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An Improved AFM Dynamic Imaging Method Based on Data Fusion of
Neighboring Point Set
DONG Xiao-Kun* FANG Yong-Chun* ZHANG Yu-Dong'
Abstract The atomic force microscopy (AFM) is an important tool in the field of nanotechnology and nanomanipulation.

Based on the filtering and data fusion methods, this paper proposes an innovative imaging method to enhance the imaging
precision of AFM along the Z direction. Specifically, this article first introduces the common imaging method utilized
by commercial AFMs, then presents an improved dynamic imaging method based on data fusion of neighboring point
set to deal with the large imaging error along the Z direction due to the AFM nonlinear characteristics when scanning
a highly coarse surface or scanning with a high speed. Finally, some simulation and experimental results are included to

demonstrate the superior performance of the proposed imaging method.
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Fig.1 Signal flow chart of the AFM imaging system



216 H | 1k

F {1

374

Hoh, H Jy Hamaker H4, R AHREHEHIH T ZF
12, ag MImFEEE, E* 85 FIRE i 5] 04 R0
PR, HERET AT S A BOS R g . 1 2 iy
(¥ 7) - PR e ith 2.

) ()I.] 0.l2 Ol.3 0.4 ()l.5 016 0l.7 0.8
B /nm
Bl 2 JET DMT R - B ik
Fig.2 Force-distance curve based on DMT model

FEFA TR BRI, Z 7 ) b fR) AT PR o R 22
BN, BRI, g - PR e (K AR e VR Y T e Ak
BT IR SE AR AN 25 3 H B Tn AR B i T B A
KA, W\U%Fiiﬁiﬁﬁﬁf“%ﬂiﬁ% LN 77 - B
2R K AR R 23 P FE R 2 MR BT IR RS S

2 BUHRIEISRIG L
2.1 BISH&ETE

BN BT GEARAE AR R % 18 T I HLd
i Z J5 i EEERER B AR

£ AFM SR G as B, 55T - FE b R Gopt
MWK (2), HFHAEIRMARL IR R, HE, #£
PR 0 7 2R, R R 22 B, RE f
L EREHEH IR TRl K ER B AT R 2, DA R AR 2k
T f(d) FEVPHTALE do ARIEAT LR PEAL, FRIL LA N
FEFH LR R, B RS R TR ) - B il A
[do — Ad, do + Ad] IX RTE BN LPERR. L
& RGO R e T, ORI O L
+ kHz )L kHz, ATl begIRas. 104 St
IR, SEOCAGTTI 25 P mig B JRE A AR, L LA A AR
Hﬁiﬁ?, BN RFIE T L2, DS A 23 A 0 R 3

LA T REAT AP, PRAT A8 2 H A A
FIRMR— B JLH Hz 2)JLT Haz,

HT S 36 70 AT T R, P R A A D R N R B
- AT R GEIN N AR 22, Bt LU R BRAT
s 20 A PR A i A i R AR 1 2 LA T
Fs A T AR I I ) AT ) T Bl AR

TEXT R G R AT Ze A (R Bkl 2 b, T U
iy EEAG 3 26 1K) AFM JF 38 28 A R KA AL 43 #7145 2]
J FL T i 5 1) B AR RO R SR IR A R, AE
T AIREE A 0] R N4SID (Numerical
algorithms for subspace state space system iden-
tification) SHVEHHN A R G0 geps Al (12],

BB RGNS ER 5, Wk 7341 ) Bl

BERUEAE 5, RIS B RLG e rE A B AR PR ) R
g AR
h=k, (v— L (U(s)G(s))) (3)

Horb, Ky ABEOCK IR e A &, AT DLl gy
AbrE R, U(s) WEEHIE S w B h% hr A i,

“LC) Ay R AR . HEAS SRR A (1) H
EOAR, Bhas e J7 12 A 2 He v 3 0 8 3 A R 1k 1Y)
L= (U(s)G(s)) WA T u I

