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Abstract

Quartz crystal microbalance sensor is a kind of nanogram or even picogram grade mass sensing
measurement technology. It has a wide range of applications in the fields of highly sensitive
chemical detection and non-labeled biosensing. The bare quartz crystal microbalance sensor
without metal excitation electrode breaks through the traditional quartz crystal microbalance
sensing mode, and shows many advantages and unique application values in the fields of
high-frequency quartz crystal high-sensitivity quality sensing and quartz crystal microarray de-
tection. This article has carried on a comprehensive combing and summarizing to the electrode-
less quartz crystal sensor. Firstly, starting from the equivalent circuit model of the electrodeless
quartz crystal, the sensing theory of the electrodeless quartz crystal sensor is briefly introduced,
and the evolution process of the oscillation excitation method of the electrodeless quartz crystal is
explained. Secondly, four kinds of signal measurement methods of the electrodeless quartz crystal
sensor are emphatically discussed, including oscillator method, impedance analysis method,
QCM-D method, electromagnetic piezoelectric acoustic method, and their principles and develop-
ment trends are discussed respectively. Finally, the research status of the electrodeless quartz
crystal microbalance sensor in the field of chemo/biosensing is summarized, and its future devel-
opment is prospected.
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A AR OR - (Quartz Crystal Microbalance, QCM)f& B35 [1]/& — 1148 60 FFACE AL R I —FhHr
RURIRMER A, AFETE. B, . BEEHEREES, TR A58 AR I R F R 1 A 3 A o i ik
ARERARANHR Y, A — e RO RS PR N ve L A R v I R R A AN

AL AR AR R A% O It AT AR I A M A RS PR R R E . i 25, N T
JihA B AR R S, AN A UURR [2] 77 ST S AR AN TE B L B 9K - FAT SR IR E ik (8 R 1. 4%
). SR, BTSRRI R, R A AR T R ) B i I, AN R R RHERE A TR K
e, AT G 2208 i T R U T 4 T Ul PR R AT B it Aok S iR FAR R QCML AR R AR s . i 231
XA R SRS T A% TC AR R A S SRR A . W TR T (EIRZ S R) R B (AR B.V.An
Weit) [3]s B2y B 2 HE A B A4 4% 8% (Electrode-Separated Piezoelectric Quartz Crystal, ESPQC) [4] [5]
TR T A7 5 AR AR ST (Wireless-Electrodeless QCM, WE-QCM) [6]4%, 7E/R KFERE Fis T QCM IR
BE, RINABRI T I QCM FEAL A WAk B2 10 T & b B AR K I N AT 5 o

QCM & —Flii & B 1) Fe4eds, ARG SR E QCM [1CHE A . QCM 155 & 7 ik A FER
. BEPLAHTIE . QCM-D A5 5 I Sy [ 7] FH FEURE e F A 2 VA [8] . DU AH 7 v FLuRR F A R 05
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AR AR BT R AR EE KR, W4 TR 9 a AR RS 3] 7 Retl . . BRI
o EIRERE . T R R AT oA O SR ARG AR R T SRR A, 1R T QCM I LAERE,
RIR T 2RI AT BRI (WE-QCM) [9]. B4 204 25 AR R & 24 QCM IR, — M
7 RIS VETE— M A R AR ARG, B 2 AN T R AR A RS, TR
T 22 A i [F) IS A R Ar N, 22 38 58 TG A A 9 SR AR TUOK ST (Electrodeless Multichannel Quartz Crystal
Microbalance, EL-MQCM) [10]. Ty #x it J LA T e >k 1) il P2 o ilof 0 AR AL 8648, anvsi il (High fre-
quency, HF) LZ M QCM [11]. #8E#¥i(Ultrahigh Frequency, UHF) Ak QCM [12]. ARk N AL HL &
4t(Micro Electro Mechanical System)fy 5% & /A% BA8[13] LR R F #14 5%(Resonant Acoustic Mi-
crobalance Naked Quartz, RAMNE-Q)A: WL e [1415, k3| 7 REVE & A PRAG, Fe M i &5 7l
RO, AT RS B A8 AR 1) — TOURJ 78 4 5

AL T TOM AT T SR AR TOR P A S AR T R, I TEIRCA 5 AR I S R R R ke, A TR
WA T AR SRR IO AR IR, IR T O A S AR IR B U 7 VR AR AR, e T DR oA A O
WAL AR G MR, BERE T HARNERE.

