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High-speed and high-stability three-dimensional scanning force microscopy for
visualizing subnanometer-scale changes in hydration structures and flexible
surface structures
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Three-dimensional scanning force microscopy (3D-SFM) allows us to visualize
3D distributions of hydration structures and flexible surface structures at solid-liquid interfaces
with subnanometer-scale resolution. However, its imaging speed was limited to 1 min/image and hence
its applications to the investigations on dynamic processes or complicated surface structures were
also limited. In this study, we enhanced the imaging speed of 3D-SFM by 10 fold and achieved
subnanometer-scale 3D imaging at 5 s/image. In addition, we applied the developed system to
investigate 3D molecular adsorption structures of lubricants for hard disks and anti-freezing
surfactants for car coolants and obtained important insights into the understanding of the
mechanisms of these functional molecules.



¢ X C—19, F—-19—1, Z—19,.

1. BRSO 5

(1) BEIREKDOFRIHTEL HBHROLIFZ
iAo s 3 LoOVTEIRES D 2 L, BRa e
AN - PEEYBICHBROBETHY . T DT
D OFHENZ BT 5 Z Lk, FHMEEE T
TR INOLDHBEOIRIEIZE > THEE
Thsb, BEWRMNmBGIT, BERERORF T -
DFEKRSTFEDHEERORRE L LTE
L2, L7z o> T, FOEEZBMHS 5720
WZIERIIRCKFIEEZ MO LEN D 5,
L2 LEWR A ECld, Ko FidEzo Z &
FHEE B IR BEE) L C 3 TR B Sy
fizmrd, TOD, TNHELELZDHZH
IR A & 2R T L B E OO 3 IRIL /A &
FHT 2 BN D S, BRI mBLIGE, Rl
DA« 31 & ZDOEBHEDOKYFBFAET
HEE 1-2 nm LT O RFTEKCE L D728,
FOFBSHIIEY T ) A r— L ORE
DIRREDMLETH D, IHIZ, £ DOGLAE,
S OG- MEITKE T IC S T ) AT
— LD/ E T2, T LoV D KISy
fREELEREN D, 7. HBOHITIC -
THEU DA « WO A2 5 5 7291
. FOHRSEE ) TILX A NZEH LA S
MRE L LB L 72 D,

(2) ek, BEAMAmBLGIL, FrET. X#R.

TR 72 & D 4y K iE S Surface Force
Apparatus (SFA) THFZERM T T 7273,
B OEMIZT 2 LoUL D KIS fRRE

Fle =l K& o R srAh
NHEBICH 2 52O TIEARHZREN
ks TnWb, —J, R BApEE
(AFM) X, P TF 7 LUV Do fiRRE % FF
DT EMND, EROBEREW TN E LT
MrESn s, LovL., 1EROUET ARMIX, 43
fighe, JRE ., BEMENS VTR L ARELTE
0. KFN - FREMEE A RIS 2 L IXREET
HoT,

(3) JEWREBAFR MBS (FM-AFM)
I, JHF LoV Do fiERE S pN L LD S
FE 2RO m A fRRE ARM 2l & L Ta b T
%, LML, ZOEEREIIRFEICHDIZST
BHEFIZR O TV, TFEFK~ X, FM-AFM
D ) A X% R L, R TR TR
FM-ARM 2 K B R 7o frelasic i L,
BT, (WERD ARM O 2 IRTI 7268 TT1E% 3
WItIZPEsE U7z 3 ot A& M ) B 8E
(3D-SFM) A BA%E L. BEEFmIZI S v
KT A K D 3 oo Ar s ST W)
DR LTz, it Tl 3D-SFM 2 X v Ak
[/ T TR e o M I 3 1/ RS ) [ A a1 e
D 3 WICNLIRAEIE & TR TRIBE L 72,
IO OEIZ LY 3D-SFM T X Y K FnE
RLEmMBEEE YT ) R =L Doy iR
BCAHLTEAZ ENRENT, L,
BITED 3D-SFM TlL, sHESLEMENAE L
TEY, WBHPEHT, ¥—C, BERIS
L2kl cx 22wy, L7z2v > T, 3D-SFM %
Bk &2 705540 - PESE Y BRIZES 1T DAFTRIC N T
H71-02iE, FOMESLENEZ RN M

CK—19 (Jtm)