2.2 ETImESEHEMSHSRIETE

Bl o) 0 2 R AG g ¥ BT T I 1) = B ) S, AR
A (3) FETEEHIE Z 7 LshasFeE (B
P4 1), I 7 PR 4 F IR+ 0 2
T 0 BAGRG . AR, X Far e 4tk 2, DL BTk
M T2 A . it (2) &K 2 nl4n, 8
Bt - Kb T AE 05 38 0 TR) BE 2 ) A7 A0 4 ™
MIAEZR PEOC 2R, 2G4 i B I P sl 5 5 il 38 i T2 3
HRAN, S5l - d 5P E d
Z [R) P 2 8 B A 3K (3) IR 2Rtk Al i v X 1)
B, I A A 3 2 Il AR D BRI RN AR A T 7=
ERE R ZE. W SR AE = (3) BEATHE &
TESUG T, K= R B 3R 22, 1T I P 75 38 4 7
I SRR 2.

ik, BATIIRE T R T A AR B R
(St B 25 1A% T v, DT AR BRI 1 51 1 42
1 AFM 61 FF 2R B S 00 A8 RS 1. L By
Brar s, JEZRE Iy B 5 1k (1) Bt i 2 AUAN H BIAE 4
TR ZE BRI . DRI, AT DUAE 3 R ZE 3 NI
R B BAG Tk, eSS R Z 8NN, T 2400
Eﬁ£MﬁﬁT%@TW7.%JQﬁ%”ﬁNW

2 8] A R 8 s R b AT 1 A Rl A4

HT XM, FRATEAE FIEIR I g A e
S N R
)+ AE - h(k) (4)

E:V
e, h(k) R AEABAR AR (3) Mk ok
HUAL B R TESU R, h(k;) a0 s kil sk

92{u1—12 con} ok SIRTEIREE,
Hyon AR SRS RN, 0 < )\lg < 1 M43



210 TGRS LTI R R AR A ) AFM 3l &80T i 217

LK 5 L T 05K, LB A 07
U A, AR A T L P B B £ 2
0 < X < 1 IHIAS R by HOBEBERU TR AL, FLIG AL

SA =1
=1

AT AT R H A IS IR AR QLA
e NS T T

1) Q L

BN T— MR RE SO, AR I SRR
PRI PR T, P Im T S 4R Q — MBS RrAT f
HUAT T 5 2900 s AR 0 DA B TE 30 = B 1)
n .

2) A& [FTHE

AU b AUBNAS OB O 1 RS R
JLEBE a0 R BAR, NE BN S R
Error B MK, MICBEEESHRRZE RN, BEIH
AU RO B, RGEAL T 26 AL DX 1) 1) T A5 B v,
WA NS — 1 T B R ZE RO, D) B
BCRANERAR, U T BRG] A5 BERRAIG, DR Y
UFIN NE T LG 23 B I U S TR) B2 ) P ) o R
fSVERE S ESH. FF L, T - PR i 2 I AR 2 Ay
PEMIAEAE, AE EENBE Error AEZEPEAR L.

18R e L [—Ad, +Ad) A ERER - FF b 8] BE 1) 28
PEAL X )2 ALY T T [—Av, +Av] A B R 1)
WOCCHE S HE 5 AR A L e LI B an R B
AN OIR Y AT R

|Error(k)|

Mo=e Av (5)

2R, () FFa LU gk A it a B ) /24
R ZE Error(k) = 0 B, Af = 1, HEBRR
P % 1) ) A OB 7 105 34T AR i 2 4 R 2
Error(k) 2 X 1 [—Av, +Av] B, A5 2]
TEWCRF, BEIN EE5 K] 2 AN B0i R Al THRE R B3R

I3 BT T BRI S5 25 AT LS Ao i R
R, P T LA AFM RG0St o e 1)
P, BOIN AR ZERIARHEZE N o, W2 Av = 30
I, SO S I AR T (4) AT RA SN R 4 M
R A AN BT RL BRI, ¥ AE EECA

|Error(k)|

)\’5 =e 30 (6)

3) A U5
AERUIGAS (4) T, N AR K, TR SR
B h(ka) BOARLEE IS BU L, 245 1001

Lt 5 7 Ay RIS RS N 1 o JEIR] s
Moo N

> 06 )
Ao, GHAHAR s B R B T SR — A AL B, =¥
Bl S KT o 5 AHAR S R 24/ A 0 2 (A iR
o, B BRG] o (EERZN. A E SCAET A E N
(T, yr), AHEBRHILL B N HN (2, yr, ), WIAHZE A
papA: SRS E1 e S s R e A W]
1
8
e e o RN

