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High-sensitivity and low-noise piezoelectric micro electro mechanical
systems sound pressure hydrophone based on spectral feature detection
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Abstract: To address the low-power consumption and detection requirements for equipment carried by underwater
unmanned platforms. This work proposes the idea of resonant sensitive detection based on target spectral features;
that is, the sensitive structure of a hydrophone is designed, leveraging the high sensitivity of hydrophones at the res-
onant frequency, based on the frequency domain characteristics of underwater targets. Building upon this idea, sev-
eral piezoelectric MEMS resonant sensitive chips and characteristic sound pressure hydrophones for target frequency
domain feature information were designed and developed, and experimental tests were conducted. Sound pressure
hydrophone prototypes M3 and M5 achieved high sensitivity responses at their resonant frequencies of —146 dB@
12 kHz (Re. 1V/pPa) f1-138 dB@4 kHz (Re. 1V/pPa). These prototypes exhibited self-noise levels far below
the Knudsen sea state zero noise levels at the resonant frequency: the equivalent noise spectral density level of M5
prototypes at the resonant frequency was 22.03 dB@ 4 kHz (Re. 1wPa/~/Hz)). The proposed concept of
resonance-sensitive detection based on target feature information provides a new approach for underwater target
detection.

Keywords : resonance sensitivity ; piezoelectric MEMS; hydrophone; low noise; sensitive structural design; under-

water target; spectral characteristics; zero level sea condition
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Fig. 1 Schematic diagram of sensing and detection technology based on target spectrum features
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Fig. 2  Piezoelectric MEMS acoustic resonance sensitive

chip with peripheral fixed support
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Fig. 4 Distribution of radial and tangential stresses in cir-
cular thin film structures under different plane

wave sound pressures

2.3 JEHE MEMS EEIEREBGRF REE

IR BbR 7= A (R 3 75 He A P A 158 6 ke
FETT , SURREE A 7= A= 1 10 738 3k 77 4% s 1) =R
B B OB #8217 19 F E R AL I i — 253 i
JE U A AR R B A5 5, i SR IUR
PR I B R S I e T AR B, B AT SRBOUK T H b
MSEIE L.

AR 500 pm B SOT F4 I8, THAE 20 m , 3
1 2 ok AR AR [BUE AR US4, AR DR
T B ARURRZE A L R U S sl A K I J2 FE A AIN JR
M2 E R, Hod AIN RHLZE K 002 S,k
ol T 5 1 T S R 235 ) ) 48 1) 7 ) R, T K
P53 (51 T T AR 235 ) g A 1) D10 1) 7 7 4 A B 15
THRJZ A L2 EIE . HE 4(a) nl%, 2
28 2.5 mm AR IR BUREE A9 42 ) [0 T A 2 0
LB KA r=1.5 mm &b, % 5 A7 B W04 1) g
WEARR . PBE, FE i T AR B, e A
W, 4300 FH - LE 7 g 0 A W g DX A 1) | ey £ 7Y
PEHC, W S B, b L MEMS 74 R 1 R SO0
RN AR TR ER . Hp, B2 B RAUR
JEEAR Y5 AN A LN AR SRS
P ECHE A

a1 X I F7 X il
R Shit b L spitpe EIEHLL
4} - I A L] = ;: EEEE

L

B S R MEMS A ERSRERGH R SR RIEIT R
=E

Fig.5 Schematic diagram of internal and external elec-

trode design for piezoelectric MEMS acoustic reso-

nance sensitive chip
I8 8 T R SRR A 7 A R 7= AR 1B 4 B
(RIS 3 o3 A, 3 — A ok s P A R £ T R 0 e A
N SR . —ITE 2 7 R AR e R R AR
BUBK A Fh 2 R A OO T Y TR A e AR 2 d
RRALITE

Sy =suT, +dyE,, hk=1.2,-6
(4)
D, =d,T, +&E, ij=1,273

AP S, T, 205 L MR AE 7345 D, E; 535
ERVEESS - i eI LR S0 TS EL R IES
Yew ot d, M d,, HONEEE, D e BB 3 B00)
sy, JTEHRI VR T RO e AR B4
HE U, (4) BIFN.

