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Development of direct point-force detection type piezoresistive
cantilever array biosensor
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WFEE R OB (J€32) : Micro cantilever array sensors have been emerging as a promising
platform for various applications. Piezoresistive cantilevers, which can overcome practical
problems in the conventional optical (laser) read-out method, had not been widely in use for
sensing applications because of their critically low sensitivity. In this study, I made a
comprehensive optimization, breaking the bounds of common practice of “cantilever”, and
finally developed a Membrane-type Surface stress Sensor (MSS). I experimentally
demonstrated more than 20 times higher sensitivity than that of conventional
piezoresistive cantilevers even with the first prototype chip, already reaching the similar
sensitivity with that of optically read-out cantilevers. Furthermore, the finite element
analyses indicate its high potential for further enhancement in sensitivity up to several
orders of magnitude just by changing the dimensions of the adsorbate membrane and
sensing beams.

SEATIRTERA
(BHHHAL - 1)
EL R LiEESES ¢ & @
200 9 2, 600, 000 780, 000 3, 380, 000
201 04 1,000, 000 300, 000 1, 300, 000
I
I
FHE
ik 3, 600, 000 1, 080, 000 4,680, 000

e AL

BfE o8 - HE - EAELE - i e

F—U—FR:horFLX—kvr¥— vV, #BEREl., BERERS o —
(Membrane-type Surface stress Sensor, MSS). F+/ A =/t ¥— HIREFZRMBET
(Finite Element Analysis, FEA) . &%, MEMS/NEMS

1. BFZEBHAA SO 5
(1) B\ RBFIECB AL IR T,
HIEDNA ~Af 7 a7 LA ZHW=FENA

SEXLTWDN, ZHUTAMIKZ G
HYEME R ETEML, Thbazlid 5L
WO FIRZ B ER DD, ZDOFEITEK



RS2 A N EEFTLH720F TR, B
BRECTBREZFOLODEENET/LLTLE
HYZERDY ., HEMRTIEEEESVEN,

(2) Zhnicx L, IEEREINTT T
N=T VA% (KF1) TE, BIRELOME
DI, FEBREEEEIZY TAHZ A A
X —TBHILERARETH DD, B
AL EOK TN B S RRER %
EDHTWDE, LLARRLZOhFL3—
T LUAIEZ, U0 AHNETE I N TV DD
T VLRI NIRT F LN—DR M | %
EMECHBMEICHERND D, Fl2, ZRET
HEINTWBIFEALEDHIZET, o F L
N—F@ETRE NV =Y =Nk 55
HED FXEBRALTRBY ., UL R KT
HHIET T, WREEIZL>TL—%—
KD RO FENRELIELLTLE
72, MTECHLIK 72 & OEIEE - RBHE
BECOWPENFEEERTRETH D,

*

1 D TFLA=T APk D%
Ao TREDH]

2. WHEOHM

(1) ARWFZETIH, ZHETITHEFI DLW
MEgESONE R 28AL, L—V—%
ML LWy’ TF L=k
P (DT L N—Dbh %, EHET
W OIAENT- B SEPUE Sy DD HHT
Akl ;oTLAﬁé):%éLT\%@ﬁ
REREAN, X OEREICmIT ToOfRE%255
ZEEAME LI,

(2) ZrFK 2T L5, =RIEFEIC
Ko THE LIt odh b —%, B
BH > F U AN — DI I A1) 7o &
ho, IREBICREDPRET HZ LT K
S TA=MlfE L, E o %z ., TEE S5
WCHFF L _VORGEEET 50 F b
N=|Z KXo THET 5, ZOEEITERD D
VFUNR— YT RTRD XD A
BB 5

O BrFLA—0ABERNN—IZE o THE
EIND T, FUBHALL O WEALCIRE 25k 72

EWED/AAXNIFEEAETELS 2D | ZET

FHMEOmWRIENATEE & 72 5,

VPiezoresistor

\ Receptor-coated

Elastic Bar

X2 EESHER Y =T T LN
—t o P—

@ WA LTl 2« ORARSy +OF 515, HiE
N—=ZN LT, BrF L=k
(Point-Force) & L TEMNEINAZT-D h“ﬁé‘r
Wﬁm&%btéf@@W#gmﬁé%ﬁ
REL DU FLR—DFbI~ BT 5
ZENAREE D, (FR@EIGIWPETIL, B
RIC X I8 HTH v F L= KIC—HIC
Mbétm\%tﬁifﬁﬁwV%VN~®
e, B IPIRHEOIAEN T DHE5
&%Lt@% T LRI 5 Z E#T%
2V, IS YIRS W (1 00)
HOHEMER Y av2fA LSS, By
B’ Lo M ox 8 B OB £ b i
AR/R=~1/2xrx,, (o, a)'t%oc%%bé