MR L, X (4) I — DAL PEARE DE D s,
JF Hug st R BT 98 5 ARG, BRI AG
g B A DA I A PR P A A 98 TN, PR 22 B
AN L o= N T e e o S N = E S
ZERRIN, e e/, WIS sl 4R R IS EL I 1
EAC PN

JR B SRR W] XA St I B A g T
V2, AT ARARAERT: it J8) SR AR, iy T R AR
Py R R R 22, 10 HL, X BAT (R IR
PR B b Uik, A e R B RRAR T 4
TR U B 7 SR T B T )5
3 MERERERSSH
3.1 (mEZRS55H

9T DA ST 5 4 10 28 I e S Kl il
¥ ik 2h A AR ik, BATTE Soxt kAT T 4 30
W, D7 ECN R BAT 2 R T Matlab/Simulink
()57 0 B BoP S U8 O T S A Pk L
SRR IR AT, U5 N ) BRI B a
B O BORBURE i RS e L R R A O, 1 =
FHEH RN 20 nm, AFM #5545 E
5 Hz, fi ¥ KN 0.25 ps, TEU7 B oo
RABHE ST 2.5 % HIBEHLME . IRIT R4 Q B
N AT PP R LA T R A

Bl 3~ &5 Zpoalad sk 1M ATER TR . W A e A
HIEBOCHIE S0 07 U8 BT 5 R R R i 1 550 Hh 2.
PR xFLE, BATTRNIN R SRS Bk Bk sh
G BANA ST th (I etk sh & g iE R &
JRIEFIN L. b, At ) 4o A TR A iR 2 53X
(1) F2UM B i, a0 2e A I 32 it 22 X
(3) F3EUR B £k, 1M 8 (S 2 O dt I (R 3 &Rk
B (4) MR .

MR DU e BRI S, =R BT VAR
P RE P A3 BUFRAT: S 300 it 2 (1 65 B v BE L 0
20 nm, 5 H SR EREAAHAT.

(1A (7)

Q; =



218 H | 19 % 1 3T %
20 . BT HoAw 22 i P F, i Ag w22 AR & K. B 4
T ATk FE 5 RS2 G T A2 7742 K4 31 nm (I3
- — W E RS G Tk

A nm

0 0.5 1 15 2 2.5 3 35 4
(Ut x 10°
(F: BRI RE S AT R)
(Note: The dashed line is almost coincident with the solid line.)
K3 BRI 07 B0 i it Zeoxt L
Fig.3 The simulation imaging curves’ comparison for

trapezoid grating

50
40+
30F
£ 20f
E
R ' N
E&J\
‘\:)\:\ 0 \'\ 1
-10F :
S ARG T
=200 e AT
. . . ’ D&ﬁ)ﬁﬁ@ﬁ]@iﬁﬂ%{ﬁ b2
30005 1 1.5 2 2.5 3 3.5 4
{1 x 10°

P4 oA MR 47 RS e Xo) Bl
Fig.4 The simulation imaging curves’ comparison for

sawtooth grating

B 4 PR ADCHI I N B AR 2GR, B =k
IR AT AR RS i B TR S AR 3 BE T
P i) BN BRATAL, SR A G R BT AT LR B 3
o B ) AR AL AR, eI b T % 8 T L A
IEhAFeE, ViR ARR ek (K 3 haklgk) &=
BUHZ0 2nm FR, T e s AR TR Y
ARG Tk (B3 TR 4) Acdt )5 i shas g s
(B3 rhsicgk), B sl 1k i e 2. (H2
RE R TE AR A GRS GO () 4 &L 5 A
ETHRAL), TS R SR AR A, AR PR R A
(I BE ARG Y T ) - B DR AR R PR IX 1], [A]
Wl 1B A& g s ik (1 4 M 5 iEgk) (X 4A

AR 2, T A ST 4 H 1 0t B 25 G v R
AT R R IR G TR AR 22 10 7 AR DT B S M v T
FES TGRS B (B 4 N 5 Hrsicgk). 2w X/
i BE A BV T S VAR DA 2, DG T T SR
Ui, S RTERAS G T A S Y E L 57 nm, 3))
ABAB T 51 am, TSt 5 130 BUAE TT1E
{1574 20 nm.

