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Abstract

Abstract

Three-dimesional (3D) electric field measurement is essential in many fields,
including space launch, electric power system, meterological study, scientific
research, etc. A typical 3D electric field sensor (EFS) consists of three orthogonal
sensing axes to measure all three Cartesian components of electric field. However,
the output signal for each sensing axis of 3D EFS is propably coupled by electric
field components from other two orthogonal sensing axes, which affects the
accuracy of 3D electric field measurement. Aimd at developing miniaturized and
high-performance 3D EFS, this paper studies MEMS-based 3D EFSs with low
cross-axis coupling interference.

A one-dimesional (1D) EFS chip with low coupling interference is proposed in
this paper. This 1D EFS chip is designed to be symmetrical, forming a pair of
in-plane symmetrically-located sensing structures. With differential circuit, this 1D
EFS chip is capable of sensing parallel electric fields along symmetrical structures
and eliminating cross-axis coupling interference. This paper develops an assembled
MEMS-based 3D EFS with low cross-axis coupling interference by arranging three
proposed 1D EFS chips orthogonally forming three orthogonal sensing axes.

Aimed at miniaturizing 3D EFS, this paper develops a microassembled 3D EFS
with low cross-axis coupling interference, and investigates its micromachining and
microassembly technoloty. This microassembled 3D EFS consists of three 1D
electric field sensing elements used to measure electric field components from X-, Y-
and Z-axis respectively, and is made into a compact integrative structure by
micro-hinges. This 3D EFS is in shape of triangular prism. Interlocking latches are
employed to ensure the orthogonality of the three sensing axes. The proposed

microassembled 3D EFS is fabricated on a silicon-on-insulator (SOI) die,
I
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introducing photosenéitivé polyimide (PSPI) into its micromachining process to
produce flexible micro-hinges. A mechanical device for microassembly is developed
to construct this 3D EFS. The volume of this 3D EFS is merely 364.5mm’.

This paper adopts finite element analysis proposing a deviation model and a
deviation analysis method for electric field used for calibration, which is benefit to
guide the design of calibration structure and testing system. The calibration and
testing system of assembled and microassembled 3D EFS are developed respectively.
Experimental results show that in electric field range of 0-120 kV/m, cross-axis
sensitivities of the proposed assembled 3D EFS are within 3.48%, and cross-axis

sensitivities of the proposed microassembled 3D EFS are within 19.54%.

Key Words: three-dimensional electric field sensor, MEMS, cross-axis coupling

interference, microassembly, photosensitive polyimide
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Figure 1.5 Electric field microsensor developed by Riehl, which contains lateral sensing
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Figure 1.6 Electric field micorsensor developed by Peng from Institute of Electronics of Chinese
Academy of Sciences (IECAS)!™.
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Figure 1.8 Torsional-resonance-based electric field microsensor developed by Chu from
IECAS™,
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Figure 1.9 Thermally actuated Electric field microsensor developed by Bahreynil?*.
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Figure 1.10 Pizeoelectrically actuated Electric field microsensor developed by Kobayashil26-27).
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Figure 1.11 Pizeoelectrically actuated electric field microsensor developed by Ghioneal®'.
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Figure 1.12 Electrostatic-force-based electric field microsensor developed by Chenl6.
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Figure 1.13 Electrostatic-force-based electric field microsensor developed by Kainz!".
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Figure 1.14 Electron-steered electric field microsensor developed by Williams!>*l.
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Figure 1.15 Assembled MEMS-based 3D EFS developed by Li Bing!™.
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Figure 1.16 Coplanar MEMS-based 3D EFS developed by Wen Xiaolong!”!,
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Figure 1.17 Single-chip 3D electric field microsensor.™!
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Table 1.1 Cross-axis sensitivities of previously reported MEMS-based 3D EFSs.
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Figure 1.18 Schematic view of typical calibration system for 1D EFS.
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Figure 1.19 Fixture for 3D EFS calibration developed by Wen!"\.
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Figure 1.20 Fixture for 3D EFS calibration developed by Wangl’.
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Figure 1.21 Fixture for 3D EFS calibration developed by Lil"™l.
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Figure 2.2 (a) Schematic view of the proposed 1D EFS chip; (b) two arrays of fixed sensing

electrodes are connected to difference circuit.
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Figure 2.3 Simulation model for the response of 1D EFS chip to a 3D electric field with

different directions.
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Figure 2.6 The analysis of electric field distribution on the upper surface of 1D EFS chip with
Schwarz-Christoffel transformation. (a) Cut section along sensing axis of 1D EFS chip; (b)
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Figure 2.13 Schmetaic view of double-sensing-eletrodes-single-shielding-electrode.
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Figure 2.14 Simulation model for double-sensing-eletrodes-single-shielding-electrode.
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Figure 2.15 Simulation mode] for double-sensing-eletrodes-single-shielding-electrode in