&, 2 OuE A 2R B RS D B
b5,

2. WD HBY

(1) =K 3D-SFM D% : BIFED 3D-SFM D
B VEHE CIX, 3 LB ARG T 57201 1
IFRFE DB 0B 726 FREBRICEE -
THE L LK - FEEEE DAL & 2 O 3
THZEIFEELV, AR TIEL, IERDZER]
SEEE (UK : 100 pm, FEHE : 10 pm) °N
fRAE (10 pN) ZHMERF L7 £, EhfESE
Z 10 fELL EgE L, JRF Lo 3 IRoity
% 5 P LUINICEUSGAIRE L 975,

(2) BHEDORY—72 3 WoTfEEhig G
M B2 RPEESE CTHO LT DB
Fmlx, HHECTARY—EEE AL WD
BN, 1ERDIKHE 7y 3D-SFM THHI
THZELIIWNEETH -7, AW TIL, EE
FIZFIH SN TV A MBI OREICE T 58
MEINOARY)—72 3 WoHEEEE % "I b L,
FOMBIOMRES B O N DA W
5L RET,

3. WDk

(1) FM-AFM % @i b3 5 72 O O EHEH I %
BRI HELEHIT, TNLEKRE L TEE
FM-AFM Z 52 & ¥ 2, I, Z D& iE FM-AFM
% 3D-SFM H:4fF & & S, ek 3D-SFM % B
T 5,

(2) BAZE L7zE 3D-SFM Z VT, #HME
TARY— 72554 2 B> EHM B O 3 kT4 +
OyFREERFINCEL Y MTe, HARMICIZ, ~— K
T4 A7 R OMBAIL, A EYEHH AR D
HAERG LA 3 IRTT5y 1WA AEIE AT ICHLY
Ko,

4. WFERE

(1) 3D-SFM ® AL,
O RR oM E

3D-SFM ® 77 FM-AFM O F7#8 IR R
o BRSO 4l ,TB
(Fuin) XA Fou = TBQ
TERbEIN5, .
ZORMNS . A FLA—EE F Mt
o AR L k:EhEf T ieraE
f:ii%iﬂﬁ B Q:Qf B itRIFEE
& 10 fE 0L E A Jo  FHRERES k RV RS
Ex®E5iziT,

B FUNR—=TIRED &/ Q% 1/10 LA FIZT
DRENH DI NG, KR T,

{a) NCH B (b) USC

20 pm

100 pm

X 1. (a)fERAEB L) /NS v F LN—
@ SEM 18



Nanoworld #EdD /NI o F L X— (£ = 3.5
MHz) Z T, & QEMEFF LT E F 6 216k
DI F L= (f = 130 kHz) D 20 2L kA
T,

N T o F LN =T D72 DITIE
WL O OEZ IR T A MERNH -T2, K
MBS 5 F Tlo, B iRIZ B
ﬁ— %) Fuﬁ%&iﬁ@ﬂ% LTV N %ﬁ+ﬂﬁ@ F'ﬁ;%_ﬁ
DS TNz, I T LX—Ti, 1
KD Si ZREHE TR INRIOE T HRHERE
(EBD) #E&t%2HWCTH Y., TNUNFE SR
BEBIZEDOWIT L 7> T, ARIFFETIE,
R/ NS o F L x— Tl o T B EBD £
HtE~A/n~=t2 L —ZTHREL, T2
W =X EEE L, ORI fE
REMRERITE U7 EBD 8t 2 {EfLT- 2 7 & X
WS L=, ZhHICX Y, BEERLS RS
RAEBIE N AIREIC 72 » 12721 T <, /N D
CFULAR—OFMHAL AR FOEH
PEARENC R S5 2 8N T,
b) {E8Y L 1= 18t

(a) AR DFRET

B 2. (o) GRS K TR (b) VB o F L<
DTS

Q@EEERAOM E
3D-SFM D @ iz id, HEE 2R 59

TOEZROUBRNVLEL D, FxITTTIZ,

BN AR, iR E 2 & o Edifb A ek L
TW=, UL, Ax v, Bl e,
HIEEEE B L QI B O RN £ < & S
NTky., 2fommEbz i 5 FEK L 7
STV, ARFETIE, b OEREI %
BRI HELEBIT, TNLEKRE L TEHE
3D-SFM #EA BERK L 7=,

A FICB LTI, XY BB AF v &
7 BREF A v F 2 yEE L. FERAME L mEE A
N LB E R A vy 2R Lz, £
7o, B OBEMAE - FEERE T LY X
AR L, Ehzms FPGA Al IC 32454
% Z LT, NLAERCJE AL O MR I A KR S
M EEEe, &6, F—oOE®E FPGA T
7 bz, B o mnEAL AR - JE RO H RS,
ZREt — S0k R EE B B0 (R0 . JahHE 48 [m] 6