50
1
40 |
= AR
30 - ETTTTIITT ij]?{gﬁi,f%j‘j—&
c — S RE S RGOT
£ 201
i
f:% 10k e o\ -~
l;g
0-
S 7 e 7
_20 1 1 1 1 1 1 1
0 05 1 15 2 25 3 35 4

(UEEE x 10°
Bl 5 FTEGHIE 07 0% it 2 He
Fig.5 The simulation imaging curves’ comparison for

rectangular grating

MK LA LA R T LU, AR SCHTde i) it
BN AR IR R F AR T T 0 - BE R AR
TR AR IR E .

32 KWHERSH

h T M2 B R AR SO BT I St B A A5 7
Bt vERe, AT AFM 24868 S bR bt i gk AT 7
AN () R AT S . S0 5 Ok AS R A
(1) CSPM4000 F 41, {H I3 0 85 2 A FF ), Bt
T A A S . ik, BATAA TR T
—ANEET PC ) RTLinux SEREEEG, fah) & 1)
50 pstl.

FIRG I RE 5 O — 4R Y TGZ02 (& W&
BEN 84nm + 1.5nm, pmasch 2], Z¥WJER),
WE AR B A 5Hz A 10Hz, HEHE N
12000nm x 12000 nm. K13 i 75 21 1K) £ 2>
Sl ) T 1 R A AR ik, Gk S I 3h 2 g
TiEA R EG (g A A XS5 S0 R
SHAMIA), 13RI RE 6 ~ B9 Fis. fEkig
I, BT IGLT 4R Q R M F R AT AT AN 1
LA i 81 (R I A5



zhk
线条

zhk
线条


24 IS R T IR AR AR (K AFM B8 1% 219

1 ]
whop b
.'-! ,I [ !"l H
50 iua i
i
H
it :
o i
8 50 &
SN I H
- ; :
-100F i ; ? i
—rm—ee s 0T
-150F ] e HAMIGTT
. - IS I  Bh A GO
0 500 1000 1500 2000

6 JCHIE 5 Hz SRHEE N (K 8cf% th Zoxt b

Fig.6 Grating imaging curves’ comparison with 5 Hz

scanning speed

261.25

=209

156.75

104.5

52.25

0

K7 £ 5Hz FIEE R RGBS LEIE ((a) S
B BUR TR BINES; (b) RS SRR AR
HABTEER) (ZF 7 ¥ h B AR, B4 nm)
Fig.7 Comparing images of grating topography with
5Hz scanning speed ((a) The topography using improved
dynamic imaging method; (b) The topography using
traditional static imaging method) (The scanning

directions are from left to right and the unit is nm.)

Kl 6 i 8 2rolidsx T4 5Hz #1 10 Hz 4
P B O —AT B S R 2 B, I K
B RRIZ RS AR A 3 (1) 1521 R it £k,
BE LA KBS BUE A (3) 1521 HhZk, Mk

S22 AT AS SO BT I B sh & g~ X (4)
TR 2. AR Bl 2 b m] AR 21055 5 UEE R
LA G518 A AR SCHE 1) SRt 118 7 VA A3 21K B
PUMEE, FERF it B 305 A8 AR 1) R 1) 0 22 75 2 17 W)
F, DR P 5 B T S KD I 30 i 2.

H . ¢ i
0of 2 H : fi
I’ S
s0F i i i
| !
E o . :
2 I i P
ol w0t
B i 4 i ¥
—100f B i i i
i i H !
1)
~150 | = WS G
.......... f‘j?ﬁ%ﬁi{%ﬁ%
o0 , —— W A RO
0 200 400 600 800 1000

K8 JGHMIE 10 Hz F13 B T ) i th 2 be
Fig.8 Grating imaging curves’ comparison with 10 Hz

scanning speed

R 1 G TR AT IEAE A R R
JRAG I G £ i f - 2 e B AR TR s W LU
SO A AR T VR T R G RRE - BRI AR
I RZ 51 g e 22 80K, IF B a b e 2=
It A 1 82 ) b i B 2 1K T et i R T
B S A 1 AR B O 22, THEAT B B B
ECIE Sl