ANSYS.
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Figure 2.16 The relationship between O and wg;.
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Figure 2.17 Schematic view of comb structures.
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Table 2.2 List of parameters of driving structure

Na xo (pm) w (um) g (um) h (pm)
84 x 20 10 3 3 25
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Figure 2.18 Schematic view of double-folded-beam.
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Figure 2.19 (2) Model of double-clamped-beam, (b) simplified model of double-clamped-beam.
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Table 2.3 List of parameters of double-folded-beam.

Ly (pm) Ly (pm) B1 (um) B, (um) w1 (pm) wy (pm) h (um)
515 665 500 200 7 7 25
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Figure 2.20 (a) Amplitude ratio versus relative frequency, (b) phase difference versus relative

frequency.
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Figure 2.21 Modal simulation results of 1D EFS chip, (a) first model, (b) second model, (c) third
model, (d) fourth model, (e) fifth model, (f) sixth model.
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Table 2.4 List of parameters of 1D EFS chip
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Figure 2.22 Fabrication process of 1D EFS chip.
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Figure 2.23 Pictures of SOI wafer after main steps of fabrication (1) after step (a), (2) after step
(b), (3) after step (d), and (4) after step (f).
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Figure 2.24 Design drawing of masks.
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Figure 2.25 Design drawing of masks for 1D EFS chip.
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Figure 2.26 Pictures of patterned silicon layer taken by microscope.
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Figure 2.27 Pictures of patterned substrate layer with some pillar-shaped silicon-based strcutres

remained.
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Figure 2.28 Pictures of patterned substrate layer without pillar-shaped silicon-based strcutres

remained taken by microscope.
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Figure 2.29 Floccule remains on structures of 1D EFS chip after removing PI.
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Figure 2.30 Picture of 1D EFS chip.
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Figure 2.31 SEM photos of 1D EFS chip.
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Figure 3.1 Pictures of MEMS-based 3D EFS, (a) front view, (b) rear view.
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Figure 3.2 Front-end amplification circuit of MEMS-based 3D EFS, (a) front view, (b) rear

view.
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Figure 3.3 Schematic view of testing circuit of developed 1D EFS chip.
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Figure 3.5 Amplitude-frequency response curve and phase-frequency response curve of I-V

convertor.
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Figure 3.8 Schematic view of coupling capacitor formed by driving electrode and sensing
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Figure 3.10 Schematic view of back-end processing system.
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Figure 3.13 Flow diagram of software of back-end processing system.
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Figure 3.14 Schematic view of fixture used for calibration.
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Figure 3.20 Uniaxial electric field calibration for 3D EFS. (a) Electric field is applied along

X-axis; (b) electric field is applied along Y-axis; (c) electric field is applied along Z-axis.
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Fro SEDURBHEIRE S =4 &

KRN T 1% MEMS =4I AERER TR A SEOURH M H 5 1
=ZHBEGNERTTE, RANE T ORI T TZRE. BER AR T
2, AR R b B Y i BN AE BT R

4.1 WLARNITHEFES MEMS =4 B I7E XRBEMIKTT

HASS 1.2.2 WA, 38 H R MEMS =4 B B RE R A BB, £
FRER . B R =N ERAE B IESSEA B BUR B ST IR IR — S A
HERMAEEMTFHRA: (D ZRTEFR SN, TeEETOR ERE
TR HI R BMESLE, SERERES TIER; (2) RS ENERK
HEZ, FMTZHERKR, SBOERIEMSREHRK, AntE—D58%
RER IR BN R B FME RS I R EUE BN . B, S1%F BRI, AR
TP IR R & MEMS =4Iz fE/Res . XTT MEMS 20K,
HEFARRKE - TFELEMN MEMS & R i TaREHEER— N =4 AR g
K] MEMS & F FIHEARKGRR . RIEDRERCRER, AR REEZ NN
BAHRER, Flin=4MEREMEILR 7 2548 (magnetic resonance force
microscopy, MRFM) HHI#RLEE. XA K MEMS 2884, HEHRKTEAR
RAERE, H X MEMS 2844 1) T Z B RZE SR A A F .