2. TRAEBFERAFANERRE

QCM 4 Ja J B = B 5 0 1 0 F LR, o AN G R TP, B 7824 T — N RE o,
T AR U SR i s AR L, P22 [l B AL . W& 1, 7E Butterworth-Van Dyke (BVD)Z: R4 HLER 1, 2440
WAIRBNES, EAH ST —APATIREE Co FRONFRAS LY, A CoRm L AT, W/ Ak (A
TERU LS e e B (S R) PR ARSI, AT AN LC Hi%, C 2ZIAHE. L 23K,
RIS, CoRIFBim%s, UMb lEARTE B T — A HBAEERIEM .
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Figure 1. BVD equivalent circuit diagram
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Figure 2. Equivalent circuit of the electrode-separated piezoelectric
quartz crystal [15]. C,, C,, C; represents solution capacitance; Ry, Ry,
R3 represents solution resistance
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Figure 3. (a) Traditional quartz crystal schematic diagram; (b) Center
plan and side view of quartz crystal

B 3. () ERABAROARZHREE; (b) ARKEFHOFEERM
L

TR A AT B i A TR S ARG A R o B, FARDUAR L2 4, InTRiAS &, Sl R s
FOUR,  FARUR 2 Ao 2 R LA sy FLEA — @ (R RE, DRIkt F B P A7 A 2 88 Ay % o 1) B i ==
BEAR AT DB R 1 I T R R B, B R AR R B M s TR, SRIR PSR L SRR S R T A R I el
SRR RTINS 1, A LRNPIIgeK a1 & S RIEE)IE 5 5 BARAH BLAE F =26 48, s
AR E s BfE, QCM & —Fhi EBUSR B LIRS, 0 L Ak TAERS, A& XA R T Ha bl (1 o
O, KU DLAE 2o AR BT Ik FRLBELSE I, A S WU FE I K, T R B N R I BB A LR
SRERIE N, PRSI B, RO A R R I O TR, BRI T R R HAR
YRR, S QCM HAFHIRE, )T ZIT K H—Fh o AR A 58 S R R

FUARZ R ORI, b AR B A B RS IR L S it D E B AR (R TE B BRI BT IR BN 1Y), FEAAE R %
B PR AT B, R B AR PR RR T A M R, TR E AR AR Sk rE A B BT T
BRSSP — e BB N, I AR S SRR IR B B A R SR A R A T, SR
T &R R -

Zkgd 70 AR, Besson FE[3VHIE T LR (BIRE MR IEIRES (FFK BVANn ¥it), 7EK
4 WA E A, A0S AR A A R, 5 AR 2 MAETERU N 2 BR(10~20 pm), N LS R
S REEH, FHEAESNTFME, THRASRNPIA, BERPEE bR O M X R~ A 1F
THI X 73 53l T Pl FEL A R, B 54, BRRBAC B IR MAE L, RIS Id R i 50t A S i B e vl i o Pl Pk
AR NGRSy PR My, H BRIV R F BRI IPE R o VSR AR EE T TCHE il rRAR AR R g 22 28%
SER, B TR AR S AR RS, BE R IR A T R S, R DL A AR IR R R, IR
PAHR SR Q . Ak, ENINEEFIHGIE T A 08 SR AE B 10X —BUF Rk 1, 7EF AR TR
T EE TR RN )RR B9 2 AR SRR AR I SR, AR A S) T e QCM I TFR SR