K1 RFEFIHREE NG RAR & B2 v
Table 1 The average step heights of grating images at

different scanning speeds

HRER WS ITE STk SOl RIS IRk

(Hz) (nm) (nm) (nm)
5 220.24 139.31 81.94
10 242.13 179.01 93.79

7 MK 9 35k 5Hz A1 10 Hz fo33 40 i
T, B AR B AT S TS B S L
. b, B 7 (b) ARG A% T 1 BT AR B e A
%, B 7 (a) JR ARSIt o vk g 2
e AR 1 R g EdE s, mIE 7 (b) it
SO BB R 220.24 nm (R B 22), W)
DA HAE FBkwT 2R S B e B I 45 4L, i AE & B
T Bk e T S AR IR PR O 4 L. T A et s 1
ARG T EERINE T (a), EREmgi-FiE
FEA 81.94nm, EJ6HE & B BEAR AL JLT- B A H e



220 H | k.

F {1

374

SR ATGHE FRORE U 25 60, B 45 DMl R b ok v J5E T B S5
3.

EIR S A RARW], AT 1 o B A g
D75, T DAL Hb Ak P DA AR 4 A AR e M e P T A T
FUTEAZ G 7 A (R R i 2=, AN T R A 5 #EAf (1 B
LY 278

250.617

200.494

(a)

150.37

100.247

(®)

50.1234

0

9 7t 10 Hz HG3E T ROGHDE S ELE ((a) FHSER)
PG ERBINIES; (b) FESES G T iEAR 2
BARTES) (BT 1000 A 222147, AL nm)
Fig.9 Comparing images of grating topography with
10 Hz scanning speed ((a) The topography using improved
dynamic imaging method; (b) The topography using
traditional static imaging method) (The scanning

directions are from left to right and the unit is nm.)

BEAh, XFELIE 7. B9 AT Y, iR
5Hz INRE] 10 Hz I, Fr43 20 A4 40 B A LB R
R 4L, IF H A 2SI BHSS. X2l T
I S B R, A IS A AE X B DAy
) BB UL B, Wi siEHME1E Z J5
) BB H LT R A A 25 0. ifuox o 8 45 it £k
(e 8 BroR ), WIZRBL A thasdi 55 1K) /Mg sy, 1%
FE R LRI T B w22, B, fERER IF
FUHR, S REAME T ) BB AE DT ) B Bh A
R, WUIAS SO $8 R et i) s 2 1185, A i
T AR A5 B 2D Pt

4 #ig

AL X T 0 AT AE TR AL S O R
WRZER A IR, $ YT — ol 3 I 3 o 4 e i 5
Ky ek Bl A& AR Jrik, 1% 07 IR RE AR P TR R ZE X R
GEAR L A 38 P 5 S 1) 8 284 A 280 1) B A o
B Je 73 R T BRI A 65 1A 05 B AN
FHA S B e 10 S 36 45 2RO I 5 T3 12 R PR e
AT THE. 0 5L S 5 R AR AEAR ] RS 4
PER, ASCpTR K Sk sh A BT i, REE AT RO
] e ISR AR AR GE AR LA DA 32 51 ) 3 i B
ARSNE, ARAT (41 41 P 5 0 B 0 I S 2t S R i
INPRIZVIZ 7N

References

1 Binnig G, Quate C, Gerber C. Atomic force microscopy.
Physical Review Letters, 1986, 56(9): 930—933

2 Xi N, Fung C K M, Yang R G, Seiffert-Sinha K, Lai K
W C, Sinha A A. Bionanomanipulation using atomic force
microscopy. IEEE Nanotechnology Magazine, 2010, 4(1):
9—-12

3 Bai Chun-Li, Tian Fang, Luo Ke. Scanning Force Mi-
croscopy. Beijing: Science Press, 2000

(P4l W7, 250, A BReR. JEat B difret, 2000)

4 Yao Nan, Wang Zhong-Lin. Handbook of Microscopy for
Nanotechnology. Beijing: Tsinghua University Press, 2006
(Wehl, Erpak. GUREAR PR ZRCE TN, Jeat: A AL,
2006)