Bl 4.1 AARFRHE MEMS =4SSR 4R EE, & MEMS
ZHEYERSETRER L, REWRHRET:

® % MEMS =4 mizL RS 2LEEMA =R, = MU 508 =K

ST —4E iR, A —EHERRTEEETRER,
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wa | (o W22 =
) | ) bl 3 4 5| 22 &
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A 4.1 %R RAHERE A MEMS =4kl & e n s’

Figure 4.1 Schematic view of the microassembled 3D EFS with low cross-axis coulpling

interference.
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EYREMPUT AR, IREBEEE NI ES: (3) EEA—4RiEURE
TLHAREER AN IR PRGN, T SR R A 5 B AT [ B = AN — 4R eI AR
BRI E . Fib, BRI EA T SRR, MR LM 3t
FIVEAE 73 R =A — 4 B BUR A T A B, FB T RIE=NE
HHEIER. HRTH=EADILH MEMS —4BI8UR S A RIS EE A =%
BR=AMUE L, AR HAMARER MEMS =48BIz 6 R84 7 A%
HE| NHERAEIRZ . M4h, BB 42 FTAL, TE1% MEMS =4k i fe st ot
TSR, SIRREBES &N —EBBRE LB &L PRI B UEE,
BT MAR TR EHTHEEE, ZEEEA T BEENEEHET 2, BIKT
SIRIRERER, HBR T I &R E PN MEMS =4k B8 Bz 413G 5
2N

Step 1: FTBTE

Step 3: TEE#EL

Step 2: {8/ F8RE AN T8 i 45 571

K 4.2 MEMS =4 HizE RS EETERE

Figure 4.2 Schematic view of microassembly process of the proposed 3D EFS.

T 88 53X MEMS =4 Bi7& %48, 1% MEMS =4 B {& R85 E LI
RN BEREMRA =N EME L EZRFER, (1) BT XEE TR
fieg s E (B Z B s 8) MES O, FET R/ MEREE T (2
LT I BURA TSN, B TREIEIRGMIETRIEMN S RES, i
BEARAL AR O IR B B R AR T AR AR I R U .
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4.2 RN XMEEA MEMS ZH BIREREMM T T EMR

R AE 4.1 bR ER MEMS =4 B G REs g, AVFR
T —FhET SOI A1 PSPI MM T T E, B PSPI VEANMAEEES M T NEGE )
SOI T+, MIhil# T 1% MEMS =4Ermipfeds. Hfr, 1% SOL & & v
HREMEEME, KK 4 3 SRR R Y 25um, #EEEEE N 300um,
SAZEERR lpm: SEAEAN N B, HBH%E<0.02Q cm. LRTZAENE
R E BT H 9 50 T R 5+ ) P9 S8 Ao

42.1 HEEMRHER

NT SEUAZ R RMAERE R MEMS =4 iz e e Al S irtEe, A
X A A R E A AR BE AR . R BIRBEETER . 5 SOl T2k
AP HEEARZ K LB T ZFM M2 ot (BRREFMEN 135° ),
AT B A EHR i R K

(1) JEFEEE 25pm, BPFESRALE 450050 % 1 [F B A gelid SOI 45k
HEEE GEBEIAZE 422 WHUN T TZHE;

(2) 5T EA;

(3) hBER, BERZZED S%HIEE.

Bl 4.3 BBERE T 135° B RUIERY

Figure 4.3 Model of micro-hinge folded by 135° .

BRME ST 135° WREF, FHERZEICR, HEFLELHKEL
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RBHBE ¢ K45, )HU?‘T@%H%E‘JEILD%%%%R::—L\ o 1 R B P 42

T

n=R-L=2L L SR = R+£—£+%o R U 2 P 3

2 3z 2 2 3z
L=1-", wmkEL L+ﬁ BRI e SR P MR B A 2 = = L g
8 8L 2R
Rt=10um, R=300pm, Me=1.67%, FHEF TEFMNZERE, LEHE

DR 5%,

(4) =i, 7Efm 300°C HIRE KM T Aiki ((ZIRE SOI ##4T DRIE
LZnt SOI M EAZRE.

(5) PlgatiR.