T Al 90 AR, R ik U B O AR IR I O S5 TF R, Nomura [4]F1 SR RE[16] 43 B4 H
T LR s 3K A O R AR B AR (ESPQC),  JRSRIL T YRV R AR E IR, 7R T oA o AR 1 3R i
BRI, WY 98 T o QCM IR FHTER . K 5 SRR T ORFEIZEI M T S A T AR FHEK
TR PR S SR AR B — N BB A B, B 22 e MU R BIIR G A, R IR TR T 4 B T
MRV S A B2 B S AR A e, WUAAE Y ESPQC (I —#8 43, 7834 T SR L 1) 5 LA
i, HIAEWARAL FHEINTE S Egl i 3R . STIGE A JC iR A AR AR e, T LMEH
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Figure 4. Side view of the BV A quartz resonator and side and top views of
the center
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Figure 5. Different types of electrodeless PQC [16]. (a) One electrode of the nor-
mal PQC was removed and connected to an oscillator through electrolyte solution
and platinum wire. The other electrode was connected to the oscillator with leading
wire; (b) One electrode of the crystal was removed, but both sides were connected
to the oscillator through electrolyte solutions and platinum wires; (c) Both elec-
trodes were removed and connected to the oscillator through electrolyte solutions
and platinum wires. E is for electrolyte solution

E 5. FEIZBHTRERAFERIK[16]. (a) KiEFE PQC HI—NEIR, &
TR RRFELEERIRSSR L, S— 1 ERASILEREIRSSELE; b) &
HRIEHN—ER, MA@ RRmALEZEERSSELE; (©) mIER
EREGEFBRR, BT EBRARAALEEIRSRE L. ERTBEFER

ToHR s HE A B S AR AE TR TR IR 5, 1B SR S B A b i AR ) RE R AR AE SR TR SRS 2,
TP B LIRS 2 DA SR AR B BN B 22 5 R A e e, R S i v ZE TV P 8 S s e R ok, X
BR80T A SRR T R AR B A W AE b i BRI, Shen SFE[1710FR T — R AR R LA
B i 7 (Series Piezoelectric Quartz Crystal, SPQC), Z5# il 6, ¥— M LHNEHE AR AE — N HESH
PRI, MR, Tl e R e SRR, LT AR AR I X I VR I F 2 B0k AT 5 5 - Nomura 55[18]
W4T T AT IR A A R (Parallel Piezoelectric Quartz Crystal, PPQC) IR T, Wil 7. 5 LiA sk o5
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Figure 6. Schematic diagram of the SPQC system [17]
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Figure 7. Parallel Piezoelectric quartz crystal (PPQC) [18]. (a) and
(b) Series piezoelectric quartz crystal; (c) Parallel piezoelectric
quartz crystal; and (d) Series piezoelectric quartz crystal in differ-
ent solutions
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Figure 8. Side and top views of isolated wireless electrodeless quartz
crystal sensor [19]

E 8. FREAT&LRARAFERBFHMAEFFHIRE[L]

BEJa+Z 40, Ttk QCM FRFAEAA. B, Aol By s 7 E R, BFmRREL
WA e AL AR NGB A, HIik®) 7 REUES . MRS, FE S EcR. Ko 201K T
ToAR L 200838 A 5 RO, B 9 B ZnO gkl BB AR KAEBRA B8 A b, 7E ZnO gkl k-
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Figure 9. Schematic diagram of the electrodeless monolithic multichannel
quartz crystal microbalance [20]
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S5 A A, R e, BB T, QCM-D &y, HEE T B 7 2 v o
4.1. F%HREE

V5% e i A S IR N R I — S - B AER % R P, oAk QCM A0 AT HE Tk 5 S PR IR 51 fl AR 1)
W, B AESHOR, WHER, B, fjo bR EEsNEMF kG QCM TR ¥ HY ik
. RGEERIM A N R, IR, #RETE, BOS REREME, AR E, HHEaeRt
. EE AR 1) 5 M) I8

Nomura ZE[21]AFF T —FhF) A JEHR ¥ 2375 R B WP VI PR FE 2 B, NMUBE B R R IR &+
WRIZ R FE S, B0 DRI B2-TBR R AR A
4.2. IS HTE

FELPT 0 ATV A 0 T R A AR AR TO A T A A o P ) g, 38 S 2 72 AR AN [R) B0 236 ) T 52 08 30 3 &y
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RSL, I E ESPQC IR Z BRI S8 (FR B RANZE, S/ NHEPL, S KA S5 R EO) B IT T 40 B
BoEAEER  TEAR. WA, LB MR HIRERESE) X ESPQC IR AT NHIMA N o 8 3k 48 K B S 4 ANy 5
PHES, W/ B AR TAR, AEADHRS . BRIE . A PATI 2 B Ak, 7T DU Rt Bk 0T ESPQC FL4RAT
RIIEEI, $EE ESPQC [fa e e,