EE K
T¢7 sy osp sy 0 0

S, > S 0lo o0 da,|[T
S| |0 sy s5 0 0 0j0 0 4||l1,
S| 10 0 s 0 0 0/0 0 4|7
S, 0 0 0 sf, 0 0[O0 dy O[T,
Ss|_lo 0 0 0 s 0|ds O 0 ||T
Sq 0 0 0 0 0 s5/0 0 0T
Dil 1o o 0 d, ole, o olflE
Di'lo 0o 0 ds 0 00 & E,
D) |dy dy dy 0 0 00 o L5

(5)
K 1.2.3.4.5.6 7 5CERE MR 3 A Aepnih

KL T7 ), KR a0y 2 yz 2y o
X e FELJ22 3 TR L B Ok e By, TSR AR
B 1 ER R i

0 = [paa (6)

AP A SRR, HELS A ARSI A AR
e 53 R R R IR | 5% 80 A A AR R 355 507
il DRI R FEL A T AR B A A2 b 2 P R T BR



- 1664 - MoK E L

A o B 2 O 2
0, = [paa = [ [*Ldy(r, +1,)Trdrde (7)

AR, R, 73R ARG Y A1 AR Y
ANFBORE MR T, F1 T, 4350 Rk As bR T B4 ) A0
I 0 7 4388, P B AR AR AR AR TR A 1 ) 43 i 2
AEBRARIRARTS
TE/MIRIEARZS T, s L 0 58 A H Al R i A P
Itz as , A E A IR N .
C=(eeyA)/h (8)
K e, il e, 4351 Ry 230 WL BORV R A58 s v vl
JEEFRI AR A H 5 K0 b S I 40 T H e R R
M, [5RS04 H, P R B0 T L3RR
M, = (Q/C)/p (9)
K (2) . (3) (T)IRAR(9) BB 1S [BITE
JIE K T 45 14 Fi, s SR R ) Rk = Uh
M:i 1+,LL-(R1_R2)
° 8 E h?
gy, R LR RO 5 F oy O it BT PRI,
Tk

2
Foy * gyt + (10)

d
Foy=—o (11)

£.8,

Kl 6(a) R, ASCHE— 20 EEST He i MEMS R#1E
7 H K W e FE K S8 1A BR TR Y 1) H SR 2 e %
JEHL MEMS 75 H 1R U007 i1 77K 25 382, IF%F
JEHL MEMS 75 e i PR B0 A (1935 s i 17 5 1, B
S SR a1 A WG B E LSRR H B
M, Bl 6(b) ia: M EAR 3.2 mm(M3#) .5 mm
(M5#) , WL EE S 20 wm B, K HL MEMS 45F 75
JEAKWr s AT R P th 22 . Pl BTRTRT K SR B v
JEHL MEMS ¢ 1k 75 e 7K Wr % 43 il /£ 11. 8 kHz,
3.8 kHz by~ A= 8 ik, S PR A 3 Ah 19 75 R 2 50 BE 4y
5>h-185 dB F1-181 dB,
2.4 [EH MEMS BEERSESH TIE®HZERME

Bigit

ASCITBETT I RRAE P R 7K T 25 2R FH [
TGO AR B 2, L T AR 9 — e DA R A
R g5, 4 R N -3 dB R 25, R H
MEMS 7 F ISR U0 7 75 B a3 4% A R
FRIEAK W , R T30 2 45 A8 FR L 2 el 28 BH JE 4544
K BHTRRRME 7K T 25 118 18 i A 258 Al G 9 #1025 32 3]
SENR DR FESEA T BUBGE i R s BT I R
JEBEJEAE I ANSZ R, AT LA i 3 2% 4% F AR L A 15
THREERH JERRE | 58 BOK W 28 45R A0 40 FHT 58 19 A
L, FHE KT N .

Af =2f,s/ /1 = 267 (12)

Kb ofy HRGEAA BRI s HRHIEL,

K ¥ ¥ 546 4
s R
’
\a 1 )
\Pais . :
!\\AE\HZrﬁTUi?-‘)%
P T /
(a) KI5 H
VO Ms#ER R AIRSE  MaskR

~180f ~ “M3#RFIEAFKITAS 185 dB@1 1.8 kiz

“190F  MSHkIEE

10° 10° 10° 10°
P /Hz
(b) Sy £&
6 JER MEMS HiESEEKTSREERGERE
Fig. 6 Simulation of sound pressure sensitivity of piezoe-
lectric MEMS characteristic sound pressure hydro-
phone

F(12) W] FFAEK W 5 B9 A S Ok T
L MEMS 75 RIS IR B50U2GE A I R R E LE
NP7 s 45 0T RRIE K T 25 1 AR 98 Bl TS 4R
WA HIBE e LA B0 o R K T 48 Y T AR 58
BEE T PRI A1 R SR AR MR, BERHJE L Y3 R
SEARLRAMENE K, HLBH R HUBR R 9 1 M AR