BExt ERHIER, AFEH T PSPI AE MR EEM KL, PSPI Br 7 E & PI B
M el T R PR P P A SR B T AR i, FO Rk me S ol @ i 6 2 T2 B AR
SKIE AL, FAT BRALERE, CREAZHET ZRAT CMOS TEH, .
HEl, E WA PSPI{Y POME —Z A, AFEeRAHAEH ZKPI-540 AIE
PGB R AT 5, IR S5 RFR A5 PSPI WZAL S HIREL A
1.4pum, HATEMRE . B 4M PSPI £ E 4 HD microsystems A & f] HD %%, Toray
ATFH PW RFIF Fujifilm A5 FB5410. H A7 HD K& &%, HD-4110
HIIEJE 5% )5 ; 7£ PW R 514 PW-1200 £ % . % 4.1 4 HD-4110.PW-1200 F1 FB5410
X =2k PSPI FIXT L.
& 4.1 £ZE PSPI SHIL A

Table 4.1 List of parameters of PSPI

EORGHE: T3 mERE REERE B (%) A

PSFI (Mpa) (GPa) (um) (ppm/C)
HD-4110 200 33 8~20 45 35
PW-1200 146 3.7 ®A 10 20 —
FB5410 160 2.7 &K 10 87 44

%[E3F HD-4110 BRI, FTEAYE PW-1200 A1 FB5410 2 %, H
FB5410 M IEEFR. HMREFER, HMKEER, FVMRERESE. £
F FB5410 WAk 5 IR oK 08 10pm, FA T 153 BB R AT A8 25um,
ARERAREE 2 ROFR GEBERAE 422 ).
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422 WMIITE

TR T T2 H BRI, 47 945K A T SOIM IR A 25K A T
SIVEER B AR, B SEBIPSPISSOIL ik A . i, 45k FSOIMHER
W B4 AR R A AR S5 AR HE AR . PSPIAE BRI A IR ARAR , 1D
HWRWA TR REBRIERE. AT EMARERERIA . BT %8 E TPSPIRI
B gty DR AT R B . 27 BEHERE 3 7 A T e ¥R PSP Lk Th 21 ot
S E B BOE R M R4 PSP (TS WEI4.4F1E4.5) . AR EEF
T YIRS FERER . UKIERMRAEZIFTHE NSRS, SRR
WO IEE AR S 5 & AR E ST UE, MRS BT 5 i Kz 2 Ak
B, TR SRR RES T H 450 PSPI#EIEAR 7E SOL & B 1) IE M M R B . 4
JERRE RS OE T R E X AR IC S5 & AR E X HE, A RAER VRSB SN, HE
T2 B AL JE 2 o B FL, AL WM I IR G i PR B I B = <E
JE.

B =ove: I s«
B e SRS

& 4.4 % MEMS =4k gL s hilfE T 2 mi2

Figure 4.4 Fabrication process of microassembled 3D EFS.

% 23 AMEMS = 4 B 3748 B2 O oD T L 2 A2 an 4.4 R0 4.5 s o
EEFENS: TEEBT 208 7 EHEERDSRE, HAERERMSIERZ2E
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N e E 5 H 800r/minF HEHE30s, SR 5 7EFEH 3000r/minff HE#% 1min; £ {KPSPI
FIBe s, BRiER L2008 N e 7 # # 300r/min i @2 30s, MG E
1000r/minfY e %% 1min: T 2B 2 XA BDEZIN., SRBIGROEZIPLRIER
THERMNCH KHAZE, 45815mW/em?H1365/405nm; T 2B BH 2 IRTE#AT
DRIEFT £ BRENZ, K& NICP-9SATI S5 B &5 TR ZIMAL, ZI%h
SAREFCHF:, #FSEZF A100scem, b HEARINZEAS00W, T HRIIZEASOW,
ZIhET 18] 930s, A4k Z RIZI PhiE % J91000A/min.

&7
e

S B (h) FR()
E 4.5 3R MEMS =4 B IGERE T 2RE

Figure 4.5 3D shematic view of fabrication process of microassembled 3D EFS.