- T, %%@ﬁ/?Vﬂ*ﬁ/ﬁ TIX
Fle D&M Lo T, EHEIR T ox
~oy (le. AR/RzO) L, Sck/vk NeZdvn

NN Ie>TLED,)

Fixed Free

Y
smm

[110]

™ [1TO]

M3 B P TLA—FKH
HHEHTZ LD /34, ptype Si(10

i
A
F

FIREINE =54 (B : AFM) |
ﬂ%ﬂi%ﬁﬁwof ik o i
MLTWE, MEIZT 52 kiﬁﬁ¢ 3]
%OQx@)*%&%ﬁmﬁmWMéht
i (B By —) RN EFE LR
0 (ox ~ g)FEXRF ORI LIL, 2R EICHE
ST, IFeAEErLd,

% Skt
ARIRx ox- aykiié (2), (©b) [ M5
e
akAY:



(3) ARMFZETIE, AA A+ "= LK%
Geber ZHROWIEECHFEENHEE L. BV
PERE (CYRFO IR mERE) 2 9RET 52 &
R Lo Vi v F L R—=T LA
v —EHEELE LT, VAT LA S
L. ZOAEExsBERTLHZ e L,

3. WrFEDHE

(1) 7. BrFL_3—toF—DFER
PRICETHEY | METHIICHESE O R b 21T -
7-. Heinrich Rohrer fi+ (GE# ko R/LEE
WEEORAIZL D 1 9 8 64 7 — L

FEHZE) &ALETHATAITV. —RRICEIN
SNDI %= BINTERNT D Z LA ATRE R

Double Lever f&&ICE H Lz, . 2
& AE IR UALHL A CRE % HaNE 3 2 1

ETHDH, ZDDouble Lever HEEIZEBIT 5
JRE O HINE R\ BT D T iR 2 155 Z L T
Double Lever #i&E I B W T, R RS E 5
Z DN ELNT,

(2) fRMTfR CE O NT-IeEt 2 Tic, el
Wi AR ERMIEIC L > Ty I 2 b —
TariETV, 40X IZmimEER T,
—HELONnSEEEckE Ry I
NELNDZENHLNZEo T,

Fixed

a) Double Lever
Fixed

b) Double Lever (Constricted)

c) Both-side Clamped (Constricted)

d) Both-side Clamped (Constricted & Wider)

[X|4 Double Lever 7>% Both-side Clamped %
TOERE IS B, AR ZE LoD 73,

4. WFIERE:

(1) K41TRT X5 A et
EAT TR, AN S O X578, I
F U N—DOF ik E BTG E e, Z
O FEFY F i s S) 7 v —  (Membrane—type
Surface stress Sensor, MSS) OEHEFRFIX
UTo@y Thsd, PRABICHE LR
gz, BB RETHHICE > TEREI
WIRAELT, FREHEA T LU R—FEIZT
bte, ZOlbhi, AT VOl
Sl VL= —EtEIs ) (o,
>> o, for R, R; o,< o, for R, K)
ELTHMEND, Zhh 4 >OHPIE L%,
RA—FAPTY DI THREAT D
ZEIZEY ., RENIZEWVERERGOND,

/ 9 X
WAS\

SWAOTY

R1 R3 ¥y
2] si(100)
— X

z [110]
A -
RZ AR RRORRRRWB®RY

5 (a) BRKmSIE— (MSS) D
A, (b) MSS (2331 DRI IZE LD/,

(2) AA ZRELLTERFDO MEMS F— 2L &
HFET, ZDMSS ZEBIER L, ZoEmn
PERE 2 FEBRIICEGET 5 Z LTk Lz (K
6), XADOT e NF AT —F v 7T
BWT, BRIk o F L AR—HID¥E
—ZH 2 OfFLL EDOREE TSR L, =D
mEVMERE N ERE S L7z, ZAUIE S/N Tl L
%A, VW —mAIR0 RO o F LoN—
Y —LEEOKETHY, EHITAVT
LR — L DRESEZD LEZDTE
T, EHITEHTICESERELNAIEETH
DN, ARERMTICE > THLMIZZ
S TW5,