XX actuators 35‘0|

55304

Cantilever stage

=

B
Z actuator = |

Sample stage ¥¥ actuators

3. BI%E L7l 2 % v . (a) XY it
Brag v . (b) 2R F v,

XY AR, 7 — 2 IERIE 72 & & § X THE
L, BEEE/NIMALZ LI LT,
TNHOTIRRIZE Y | BEEE— SR ] R £
Wk 2 ek 100 Hz FEEEN S, 10 kHz FREE
WCETH 100 FERESEEZ LK LT,

@ H AFM 8122 328

EIE L L7 ARM OMEREZ MERR T D721,
FPILEE 2 IRoT AFM O 5 EBR & EhE L 72,
Z 2T, Bt A b (CaCoy) DOIRMEEFRED
R fREEBERICE D AT, T ORER. A
EFRICRB VT, AT » THRCIER S LD g
Boom BREOEBEBHEBOGFELERRL L,
7=, BERHFIED J—7 L HRET, FOERE
TSR B FE DO R RIREE & L CIER S h
5 Ca(Ol), B THDHZLEHLMILE, &
HIZ. TNEDOFERIZIESN T, fEkD v
B A b OFEIEIRE T VI KIE 7 E1E %2 N
2 DWEEE Lz,

W, ANV A FEHIZB W TEE 3 Rt
KFEEBIZRE R L, A r—Loay
kT A b &R 3 IRoTAKFIE &S & 5 ) CHL
BTDZ TP LE, BUE, ZhEHnT
ERLOERSGEIR D El 3 R TBIEITELY A A
TEY ., ZUMBEMRIIUR, EBEIRNES
DO, £ O EIZERR S 5 AKFEE I B
LT, KOFEMARBEEZEL Z LR AR L 72
HHL0EHIFFIND,

(a)

X 4. @ ARM (2 X B v A NG by iR
FEOBERER. (a-d) EBRBALEN S 0, 20, 32,
40 R ITHIAR T THAS L7z ARM . (20 X 20
nm’, BIEHE D 2 s/frame)

(2) 3 WLl BEREEfRAT
O/—RT 4 A7 FmOHEIEH

N— KT 4 A7 RHEIZIE, BER~ Y ROmEZE
WX DG, KA OB O E 2
7291, 1-2 nm FEE ORI N B AT STV
%, ZOEIIITTICHF 12 BFEEIZEL
TWBM, N— KT 4 A7 DX 57255085
FEom LDz, FOHBELRRD 5T
Wb, IEEBET L7012, BHigEcs
50 TR ERMEZ MM LEND D,
UL, Rl oz s+ 5 2
LIXTERDS T, ABFETIL, 2 2 TR
L7z 3D-SFM Z W5 Z & T, fEkEM T
RAHETE - T2 HE CARY— 720y 1 W 75 5
Doy A —)v 3R TLBIEE 2 FBL LT,



@ A BhE A EIK O BRERS 1Al

HEHEAAHEKICE, @=L 7Y a—
L7 BN BO%FRE S N D ARHIEMN AV BN
TW5, L)L, KEDo=FL o7 a—u
HFERSED L THMERE L, REMENME
TT B0, Hoe B R R T DT
DITIXELE O KU BET H$, B b
NRUE DT & e o TNz, — . KT
BOREIEER 2RI % 2 & TRIEIZH
MEEZETIEONAZERHONTE
0. ZOBHBR~OIEHAPFHFI L TWD,
Lo L., BIEEONTWAHERETIZE S+
TiE7e<, OISR RN EOER S
TW5b, ZhzEEHRTLHE=OE, TTRE
IEMERIDKOKE L e D ME O FETE D
KO RWAEREEZTEKT D00 % 5
THLERD D, ABFETIE, 7 IEET
BT EERKEMELEZEZDNTWVD
TV FOERmIZEBET D R miEEF S+
DR EREEE 3 WorBlE LTz, TORE., 1
ppm & 100 ppm Tl KIEIZE 72 2 W E#EE %
R EDBREGR S, BIE, ZOWEHES
WA HEEED T & OREBEREFTHI TN D,

(3) £&

A2 TIL. &K 3D-SEM OBE3s & 3 Rothy
T ERETEREATICEL Y FLA 72, = 3D-SFM
DORFEIZONTIX, BPOHMNTHD 51,
A A=V OREEZER LT, —F. 3 Rehy
S AEREETICOWTIE, N—FTF 4 27
A & BB A EIK O BASBGE# & v
9 2 DDOEHELD F i WA & T I H Y
FLATE, AL, T CICERENME LN TEY
MXEFLOTNWDHLEZIATHY ., BHIL.
BITE, EBT — X OFBIMER EE2RFEL TV
HEEMETH D, ZHHOREIL. SRR L
723 3D-SFM O FERMEZ /R T 40 7e iR &
E R