BB BIT:
() 13 IR AN lift-off T 2 7E 45 MR RE 2R TH 1] %<& FE AR A
1) #BHZE AZ5214E IR E SOI K& MR RERH .
2) % SOI I E T 100°CHI#HR _Lin# 3min30s A F 4k AZ5214E.
3) K CZI R BN & AR AR, & T OCRINL AR 4s.
4) ¥ SOI BT 120°CHIAMR_EIn# 3min FIF R AZ5214E EHH
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5) # SOl B T ZINLH R 125,
6) # SOl BT AzZ300 BB BRANZIR, BHZEH TS, &l
#HE RIS, MERZIRKFYEREL) 1.2pm.
7) 1E SOI M ARTER AKX IREST 500A FIEEFT 2000A 4.
8) ¥ SOI IR IEIERERE I T lift-off 8:4E, RBL RS, S
AR R .
(b) £ F DRIE EIJEALE M4 TE.
1) BIeZIfE AZ1500 JeikZ SOI MM RR M
2) # SOI & T 80°CHIMLAE Fin# 40min, AT EHL AZ1500.
3) KA RS AR, BTSN BRI 4s.
4) ¥ SOl BF AZ300 BB EMALLZIK, v DRIE feftHefE,
BEAZRTFHEELN 1.3um.
5) EBRGMAEEERIKN BASMNE.
6) K Alcatel ) AMS100 21T DRIE, FFERALEMREE. HAAT
BN KNSRI EEA 7s, HF, KIKFEN 2s B 350scem [
C4F8 1 5s B 350scem [#) SFe; b HIMR TR IGLAREFY 1500W, TH,
PRAR AN 10ms #) 80W F1 90ms [¥] OW, FF{EFFEE . i% DRIE KN [H]
N 1min. ZIPRIREA 25um. £ E DRIE MR LA 15:1.
7) FEBHLEBREHAERTZ RIDCHIR.
(c) TEfEdR PSPI 7if A CHFs #8ECAEFEIE M SOI B IETH %/ PSP Frabfu &
fEMLE . S50 R A FBF410 251 PSPI & T SOl WEALZE ER, FAE
R W (1%0) NaOH) iR 5 &, FRT AEmELENDER, &
B PSPI Frib i B A4 E Rk . KA ICP-98A T 5525 B & B 1R ZITh,
HZVhi (M 2924 25min, ZPRAS AL CHFs, ##%E N 100scem, ALK
IhEN 500W, T EIRINEN SOW, EibZE M ZIHIEZE N 1000A/min.
(d) 7€ SOI &M rEm g E. EFA Bk PSPI.
1) ¥ FB5410 iEiRE SOI HI&EMARRER T .
2) ¥ SOI ET 115C R (B L3848 L hn# 4min, HI T [&E 4k FB5410,
3) ¥ FB5410 505 PSP MR, B TO6ZINLHHEE 20s.
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4) % SOI BF 135 CHIFPIR (B EIB4) bm#k 90s, 54t FB5410,
5) # SOI B T TMAH E &+ BlEAl FB5410, MRME B
6) ¥ SOI BETHAEH, ZMMMHAEZE 3000C, Ht5E 10n, WL
FB5410, &7 FB5410 HI°F¥BEE 4N 9.3um.
7 BEETEHE 1)~6), WES FB5410 KT EEZN 17.5um.
(e) EEMEHERIMICR TR (polyimide, PI) VEASHARERIRYE
REEH K PL S PR BHRH ZKPI-3301 {RiR B 1L 5.
1) % PI BEIRTE SOI 4 MARER T .
2) % SOl WE THMF, ZMMHFETHEZE 140°C, HF% 14h, E4LE
TEfgAE PI,
(f) 15 DRIE B4 ERE.
1) BRI AZ4620 JEERTE SOI K4t JERER T
2) ¥ SOI BT 80 CHIBLAE F 0k 40min, FF @4k AZ4620.
3) KRR BN R, BT ORZIPL RN 15s.
4) ¥1Z SOIL BT 1%IREZ [ NaOH B+ it4T B #AE, 5y DRIE 12
B, MEBAZIRKTHEELA 5.2um,
5) EBRGMERERTN BREE.
6) %H Alcatel i AMS100 #4T DRIE, TR HARE. HEAT
SN RMNSMEKTSEN 9s, H, KIKFEA 2s ) 150scem HY
CA4F8 #1 7s ff] 700sccm ] SFe; b HIMR ) ThZRIGLAREES 1800W, TH
PRAR RGN 10ms ) 70W F1 90ms 1) OW, HEHFEE . % DRIE HIE &]
79 52min, ZIMIREN 300pm, ZIE DRIE KIEEL AN 15:1.
7) AEEHEBA RERE SRR,
(g) H CHF; #ICHEFE M SOI KB HEREANWE . RH ICP-98A A% &
LB TARZI N, HZIPhE A48 25min, ZIMhS AL CHFs, SRR
100sccm, _EHERIIEA 500W, T HEARIIRNK 50W.
(h) FH O HEAFHEESL /5 M SOI MIET AT Kk P, MR Zh &M .«
K F ICP-98A RIS FEE B TARZIMAL, HAIPhES A4 40min, ZITHA 44k
HH 02, BESEZEA 100scem, EHRDIE K S00W, TFHARINERA SOW.
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— 2 BBURS IR, FIEEART R EEER . 7 BT AR B i 7 B
® YT/ PSPI XI SOI & [B 38 A B 7 7= A2 AR % LA FT REAR o R A1 »
9/~ MEMS B & BB REN M E;