4.3. QCM-D &%

PRGIFHAPLHTIERZ QCM B 5N E M H I ITIE, WA — 2 RIS fi& e . H2
T AR A RS M D CR A B EE), fE R IRIRS SRt 5 KA, IR 2% B R 3T
FEF I RE S5 . Rodahl S8[7]H K T —Fif 9 AR FERUMOR “T-(QCM-D), AN A et 1 & 148 P 415 35 S %6
PR P, i e A A 302 ek i 28 A SRASFE R (D), AT SIS Rl 580 P R B 47 o el s, 5 DR )
TP QCM {55 & 7k

Kunze £5[23] 76 Hi A A7 B & 44 FE BURR - (EL-QCM-D) Wi I 7 2- 9t Pk - 1- K e 455 - vt -3l 182 FIEL ik
(POPC) # #K [¥1 i i W2 (SLB) I i, FHEAA T 7 7 A BT (AFM)ER 78 1 2 TR FE %o Fig Jof U2 T J 1 52
Wi, Chen & [241BfF ] 1 — Fh G e Jo bl A 9 iy M4 FE BUTHOR F- (WE-QCM-D) , ) I 44 K 4 48 1 1) 4 Ak
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R _E R AR IR, BB S SRAL IR A (MARS) [27], Randall Z5[28] & V& L 13Xl s L4877 A 1) i
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PR 7 ) S AT e 2% [ 5] R PR 7, A T S I PR SRR A RS SRR, SRR I8 I R B Al e A e A )
FEA S S AR = AR PR UK, 16 S0 S I B 1Rk 680 MHz [FI B R AT A, 158 1 8 e A0 =2 1) R A%
I HBE LB AT 1 . Vasilescu %5 [31] B FH HL B I H 75 24 A% AR (EMPAS) H AR, 3883 YK B8 1 5 1% (SIMS)
X G2 HL 7 BE 1% (XPS) R LRI R 25 T 5 9 T R R (GaPOA) R T M B, R T A Bl i % 2%
VRN TG HURR P U AR A IR T BB 7T
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5 (14)
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E B R B S L P 22 AR SR AR (EMPAS) R R ot AR BCAS , A FHBE P TR A B AT R 12 fih v W 9K 5l Al
BT

Chen Z5[34]0: T T4k Tk A7 55 d R FE B R S (WE-QCM-D), FF & T — Bl i (5L k3% . 4 (3-TH I
A i P 2 ) = PP i S e e 1P ) 5 (PR T G -coo-3- P4 4 DR ik S B TR /K it S MBS i 7 A e b, T
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5. TRAXRFHREA

HEJUHE, Tl QCM (LIEERAEAL . Edrklas . B SEHOCOUSHEA 12N . il L+
FRBMHET T QCM I8 147 ST A& 10.

51 REBUFER

TS 9 E BRI TR, X T RURASE B IR E 2 1S AT T R AR AR AR D —
FRERUERR MRS, R RIS IRAR 5 (5 BAEfiR., PhReRese . g Rarde, &
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Figure 10. Number of articles published in recent decades based on the elec-
trodeless QCM sensor

10. FIELHFLARPET TR QCM FRBFNBAXXEH

SCE

Zhou ZE[35]#&H T — M ICLR oA S 1B IR AT BRI T, A db A SR R T, RS SR
SR T LT TR AR AR, AT SR IR AT, U HE R BR D9 1 ppm PR o B S5 [36]5F & 1 — i 46 b e
G T8 RGP 0 08 S50 A AR0RS AR 0 B R P IR RR R AP AR DG, I AR R I B 1
A AR 5T A0 P (B 248 400 YR AR . Equghi 25 [37 Kl AH I B 1T AR AE BN E AR 2 8 B0 S A JR
PMA ST b 00 PR K BB RRAR B T o DS AE 0~10 pmol-dm {34 J5E S ] P 5 P 123 31 99%,
L5 pmol-dm ™ B EAR B T A6, WIS 8 UM bRuE 24 3.3%. Fung ZF[38]38 i 4% 5 Hr AU i 5y 5 4>
HT(FIA) & Gt ¥ B 53 25 1 HA 08 R AR (ESPQC)IEAT T /K HH IR R SR I8 o FE B2 1F F, BRR b
SE I PEE R 0.5~50 ppm, AHC RN 0.9991, iRy 0.3 ppm.