S L —
E S L0.02%
35 A
= L 0.01
0 cantilever e
0 500 1000 1500
Time (sec)

X6 (a) EENAERL LRI e
—F > T DEE L EEE T IMEBNC X DK
4, (b) MSS EAERD T T L —Hik o h—
& DIBPELIESRRER,
(3) ZNFETICHRLEDO 7 —T77, 1
OFU Flizhlzo T YLD o F LA
— U —OEBEERATE N, 1T
AMERET 0 %REDKEM LGN
TWedoT-, ZHucxt L. ABFZE TR L
72MSSiE, #1 0~%t1 0 0 Ofd DIEE M)
ERABETH Y . CFHE D AHTEVOTREN &
R E B LT,

(4)MSS 1T H v F L ox—t o — L RIEEIC,
AR DT DB ONARK 3 70 K i
K42 REISDZRELTWDIZD, H Ay
FINHAEESFETIFEAEOFEE DS+
DOPNED, ZBLRHFCWIE T 72 Ehk & 7R BRI C
ARETH D, T, M- HET, REHE
BECHLREETH Y, KEEEIZL DK
A2 MELHIGETX D20, B - A 4 - B
B .-bvXxa 7 s—72F xR0 TOA
FARISHA SN D,

(5) WICHEERMET, ZAE O E{b
Thbd, TNEFTHF LA~ P —758
TiE, Stoney OXZFM LT, EBRTHRLN
HUTFN (B FLAN—DmbR) &, F#
VAL AU - B VA S el T
SNTE, LMLRRS, Zd Stoney @

Hid, B RREIC) 2 E L TWDH T2,

SRIEEOYIE (ERCHS72E) LR
FTHZENTERY, 207D, ZRKEIC
DN, R BEECH S, HD5WVIIME
72 ElTHOWT, TR R8N E<FEL T
W o T,

(6) 22T, HorF L A=k P —= MSS
BHROETHF ) A D=k —D%
BRKEORBELDOT-H D, fRtifEE255 2 &
FRHE L, SR REIE SN T L
Nt =D, A A Z VORI
ITWD Z EICER L, 2 XX L8 TR
HEL 72> CW 5 Timoshenko DX A&, o F
L=t —DRMIZE D LD ITEIEL.
TROBREET

31%(t, +t)

A7 =
: (A+4)tf2+(A’l+4)t02+6tftcg

f

A= (Ewth1-vo)l(EewetL1-vp)

E | Young’s modulus

v | Poisson’s ratio

/| Length

w | Width

¢ | Thickness
525" ¢ : cantilever
W25 f : coating film

(7) ZOFERETIVCIL, I FL—
EREEED, Bl (YR BTV
Vi, BEOERES - iE - BAR) BNEEATHD
B DD, TnbOMMEE. T
(ZDBED v FLR—DFbI, Az) %1
3D Z LINAREL e o Tm, T OHFTIE
OITIRNTET V&, ARERMFITICE 5T
WMEELTZE A, v Ial—a DR
FEFICEL —HTHZ NG00, T LD
MR SN2, (X7)

1500
FEA Anal. Ey
Il = 0.1 GPa
’é‘ m ——1GPa
51000- » — 10GPa
s —— 100 GPa
3. - — - Stoney
_5 500 — — — Sader
©
2
8
0

10 100 1000 10000
Thickness of coating film, # (nm)

7 I A DAIRTET VO, AIRESR
il (FEA) I\Z K DHmE, BrE7 /105, ATREE
SERATORER L IEFIZ L < — B LT B DI
KL, Stoney ORARZ DU Sader DET
VTR, RE S ERDIERETRD,

-



(8) &HlT, ZOETNMTH LEEE M
52 LT, RREEOREFE (Kb @V
JERRFONDIEE, try) 252 2XEHG5 2
LR LT

trop :%(x“h X -1)
y zzuc—uf —zﬂjuc(uc—uf)

Uf
U= Ec(].'Vla; Ur= Ef(l'Vc)