3k MEMS 7= E %3k 8U% % &
AL F K K T 28 T 4

3.1 [EH MEMS SEERSBEER REFESREK
W 22 A 4

W 8 FroR , MASCAr e Y H, MEMS 75 &
PR UGS B S5 R IR ORI, Ry
JEHL MEMS 75 FR 18 4 50800 Fr R HBUE SOT A iy
(5], DT PR E e 8 )2 B — Bk . AR ST AIN(002) e
F, Vo 52 ZE TR I R 2% MEMS K 28043 s 4k 52 5 4 76
R L R B S B & 5 CK19-1 1Y R 45
TSI 5 )55 AIN (S 55, 7F SOI ik I
PU—)2 120 nm JERFFJZ 1 Mo 1E MRS HLA ; H
U, 7E Mo FL B E IS — 2 2 wm JEEHY AIN 3K (002
fmlal) s E—2  7E AIN RIS — )2 100 nm ()41
W s doe e, 04T 0 T VT A R T 2 M 5 4 1) ) ok



%8 AR A AR RBURG R P T L AL R ST K W 8 - 1665 -
JEJE L MEMS RRAE R KT 25
351
30l AIN(002)
- 3 25[
E = 20|
= % 15F Mo(110)
£ 1ot
=
A’OA {?5/ 4.0 E st |
02 020 2‘%@9@9’5‘%[\‘% ,(5) .
10 20 30 40 50 60 70
B7 TiEHSEREME R RIERAR AT (a)iffig@
Fig.7 The variation of working bandwidth with damping

ratio and resonant frequency

THUF A [ AINJZ [0 FEALAR
== it e
(a) AT s
ua+
@ | ue-
(b) & F R IE

8 [EM MEMS 5 E RS 40 Rig iR
Fig. 8 Structure and design layout of piezoelectric MEMS

acoustic resonance sensitive chip

B9 s, A SO TR VERY R L MEMS 75
IEPRBUBGE A 19 XRD A ki SEM MHAA5 5%, anikl 9
(a) Fr7s, AP 5T M 260 Jy 35.55°F1 40. 020, 43 51 %5 Jif
AIN(002) F1 Mo(110) ,iZAT4 fHEE 002 fAHIY AIN
i B 9(b) Uian, s RIS R s 7 #k i iy
SEM &, JT AT il (%) U0 B AIN J2 9 J5E B 24
1.912 pum,, FIHHHL 7 S AR A5 A Sl 28 1) AIN
MR AT R B R BCH 4. 83 pm/V, BTN T,
IZIE ] LB AIN 500 d33 B4 4. 83 pC/N,

10 s, AR Feit il i B MEMS 75 e iz
SHURGE e, A SCRF T FE HE, MEMS 4354 75 oK T 2%

K 10(a) F110(b) Fios, 435l h B2 3.2 Fi
5 mm JEHL MEMS 75 R 4R U0 28 56 78 7 e pl
LRSEYIR R, WA 10 (c) s, BUBOE i 235 5
Bt , G0 A B 5 VR B e R AT A 2 45 5
P AT UGS ) e B ARCRI I B 15 5 8 B R I [
JETERFIE 75 R KW 25 1 72 1R P, ) FH 2R 2 g Xo) 0k
T TIE AR R I’ 10(d) s B SE

(b) T A SEMFA]
9 £ MEMS EEiEHREUEGERR XRD F0E(E SEM B

Fig.9 XRD and cross-sectional SEM images of piezoe-

lectric MEMS acoustic resonance sensitive chip

(a) M3#BEUEGE A

UGS R HeHei

=L

(c) /KW g5 e 4h (d) AKWTERFEL

10 £ MEMS 75 [Ei& fRBI R i R A AE K T 25

Fig. 10  Piezoelectric MEMS acoustic resonance sensi-

tive chip and characteristic hydrophone

3.2 [EF MEMS $HEEEKITERRI E1S SRR

AR SCHF TG TR L MEMS HRAE 75 1 7K T 25 AU%
S BN AEAE SE N ARG AR S
PRI, SR 5 I8 3 P B AR A 5 A T TR Y
[, B IO B A A i B BRRER ]
11 i 7R AR SCR 35 3800 8 75 e il A5 5 R B
I R LA R A S A T R RBOR .