o A4 s IHBUR B TCN BB R T AN A/ E TR B BT 152 70 0
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B 4.6(b)2 T T.Z 5B (a)-(d) 5> MEMS = 4k H1 3744 38 O FE AR 1 11
B, HeyE X EOaEHE, Tl PSPI AT Ef i E L E MR . mE
R, ZEHEEAE AL R T R RS SWRT, ATRAMSESH T
SMWEGLE; B 470)RAT T2 S B)-(h)I A MEMS =4 i E RS
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Eadk HARSEHPIRES MEMS =4 B3 AT L

(b)

BEBRILE

& 4.6 (2)F3T SOI #in THHER ¥ E; )R T LESB@)-(d)HHEEREITE; fTF
TEBE()-(h) IR ER &1

Figure 4.6 (a)Design drawing of masks used for micromachining of SOI; (b) Design drawing of
masks used in fabrication step (a), (b), (c) and (d); (c) Design drawing of masks used in
fabrication step (d), (e), (), (g) and (h).

424 MR 5HIEER

] 4.7 9 SOI RAFERAE 422 WAARMMITZEREYE, %4
SOI i F3EAE T 6 Mi% MEMS Z4E B Ras . A& 422 FH4A8mT
TZREME KT SOI 5 PSPI A, HI (1) BEHIFFK: PSPIFE SOI K
B, (2) Be T FFE 0 Tt #2  PSPI # BB e 25 AN 2 BIBR AT (3)
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BETSARIE PSPI MBI AR S R EE T 20 BEREN. Nk, SHELZESR
(DF(h)TRSE, FEEME TUET SOI ME, HETHXKER. B48 A
T 2SR ERE NG RER SR PSPL, H A B4 6K SOl WEMLE,
TRARE4 FB5410 1) PSPL, VRO R NG AR JRAE. BT &1, 7EIER
PSPI #i, HABEMENZECEERTE, H PSPI BRALEMEWLLEN, 5
3 TR . Rk, PSPI fEE7E SOI K EHAL.

4

A 4.7 SOI AR T2 rsEyE

Figure 4.7 Pictures of SOI wafer after fabrication.

PSP I F T 25—t F 7 LT 8 72013 5 B
A 4.8 SOI GESER L2 Bt B R

Figure 4.8 Pictures of SOI wafer after fabrication step (d) taken by microscope.

4.9 RTZFEM)TRRE NS RER MM PSPI MG HKEERAR, H
IR LRI N FB5410 B PSPI, ¥R BRI AR+ ERREE. B ERT&1, PSPI
ghr et BIAZiEm, W T 28R (e)~(DIZA X PSPI BT HE 4 141G MU IR ;
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INTTEMARERBUREREN, BRORARSE (WELECEERTH,
VLEA PSPI S| ANEHE X B e S L E B BRIERFIE .

4.9 SOI R FEHK LT Z S BM)EHFEMER

Figure 4.9 Pictures of SOI wafer after fabrication step (h) taken by microscope.

& 4.10 4435 MEMS =4 iz E RSy E

Figure 4.10 Picture of microassembled 3D EFS.
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KERHE, HREFHZKA, FETUES R FREHN TGS
R ERTN. Fib, FEXRESEBOCR TG FHREMRITES SOl
el R A, HREREEM BN TRt kM PCB % BF W22 i T ikit ik,
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[ I 2 3 i = A — 4 ER I IR B T R B s (2D B AN B AR F0 ST L
(3) FEEA—YEHRIZBUR BT EREA R DR 8K, 4T MEMS =
YR IR A T RN, IR FAATF TARERTE, AN ER ST e
WM — 4RI BURE T EREIRGEM . B, 4P ARZHHIE MEMS
SSRGS, ANRHET —EATHAZNINEE, ATBaadiEd
XAy MG R EOBRR , HNU B 2 2 4.11 FioR.