ZOREBIEIL, X8 D — /BT L,
ZREEOMES (Yo /R InL T, B
HEETRTZENRHLNII T2, T ORKE
TS DOZ FIKEZ 1 F L R—T2 EDF )
AB=INE Y —ICWET D LT, &
BRI SN TWAE % mm BEDOE O
FRACIEIZ EE T 20T M SR o i) _E A3
LBNDHZEDRRALMNTR ST,

[ —PMMA
—PU
CMC

N

o

(=)
T

Deflection, Az (nm)
)
o

o O
N

10 100
Thickness of coating film, # (um)

{8 HLTF L=k =D TN (B
F L=z, M) D, SEREEIZ @
{/EZES

(9) MSS OEMERHIL, “HDOHEKTH -
X2 DEEERZLDOTIEIHIN., Tk
JERIAICERT 2 EWHENEOND b D
ThU ., WIFFS Nl %2 KIEIZ B85 iR
BFELNTZ, S IR EEORECIEEH b
BoniZ T, F A=Y —D
IR IR LS FTRE L I o 72, 2D DR
RAEMRE L, MSS (Zhcili )z = 251K % 4%
BIHZ LT, ZHFETEIIBRITDRKE %
AT HHE P —0EHNHHETX D,

5. ERFEERIWLE
(WFFEAREFE . WFFEr HE K O EENFZEH |2
T T

CdesEam ) (G2 1)

[1] G _Yoshikawa, T. Akiyama, S. Gautsch, P.
Vettiger, and H. Rohrer, "Nanomechanical
Membrane-type Surface Stress Sensor"

Nano Letters 11, 1044-1048 (2011).

At

[2] G_ Yoshikawa, "Mechanical analysis and
optimization of a microcantilever sensor coated
with a solid receptor film"

Applied Physics Letters 98, 173502 (2011).

e

(Fa¥EER] G2 o)
[1] G. Yoshikawa, T. Akiyama, S. Gautsch, P.
Vettiger, and H. Rohrer
"Optimization of piezoresistive cantilever sensors
towards highly sensitive membrane-type surface
stress sensors (MSS)"
(The Japan Society of Applied Physics The 58st
Spring Meeting) (Atsugi, Japan, March 25, 2011,
Oral).
[2] G _Yoshikawa, T. Akiyama, S. Gautsch, P.
Vettiger, and H. Rohrer
"Nanomechanical Membrane-type Surface Stress
Sensor (MSS)"
MANA International Symposium 2011 (Tsukuba,
Japan, March 4, 2011, Oral).
[3] G. Yoshikawa
"Optimization of Piezoresistive Cantilever
Sensors towards Highly Sensitive
Membrane-type Surface Stress Sensor (MSS)"
The 197th MANA & The 87th ICYS Joint Seminar
(Tsukuba, Japan, February 18, 2011, Oral).
[4] G. Yoshikawa
"Grand Challenge ~ Beyond capitalism or
communism ~"
1st MANA Grand Challenge Meeting (Miura,
Japan, January 27, 2011, Oral).
[5] G_Yoshikawa, T. Akiyama, S. Gautsch, P.
Vettiger, and H. Rohrer
"Piezoresistive cantilever array sensors"
Japan-Taiwan Joint Workshop on Bioelectronics
(Tainan, Taiwan, January 22, 2011, Oral) Invited.
[6] G._Yoshikawa, T. Akiyama, S. Gautsch, P.
Vettiger, and H. Rohrer
"Optimization of Piezoresistive Cantilever Array
Sensors Towards Highly Sensitive
Membrane-type Surface stress Sensors (MSS)"
UCL, LCN meeting (London, United Kingdom,
November 16, 2010, Oral) Invited.
[71 G_Yoshikawa, T. Akiyama, S. Gautsch, P.
Vettiger, and H. Rohrer
"Nanomechanical Surface Stress Sensor"
Asia Nanotech Camp 2010 (Singapore, Singapore,
October 4, 2010, Poster).
[8] G. Yoshikawa, and H. Rohrer
"Strain Amplification Schemes for Piezoresistive
Cantilevers"
7 th International Workshop on Nanomechanical
Cantilever Sensors (Banff, Canada, May 26,
2010, Poster).
[9] G. Yoshikawa
"Finite Element Analyses of Cantilever Array



Sensors”

The 136th MANA & The 68th ICYS Joint Seminar
(Tsukuba, Japan, April 2, 2010, Oral).