- 1666 - EN N S NI 546 %
et 75 VR S o K T 21 RIRRAE 7 /K T 25 1) 75 R A
A o R 5 RO S 3R 5 Wl 7 8 AN [R5
[ SRS, TP ek i e X s 2K W 45 R RRALE
L7 PRI 2015 5 AT HOR I AR RS 1 s, A
%ﬁé 7%(@ PR Tl 3 FUE 2 AN /K T g ) B 8, BRI 7545
st i AIE P 7K W 5 6 S TR0 AL 1 7 R O, dn ]
vy e %ﬁ _ﬁ“ra 12(c) %5 THUBE R BAARH 3.2 mm (M3#) Al
o %ﬁ%ﬂ o [ — i 5 mm( M5#) FEHL MEMS 75 R4 AF 7K W 2% A9 28 SR
S THRZESR . ERIAT A, M3#FT M5# /% L MEMS 75 &
E SFOEAK T & IR AT 20300 12 kHz H1 4 kHz, —
BAEWEIRRIAL 07 i REEEE 735929 - 146 dB@ 12 kHz
i (Re. 1V/pPa) \-138 dB@4 kHz (Re. 1V/pPa)
(a) W B AR LB 5
i
i w!""‘
| _ ll"ul.n I'
-llnlll&
R
(b)iszrmmal:ﬂ?ff :  uasmRR
B R TR R S R s R Wi SRR

Fig. 11 Principle of sub threshold pre signal conditioning

circuit for field-effect transistor
P11 () Ry 3 R0 48 T B A o ) ol Jo it
, LA MOS 58800 48 A% O a4, 8 5 i A AR A
BEE HLHR MOS 37800 45 1 T A X3 T 0 19
DX, T DA 5 A s B S 50 Fa g IR RHE L
BB H, B K i A P, B 5 A SRR T o (5
RACFETIRE, 11 (b) N300 T T8 R It -5 B
H 4 OC 2R (BT, TR0 BB DX, e 50 P O S A v . 5
AT 4 RO R BOC AR 5 2 A R REL A % I, AR
FE RN A 25 5 B0 5 L It ) i 20224k, DT 55
BT S BORO . 3800 8 V. B DX ) s 052 P, U T
PUAE] 10 pA LI, FIEBEHLLE+9 V & AF T, K

W a5 F4 a3 DHAE RT 35 100 W LY,

4 £ MEMS 4AF = E K9r 8 L5
MR

[EFE MEMS $54iE 5 7K U 25 3 85 B 57 A ik
FETE A K R, R B A i X T T Y e
MEMS $EAIF 7 7K W i 04 22 SR i 4 7 a8, 4n
K&l 12 AR B B MEMS BRAE 75 TR K T 28 s 7
KT £ ( B&K8104 ) it B T [a] — ¥ BE H (1 7 7K 3t
172 BAk) FEAr T R — IR BE B BE B d A A B 75 R,

4.1

Wik
i e
H/2 ‘ | iH
|y |
S
REAEFS R »LF'J
KW d
Y
(b) KSR,
-130r
<4000 Hz |
"y & MS#F"H"‘K@(’#
140 o M3#7FE TR
Bosol [t 12000Hz
IE* |
HE S N
-170F . .
.. - - -
-180Le : : ‘ :
0 8 16 24 32
4% /kHz
(c) AT R 2%
B 12 JEFRE MEMS 7= [EHFHIE7K U7 35 B9 R 85 5 H 7 K it il
Fig. 12 Sensitivity testing experiment of piezoelectric

MEMS acoustic pressure characteristic hydro-

phone in anechoic water tank
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Table 1 Simulation and experimental comparison of design

parameters for characteristic hydrophones

SR HEAE  SCOE IFEME SC8ME
EPRITE /kHz 11.8 12 3.8 4
3 ‘/f'j;i b (J;jS‘
TEIRITRAL B R 185 L6 181 137
%/ dB

4.2 JEE MEMS $4E S JE KU 28 A< R R A i
WK 13 B R, AR SCHE— 25 %5 Fr iF il 1) s H
MEMS $1E 7 F K Wr 4% B9 AR IR s R 70, K 4
TIE 75 H K W 8 A B A 225 S v, P RRAIE 7K T 48 1)
AW HEA I, K T 2% S50 P 7R e SR B
PR 2E (1Hz) 1 5 N I T B RS FL R U, 5K Wr 2%
TEZE S HA R A B R R M Ry fE, B,
p.=U/M (13)
KHp, WA TN 1 Ha B 7K T 35 S5 550 M8 75 75 15 U
SRR W a8 AR 1 Hz 7 5 0 FF B I S o s s M SR K W
ES ST A M A R REE,

FrifE AL %

Krael & A
AL (W 4
(a) A A R GRS (b) A Jreng S et B
13 £ MEMS 454E /& 7K U7 88 2 R AR = i
Fig. 13

Background noise testing of the piezoelectric
MEMS characteristic sound pressure hydro-

phone
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