%ﬂ\\\

BIESk

Bl 4.11 AN E iR e

Figure 4.11 Schematic view of mechanical device for microassembly of 3D EFS.
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IR B E AR % MEMS =4 BgE RGP AEMNK—4 85
BT, IR BURB TSR, RAMIE—4m
BRI 135° Kh.

3) ETFRIE, RANF I RN —4 R BUR A n s s s
e 135° KA, ARRERA—EBREURBTMME, FEEMet
A3, BRATLHEY, wE 4.12()F7R,

4) WEEEL, BHEARETINHEREEERERR L, 4AWEEA—4%
L BUR B TR BB AR EREEER, iE 4.12(0)F 7. B, Fib
MFE— YRGS, WEEILZ MEMS Z4BEREESE THES
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@ )
B 4.12 (/LT DRITUHE by 3T

Figure 4.12 (a) Picture of step 2) of microassembly process; (b) Picture of step 3) of

microassembly process.
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& 4.13 #HE R MEMS =4 375 R 88 se i

Figure 4.13 Picture of microassenbled 3D EFS.
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Figure 5.1 Schematic view of minituized integrated testing system.
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Figure 5.2 Pictures of minituized integrated testing system.
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Figure 5.3 Schematic view of fixture used for calibration.
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Figure 5.5 Simulation model for deviation analysis of electric field for calibration.
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Figure 5.6 Relative deviation J versus § and ¢.
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Figure 5.7 Uniaxial electric field calibration for the 3D EFS. (a) The electric field is applied along
X-axis; (b) electric field is applied along Y-axis; (c) electric field is applied along Z-axis.
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Table 5.1 Sensitivities of the X-, ¥- and Z-axis 1D electric field sensing elements

Xsi—mgBUREIT YR —SRgBURETT  ZH— R BURE T

E.37) 77 ] R R W R
(mV-m/kV) (mV-m/kV) (mV-m/kV)
TRXCHH 0.330 0.008 0.289
1B YH 0.007 0.342 0.273
T Z5 0.043 0.044 1.479
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Table 5.2 Outputs of microassembled 3D EFS and calculated strength of electric fields when

electric fields are applid with different directions.

X —#mip8  rR—gRgl ZH—4REH

MR RIS mnn  BETMORE RESNEE OO g
fiE  (kV/m) (kV/m)
(mV) (mV) (mV)
50 6.00 16.59 28.29 5045  0.90%
o 100 12.03 33.22 57.31 101.01  1.01%
N 50 -15.42 4.65 0.99 5049  0.98%
100 -30.80 9.32 2.46 100.96  0.96%
" 50 423 -16.07 0.87 5038  0.76%
100 8.37 3226 -1.02 100.62  0.62%
50 13.44 11.08 28.28 5025  0.50%
0 100 26.72 21.98 50.47 100.14  0.28%
). 50 6.33 15.98 25.41 49.16  1.68%
100 12.68 31.99 50.92 9844  1.56%
. 50 -13.58 -8.88 -8.59 4945  1.10%
100 227.10 -17.80 1776 98.69  1.31%
50 8.45 -13.60 18.78 5139 2.78%
& 100 16.87 22724 36.94 102.69  2.69%
50 15.57 7.86 41.82 5142 2.84%
s 100 31.08 15.67 82.19 10251 2.51%
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% 100 113.17 27.55 86.35 10425  4.25%
o 50 9.94 11.89 70.85 5371 7.42%
100 19.87 23.76 141.54 10733 7.33%
o 50 7.4 3.84 61.39 5411 822%
100 -14.51 7.64 122.09 107.85  7.85%
o 50 9.35 -1.04 75.77 5442  8.84%
100 18.67 -2.08 152.36 10933 9.33%
50 218 20.16 69.07 5255 5.10%
013 100 -4.36 -0.32 137.74 104.83  4.83%
o 50 2.13 2.18 73.25 4953 0.94%
100 425 4.35 146.32 9893  1.07%
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