[10] G. Yoshikawa, T. Akiyama, S. Gautsch, P.
\ettiger, H.-P. Lang, C. Gerber, T. Sakurai, and
M. Aono

"Sub-ppm sensitivity of piezoresistive cantilever
array sensors"

The Japan Society of Applied Physics The 57st
Spring Meeting (Hiratsuka, Japan, March 18,
2010, Oral).

[11] G. Yoshikawa, T. Akiyama, S. Gautsch, P.
Vfettiger, T. Nakayama, and M. Aono
"Piezoresistive Cantilever Array Sensors"
Mini-Workshop on SPM and Bio-Nano in the
presence of Dr. Heinrich Rohrer (Tsukuba, Japan,
March 10, 2010, Oral).

[12] G. Yoshikawa, T. Akiyama, S. Gautsch, P.
Vettiger, T. Nakayama, and M. Aono
"Piezoresistive Cantilever Array Sensors"

Hakone Mini Workshop (Hakone, Japan, March 7,
2010, Oral) Invited.

[13] G. Yoshikawa, T. Akiyama, S. Gautsch, P.
Vettiger, T. Nakayama, and M. Aono
"Piezoresistive Cantilever Array Sensors"

MANA International Symposium (Tsukuba, Japan,
March 3, 2010, Poster).

[14] G. Yoshikawa, T. Akiyama, S. Gautsch, P.
Vettiger, T. Nakayama, and M. Aono
"Piezoresistive Cantilever Array Sensors"

ICYS Workshop 2010 (Tone Gun, Japan, January
28, 2010, Oral).

[15] G. Yoshikawa

"Recent progress on the project"
Surface Science Seminar
December 12, 2009, Oral).

[16] G. Yoshikawa, T. Akiyama, S. Gautsch, P.
Vettiger, T. Sakurai, H.-P. Lang, C. Gerber, T.
Nakayama, and M. Aono

"Piezoresistive Cantilever Array Bio-Sensors"
Osaka University-MANA/NIMS Joint Symposium
(Osaka, Japan, December 10, 2009, Poster).

[17] G. Yoshikawa, T. Akiyama, S. Gautsch, P.
\ettiger, T. Sakurai, H.-P. Lang, C. Gerber, T.
Nakayama, and M. Aono

"Piezoresistive Cantilever Array Bio-Sensors ---
for Medical Diagnostics, Genetic and
Environmental Researches"

1st MANA-NSC Joint Workshop (Cambridge,
United Kingdom, July 3, 2009, Oral).

[18] G. Yoshikawa

"Piezoresistive Cantilever Array Bio-Sensors for
Medical Diagnostics, Genetic and Environmental
Researches"

The 84th MANA & The 38th ICYS Joint Seminar
(Tsukuba, Japan, June 12, 2009, Oral).

[19] G. Yoshikawa

(Sendai, Japan,

"Piezoresistive Cantilever Array Bio-Sensors for
Medical Diagnostics, Genetic and Environmental
Researches"

Frontier Sciences Special Seminar (Kashiwa,
Japan, May 29, 2009, Oral) Invited.

[20] G._Yoshikawa, H.-P. Lang, T. Akiyama, L.
Aeschimann, U. Staufer, P. \ettiger, T. Sakurai,
M. Aono, and C. Gerber

"Piezoresistive cantilever array sensors"
WPI-AIMR meeting (Sendai, Japan, April 3, 2009,
Oral) Invited.

(PE £ A PEME)
OHFERM G140
LW FRms g
FEBAFE  E )Tk AK L PR Peter Vettiger,
Heinrich Rohrer
MERIZE - MNIATBAEN  WE - BEEHIFTE A
%5 FrlE 2010-118859
HFEAEH B - 2010455 H 24 H
EPSt ORI [EAN, PCT M2 R

(Z Dt

F2pEunE G A1 70

- BT L3

- Bl

AL TR H

- TR

- NHK FREEEFR (2011 4B ~FKITHET7E)

WFRREE R — L=
http://y-genki. net

6. HFFTHEAR

(D) Ao fFTE

H)II Jtid (GENKI YOSHIKAWA)
MSEATEE NWVE - $PEHF e - [EERS)
T=%7) b=) AP FTHL A, + ICYS-MANA 5% B
WIEEE S 70401172

(2) WFgE A
L

(3) EHEMFIE
2L