FEWRAR A, GO VR AR S e RN, . SRTIHLRE B2 . W03 K 775 R 3R T AR ELAE 45 355
Wi SRR ML ., O T R A Gk KR B, RAE & RIS B A R J R R A T Re AP RE, Tk e
Tl SE . Jesus S5[39]H N-2-%1 £ 4:-3- 2 N 2k = F AU ek e ih ESPQC AT R 1 et , 4% i idEAE 28 100
mL i, AR R H R Y 6 mmol-L Y, S HEm 1) B 7 R R SU% . Bao ZE[40]HH N-(2-mng 3t
P 58 ) 7% SROW TSI 1 B0 2 2 8 1) 4R 3% 7% (ESPQC) 7E & EDTA (A Sk B 2 i W h 4R (1) R AT 1k 4%
PEIR B . 2280, 455 10~80 nM Y [l P9 AR B A AE B, AHSS R 0N 0.9969, 7E 50 nM R IS Hi R 6 nM,
5 U B AR BR AR 224 3.4%.

5.2. REREYER

B R BT AR e, AR, Bl . AIE S Sup s 7B mms 7K
W LG, UTEERI T AWML RO IR R R, JF5DE T2 0F TN RO i

Totk QCM DR IE I 52 F Ry a A4S AT D £ il R 24 o 00 B Ve 4 B ORI ST TR Liu 55 [41]
R e B 2 R 0 AR R S 1070 M LA SRR (L-GIu)BEAT 1 A, 6 ] Py S el 7 T 0 o
A SR IRES M E A AR, IEW] T SPQC W M T i i 7

RIEJLEE, Tt QCM CUZHi R e s — Rl A BUSI BOR A 8L B B A AR 2R AN 4
AW EE Ry, E AR AN TAEY A R R E R BEARN DR —, IRRIR
o 1R SRS ) 2 3 o AU AR R PR B BT . Kato S5 428 Ao LR AR il i 1 — b s Ao A% A 2 A A
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RA(QCMYES J, I AR Fr b {EHE S 1 ] 5 61 67 B3R B 2 1 A (SPA) D S ISAS I 21 1 6 pg/mll 19 N 4
REFRE A G (h1gG), SEIL T MR BUE &/ i, LI A g0 i g B S IR ROE G R, TEIR 2 AR LA [
€, MR HEARARFE, BRI AT DLIR A4 e R i & Rl (Q BRI ) MM 1 LL(SNIR), o i 2R R 26 e %
fi by 85 RS 0 A1 S IR B Y BY UIHR BN, 0T DA/ K 6 RS (s, (5 SRR e MRl M E I

RETEH QCM AWk 28 Xt A=W B R RS W A — e R34, | T 8 A 00 O VR i I T
QCM A=A 25 (R I AR R, R AP AR ME BRI H X — B/ INIR AR Ak . 8 T e X — PR M, 38 7R 2 — R
B TBORASIN 7 v« AELART RO FErh, 4K BURLH H T QCM B it i 4 35 [43] [44], (A2, &Xt
T R A R B E B R AR AR R R N, B AR OR R TS T FE T A . Ogi 55 [45] 42 H
T BT E (180 MHZ) TGl A S SR AR TR PRI C s B 2 1 (CRP) 5t &4y 38 I 0o € 75 . g — A
P CRP P -4 S ik b 1] 5 PE R 85 (1) f DR 00 _EAR R TUA, 1 EN CRP RAETURPUASE & RN, &
JEIMNBE R SRR R ARV AL 5 AT CRP HUAAE Al Ho Ak F T 51 B 5OR - Al £ 1) CRP A 100
pa/ml, MEASEEUGER] T K dk. EILEEAEE, Noi Z5[46]42 H—Fh A A M 4K Jis 3 (BNCs) x4 4
PRICEEAT R SO 5% ¥ & mEEEREED A 46NN REIRE R 196 il 19G i f
F B A5G 3] BNC 1 Z Zhttiek, 2K T BNC A 70 7 &, &L T2 @iE QCM R4t
XF C J BB [ HEAT R ORI, 73 AR BRI T 10 pg/mL, SR T E I R EUE .

