24 3
AL AR T L
6.2 fEINNIK

FE M- £ A e i 38l 14 15 0 8 A% IR
BTN T = AT TR ] R AR R B i
K. B8 TR R 7 18]I 3R % S T i B MEMS
Hy b2y i 52 % B gs 5 MET2003 14 8% f %f M 72 3%
Bl RE R AR L5 IR R AR 100 Hz, RFER K
0.5 h, ATLLAE i, F M HL AR 28 MEMS H Ak 27 1 iz
fRI&E8 5 MET2003 #% 14 76 B 38 | DC B AR LT, 5%
— B0 AR AROL L B I 22, AHOC R B 0. 887,

0.001 0 N‘W}ﬂ'm{!ﬂw"lf‘limﬁ

0.000 5F

0.000 0OF

Output current/V

=0.000 5

- [ MEMSZHT
~0.0010F |—MET2003
0 500 1000 1300

tls
Kl 8 MEMS #45 MET2003 B3R 48 1Y LU 3K
Fig. 8  Acquisition records in time domain of MEMS

device compared with the MET2003

W5 BT A0 55 B9 B S8 B0 28 47 1) R4 43 i A
9 Fias, AT LA L 7R 13055 72 sh A 0 T S T HL A Y
L A 2% Hb AR AL SRS A1 MET2003 28 14 1 Ty %4 3t
A5,

Power spectrum/dB
I
o
(=]
——
=

I 1 |
e o
o o o

i MEMS & {'f
I [=—MET2003

2o 01 | 10
Frequency/Hz
K9 MEMS 2415 MET2003 IR 3% (1 L 4%

Power spectrum in frequency domain of MEMS

device compared with MET2003

Fig. 9

6.3 MEEMIR

P10 FTom k7 v [ b 78 SR 5% E £ 3 10 3
A LA R KON SE S . P LA B T
HLR B MEMS Hi, Ak 25 b 78 4% 8 % 19 e 75 B0k I
W& 3= T MET2003 K2y 5~10 dB.7E 10 Hz LA
MR R SR K 140 dB. 1 Hz &b M S N T
120 dB. B KM R /NF 100 dB,

—8o0k
@
=
E
=
=3
2
Wi
5
z
o
ay
‘MET2003
0.01 0.1 1 10
Frequency/Hz
10 MR RSP0 3

Fig. 10 Noise level between MEMS device and MET2003

AR T —Fp T MEMS T2 8 1 fL
e 0 F, Ak A b 5 A% SRR B 45 b L R AT e o A AR
P MEMS T 20 REAR T A% 8 1 T 25 S e i
IR BLA . @S T 7 R B MEMS H fk 2
b A B O BT Y i AL, O X H 5 M S
BT T 296 07 5138 T 84S 80 T4
PR AR (52 0 B T SRS S 8L, T
T LR A MEMS Ha fb 2% 3 5% 14 IR 28 A% 42 T2
b 27 b R A AR MET2003 #8428 X B i3 25
FE W, WP 254 LA AR B (4 4 G M R — B0 L A G
N 0,887, HAF- LR B MEMS Hi Ak~ 3 5%
& AR 55 MET2003 4 58 8 58 , ik 8] 30 Hz, M
K b T AR 2 MEMS B Ak 2% Hi 7% % 2 7
1 Hz Zb B /NF 120 dB, 2RI /N F 100 dB,
ATk Ry WAk A R AR R I T R T
2%,



3 ]

F AW A T H AR MEMS LAk 2% b 72 1% I8k 4% 775

SE Lk

(1]

(2]

(3]

[4]

[5]

(6]

(7]

CHEND Y, LI G B, WANG J B, etal.. A micro
electrochemical seismic sensor based on MEMS
technologies [J]. Sensors and Actuators A: Physi-
cal, 2013, 202 85-89.

LIGB, CHENDY, WANG ] B, etal.. A MEMS
based seismic sensor using the electrochemical ap-
proach [J]. Procedia Engineering, 2012, 47 362-
365.

KOZLOV V A, AGAFONOV V M. Convective accel-
erometer; USA, Patent 20050257616A1 [P]. 2005.
KOZLOV V A, AGAFONOV V M. Convective ac-
celerometer with positive or negative inertial mass:
USA, Patent 20080216571A1 [P]. 2008.
LEVCHENKO D G, KUZIN I P, SAFONOV M
V, etal.. Experience in seismic signal recording u-
sing broadband electrochemical seismic sensors [J].
Seismic Instruments, 2010, 46(3): 250-264.

HE W T, CHENDY, LI G B, etal.. Low fre-
quency electrochemical accelerometer with low noise
based on MEMS [J]. Key Engineering Materials,
2012, 503: 75-80.

KOZLOV V A, TERENT'EV D A. Transfer func-
tion of a diffusion transducer at frequencies excee-
ding the thermodynamic frequency [ J]. Russian
Journal 2003, 39 (4):

401-406.

of Electrochemistry,

1EE @It

ZERRHA (1989 —), 55, WL Rt M A, T
12,2011 AE FAE R RS R
407, EE NG MEMS H Ak 2 i & 1%
JES B WF 9% . E-mail: stephenkung @
126. com

(8]

(9]

[10]

[11]

(12]

[13]

AGAFONOV V M, NESTEROV A S. Convective
current in a four-electrode electrochemical cell at va-
rious boundary conditions at anodes [J]. Russian
Jowrnal 2005, 41 (8):

880-884.
AGAFONOV V M, KRISHTOP V G. Diffusion

of Electrochemistry,

sensor of mechanical signals: Frequency response
at high frequencies [J]. Russian Journal of Elec-
trochemistry, 2004, 40(5) . 537-541.

KOZLOV V A, SAFONOV M V. Dynamic char-
acteristic of an electrochemical cell with gauze elec-
trodes in convective diffusion conditions [J]. Rus-
sian Jouwrnal of Electrochemistry, 2004, 40(4).
460-462.

SUN Z Y., AGAFONOV V M. 3D numerical sim-
ulation of the pressure-driven flow in a four-elec-
trode rectangular micro-electrochemical accelerom-
eter [J]. Sensors and Actuators B: Chemical,
2010, 146(1) . 231-238.

SUN Z Y, AGAFONOV V M. Computational study
of the pressure-driven flow in a four-electrode rectan-
gular micro-electrochemical accelerometer with an infi-
nite aspect ratio [J1. Electrochemical Acta, 2010, 55
(6): 2036-2043.

DENG T, CHEN D Y, WANG J B, etal.. A
MEMS based electrochemical vibration sensor for
seismic motion monitoring [ J 1. Journal of Micro-

electromechanical Systems, 2014, 23(1): 92-99.

FERKA973—), B wdb A RKIENWF
¥ 51,1995 41,1998 4F F 35 Ak Toalk k2
Iy BRAG 2 B 2 4T, 2002 4R T T
KRR A0, FZENF MEMS
YR AR AR A A R B
T K 055 15 5 R T 48 T A

5% . E-mail :jbwang@mail. ie. ac. cn

(RIETE REWWT FEEH)