5. ERRERLF
(WFgefe . WIZesr 88 K OB TR 1T
=N

UdEssamsc) (BF 13 1)

@ J. Tracey, K. Miyazawa, P. Spijker, K.
Miyata, B. Reischl, F. F. Canova, A. L.
Rohl, T. Fukuma, A. S. Foster,
“Understanding 2D atomic resolution
imaging of the calcite surface in water by

frequency modulation atomic force
microscopy”  Nanotechnology 27 (2016)
415709, (DOI:

10. 1088/0957-4484/27/41/415709) A A .

@K. Amano, Y. Liang, K. Miyazawa, K.
Kobayashi, K. Hashimoto, K. Fukami, N.
Nishi, T. Sakka, H. Onishi, T. Fukuma,
“Number density distribution of solvent
molecules on a substrate: a transform
theory for atomic force microscopy’ ,

Phys. Chem. Chem. Phys. 23 (2016)
5534-15544 (DOI: 10.1039/c6cp00769d) A e
A

@ N. Inada, H. Asakawa, T. Kobayashi, T.
Fukuma, “Efficiency improvement in the
cantilever photothermal excitation method
using a photothermal conversion layer” ,
Beilstein J. Nanotechnol. 7 (2016) 409-417
(DOT: 10.3762/bjnano. 7. 36) A HA.

@ K. Miyazawa, N. Kobayashi, M. Watkins,
A. L. Shluger, K. Amano, T. Fukuma, “A
relationship between three—-dimensional
surface hydration structures and force
distribution measured by atomic force

microscopy’ , Nanoscale 8 (2016)
7334-7342 (DOI: 10.1039/c5nr08092d) %t
H

® T. Fukuma, B. Reischl, N. Kobayashi, P.
Spijker, F. F. Canova, K. Miyazawa, A. S.
Foster, “Mechanism of atomic force
microscopy imaging of three—dimensional
hydration structures at a solid-liquid
interface” , Phys. Rev. B, 92 (2015)
155412 (DOI:10. 1103/PhysRevB. 92. 155412)
A

® K. Miyata, K. Miyazawa, S. M. R. Akrami,
T. Fukuma, “Improvements in fundamental
performance of liquid—environment atomic
force microscopy with true atomic
resolution” , Jpn. J. Appl. Phys., 54
(2015) 08LA03 (DOT :
10. 7567/JJAP. 54. 08LA03) 2 H¢

@ K Miyazawa, H. Izumi, T.
Watanabe—-Nakayama, H. Asakawa, T. Fukuma,
“Fabrication of electron beam deposited

tip for atomic-scale atomic force
microscopy in liquid” , Nanotechnology,
26 (2015) 105707 (DOT:

10. 1088/0957-4484/26/10/105707) e

S. M. R. Akrami, K. Miyata, H. Asakawa,
T. Fukuma, “High-speed Z tip scanner with
screw cantilever holding mechanism for
atomic-resolution atomic force microscopy
in liquid” , Rev. Sci. Instrum. 85 (2014)
126106 (DOT: 10.1063/1.4904029) #wHiA.

©® S. M. R. Akrami, H. Nakayachi, T
Watanabe—nakayama, H. Asakawa, T. Fukuma,
“Significant improvements in stability
and reproducibility of atomic-scale
atomic force microscopy in liquid” ,
Nanotechnology 25 (2014) 455701 (DOI:
10. 1088/0957-4484/25/45/455701) A .

K. Amano, K. Suzuki, T. Fukuma, O.
Takatashi, H. Onishi, “The relationship
between local liquid density and force
applied on a tip of atomic force
microscope: A theoretical analysis for
simple liquids” , J. Chem. Phys. 139
(2013) 224710 (DOI: 10.1063/1. 4839775) #
HH.