53. EFRREER

Tk A 80 AEAR QCM AR BT LA F T MAR IR 2 5, BE 2 A IF B A B %o BT A Ak R SR TR
Bl B ORI, SR MHEEEAZERERZPH DS AR RN BEUR, i
55 M N, RIATAE T —Fh AR SR TR TC R QCM A& BEEE B B A T Ak 22 A o = TR 2 1

Ttk QCM A& &8 ] TR B SRS L BRI B . Su 25 [47138 T 2 JLIRIE S T [ T2k oA A 0%
EFEBUHOR - (WE-QCM-D)HF K 7 —Fh N TILU0E R G0 LERRAT 9 iy i 7 3R S s e i, FH 1
R R A WAL S I(VOC), RH A 6Bk it VOC SR 5 8 IR 2 81K 8L, 3R43 T DU i
(6 MHz. 18 MHz. 30 MHz 1 42 MHz) F (A 3 fa R A, FEH K IEIE(KNN)SEIERTE 1 97.5% 1) ffE:
K

Totk QCM & 2% 0] LAXT I I B L A 2% 1 T 45 H AH SE AR 82 . Shen S5 [48]5d 3 ESPS I HT 24
{14735 A SR S 1 42 BA FRSAE 7 DR T P IR PR AR AR, A PRI T S VRS R B R R R 8, IR
Langmuir MRS AT T X5 b, S H T —Fhah 7Y B AR R S U PR A AT IR . Shagawa 45
[49148 F BRI A 9 4R 75 0K T (RAMNE-Q) A= A% IR AN M2 1 B P A 1 8 1 R TR IR M FE B
JE PR RE AR AL, T R FERCIN R . OB RE R, X RIA 406 MHZz B R AT =X [R5 =
AL 7RG, BUUIASE AR N R A2 R AR . S G0 YRR FE BN PRI B, sk T RE I &
FEEEAG, L5528 % IR 2R 5 1 (1 ]

HAEr, BHEDIARIIRN, QCM i&# KILAT LA HABB AT LA K% . filln, Ko %5[50]
A8 JCAR A % 5 R A it RSP RS AR PT OEACZE IR R IR R Gt 9 T 3 R BE TE ZnO 9K ko i
W, RIZER RGN T 65 A E B ARG BRI 70 77 Zhang S5 [S11H TE il AT 9% i AR 1
R (EL-QCM) G H R 25 G 5T T LS SAE WA 68 A WL 2805 MIL-101 A1 ZIF-67 LIR30 /)
I AR AR AR A S W I RS SR . Larsson ZE[52]0F K T — R TC HELR A TE S AR R UM R T
(EL-QCM-D) FH R THI %5 5 TR ILIR(LSPRMHZE B A E . ST T 22°C MY KPS
(IR SR BB 211 7725 AR PR 9T — S AR 3R T ORR S R M U 5% 3 R 3R AR ) R AL IR I R BUZ 1)
TR 3R IZ2H 6 %% B AR SRR PR 85 p 3 LA B A% R Th g
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6. HRSRE

TR A 5% i A A TR oL 25 SR T P AR A D A, ROR R vy 1 AR IR I R IBE, A AR A AR
A SETRERIERAE . A I B e A A A7 i, . QCM AR ISR TUSE AT A O X 2 % 1
HEMJUFER, Tl 98 R R BORTEIW . SRS B TR, & FhEd g
PAT I AR B R RAEAR IZ BRI RS S s B 1 B e g, 5ote. oA, ks, S IES A
Totl QCM LB A Ji& RN 2 i Bk 22 7F FEANZ Wi b 1A R0 B R, A AREJR R W] TE QCM 52— N Rl
B AR PR R AT AR AT TN AT ORI R AR E PR . ARSI AT IX 400 MHzZ )
Tt QCM AL R GE, FFTRIR TC A Se @ AL R Ik, DU CRAC R A% P T ok 22 7 T K

E&WE
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