@ K. Miyata, H. Asakawa, T. Fukuma,
“Real-time atomic-resolution imaging of
crystal growth process in water by phase
modulation atomic force microscopy at one
frame per second” , Appl. Phys. Lett. 103
(2013) 203104 (DOI: 10.1063/1. 4830048) ¢
HH.
@ H. Asakawa, Y. Katagiri, T. Fukuma,
“Closed Fluid Cell with Liquid-Sealing
Mechanism for Stable and Flexible
Operation of Liquid-Environment Atomic
Force Microscopy” , Jpn. J. Appl. Phys. 52
(2013) 110109 (DOT :
10. 7567/JJAP. 52. 110109) A HiH.
@ K. Miyata, S. Usho, S. Yamada, S. Furuya,

K. Yoshida, H. Asakawa, T. Fukuma,

“Separate—type scanner and wideband
high-voltage amplifier for
atomic-resolution and high-speed atomic
force microscopy” , Rev. Sci. Instrum. 84

(2013) 043705 (DOI: 10.1063/1. 4802262) 4%
T

(Fa%E&R) Gt 9 1)
O 1. Fukuma, “Development  and
Applications of Advanced Atomic Force
Microscopy Techniques for Nanoscience
Research” , The First Tufts University -
Kanazawa University Joint Symposium on

Structure and Function of Molecules

Tissues, and Organisms, 13 Dec., 2016,
Boston, USA.

@ T. Fukuma, “Calcite Dissolution
Processes  Visualized by  High-Speed
Frequency Modulation Atomic Force

Microscopy with True Atomic Resolution”
4th Kanazawa Bio—AFM Workshop 2016, 3-6
Oct., 2016, Kanazawa, Japan.

@ T. Fukuma, K. Miyata, Y. Kawagoe, K.

Miyazawa, P. Spijker and A. Foster,
“Calcite Dissolution Processes
Visualized by High-Speed Frequency

Modulation Atomic Force Microscopy with

True Atomic Resolution” , The 18th
International Conference on Crystal
Growth and Epitaxy, 7-12 Aug, 2016, Nagovya,
Japan.

@ T. Fukuma, “Recent Advancement and
Future Prospects in FM-AFM

Instrumentation for Liquid-Environment
Applications” , Japan—-Finland Research
Exchange Meeting: Experiments and Theory

of Liquid-Environment Scanning Probe
Microscopy, 28 Apr., 2016, Kanazawa,
Japan.

® T. Fukuma, H. Asakawa, K. Miyata, N.
Inada, K. Miyazawa, “Recent Developments
in Liquid-Environment frequency
modulation AFM” , Symposium Solid-Liquid
Interfaces, 1 Apr., 2016, Madrid, Spain.

® T. Fukuma, K. Miyata, “Visualizing
atomic—scale calcite dissolution
processes by high-speed frequency

force microscopy’
Atomic of nanosystems from
first-principles simulations and
microscopy experiments (AS-SIMEX 2015),
June 9-11, 2015, Helsinki, Finland /
Stockholm, Sweden.
@ T. Fukuma, “Introduction to Atomic
Force Microscopy”
Microscopy Techniques, June 8, 2015
Helsinki, Finland.
T. Fukuma, “Instrumentation and
applications of liquid-environment
FM-AFM” XXI International Summer School
“Nicolas Cabrera” 14-18, July 2014,
Madrid, Spain.
© T. Fukuma, K. Miyata, N. Kobayashi, H.
Asakawa “Improving Fundamental
Performance of Liquid-Environment
FM-AFM” 2013 MRS Fall Meeting & Exhibit,
Dec., 2013, Boston, USA.

modulation atomic
structure

Tutorial on

(HE) Gt 2 1)

D T. Fukuma, “Advanced Instrumentation
of Frequency Modulation AFM for
Subnanometer—-Scale 2D/3D Measurements at
Solid-Liquid Interfaces” , Noncontact
Atomic Force Microscopy Volume 3 (Morita,
F. J. Giessibl, E. Meyer, Eds.), Chap. 20,
pp. 435-460, Springer, 2015

@ T Fukuma, “Atomic—Resolution
Frequency Modulation” Fundamentals of
Picoscience (K. D. Sattler Ed.), Chap. 13,
pp. 237-252, CRC Press, 2013

(PEZERT EEME)
OmiiRdt Gt 2 )

B R R ) SRR
TR - tEER s, e
FERIFE « ESLRFE NI R
THEH « RREF

%5 ¢ FFE 2015-169504
HFESEA B - Sk 2748 A 28 H
EWNA DR - [EHN

AR AT T o — T MBI T LR —
K OGERR 7 10— 7 BEMEE

A - R)IHE, @R, ROR
MR« BN RFIENEBIRKEF
THEH ¢ BREF

&5 HiE 2014-031312

HEEAEA B - PRk 26 422 A 21 H
EWNA DR - [EHN

(Z Dfth)
R B s



http://fukuma. w3. kanazawa—u. ac. jp/

6. WFITALAR
R
wE ORIt (FUKUMA, Takeshi)
SRR - BETARZENE - #idz
MEEHFEZT: 90452094


http://fukuma.w3.kanazawa-u.ac.jp/