5 Peng Chang-Sheng, Song Shao-Xian, Gu Qing-Bao. Scan-
ning Probe Microscopy Principles and Applications. Beijing:
Chemical Industry Press, 2007
(B, Rb5E, BIRE. HHRE BB 5N, bt fb
2 Tk R, 2007)

6 Salapaka S M, De T, Sebastian A. A robust control based
solution to the sample-profile estimation problem in fast
atomic force microscopy. International Journal of Robust
and Nonlinear Control, 2005, 15(16): 821—837

7 Shiraishi T, Fujimoto H. Proposal of surface topography ob-
server considering Z-scanner for high-speed AFM. In: Pro-
ceedings of the American Control Conference. Baltimore,
USA: IEEE, 2010. 2754—2759

8 Sebastian A, Sahoo D R, Salapaka M V. An observer based
sample detection scheme for atomic force microscopy. In:
Proceedings of the 42nd IEEE Conference on Decision and
Control. Maui, USA: IEEE, 2003. 2132—2137

9 Dong Xiao-Kun, Fang Yong-Chun, Zhou Xian-Wei, Zhang
Yu-Dong. An AFM imaging method based on analysis of
piezo-scanner’s dynamic characteristic. Chinese High Tech-
nology Letters, 2008, 18(1): 54—58
(el 4L, JARES, KEAR. JF R S AR T
AFM BA&TT R, mBRE I, 2008, 18(1): 54—58)

10 Schitter G, Stemmer A. Model-based signal conditioning for
high-speed atomic force and friction force microscopy. Mi-
croelectronic Engineering, 2003, 67—68: 938—944

11 Schitter G, Allgower F, Stemmer A. A new control strat-
egy for high-speed atomic force microscopy. Nanotechnol-
ogy, 2004, 15(1): 108—114



210 TGRS LTI R R AR A ) AFM 3l &80T i 221

12 Zhou X W, Fang Y C, Dong X K, Zhang Y D. System model-
ing of an AFM system in Z-axis. In: Proceedings of the 7th
IEEE Conference on Nanotechnology. Hong Kong, China:
IEEE, 2007. 96—99

13 Zhang Yu-Dong, Gao Jin-Sheng, Zhou Xian-Wei, Fang
Yong-Chun. Design and implementation of atomic force mi-
croscope simulation platform. Journal of System Simulation,
2009, 21(6): 1548—1552
(RER, mas, FUNES, JrBa. Ji7 ) SMEUi BOF G S
S R AR, 2009, 21(6): 1548—1552)

14 Zhou Xian-Wei, Fang Yong-Chun, Dong Xiao-Kun, Zhang
Yu-Dong. Real-time feedback control system for AFM based
on RTLinux. Computer Engineering, 2008, 34(15): 226—230
(JRURER, J7H 4k, #Epehh, 3k 4R, 2T RTLinux ) AFM S
R RS, WHEHLTRE, 2008, 34(15): 226—230)

BRI FIT Rl N SE R Aitk
W £ T 904, 2005 EFRAEREK

s = 2 BTkt 47, 2008 3RS

TR RIS R TR L2

. fr. EEWFFUIT ) TR ) B

~ I ELE S W e RTA T SN Y £
“ A, AL R,

E-mail: dongxk@robot.nankai.edu.cn

(DONG Xiao-Kun Ph.D. candidate at the Institute

of Robotics and Automatic Information System (IRAIS),

Nankai University. He received his bachelor degree in au-

tomation from Tianjin University in 2005, and received

his master degree in control theory and control engineer-
ing from Nankai University in 2008. His research interest

covers atomic force microscope based micro/nano control
system, AFM imaging method, and nonlinear control.)

FEAE MRS AL EE A
WEC T B0, LT ) A AF L itk 42
v il Alas AALBE A e, A5 4245 R 9K 5)
N = RGN, ARSOBEEH.
U T E-mail: yfang@robot.nankai.edu.cn
(FANG Yong-Chun  Professor at
the Institute of Robotics and Au-
tomatic Information System (IRAIS),
Nankai University. His research interest covers nonlinear
control, visual servoing, and control of underactuated sys-
tems including overhead cranes. Corresponding author of

this paper.)

KEFR BMITARENSEALSER Az
WEFCHT I L. 2006 4F3R A3 R TTK
AN TR A R
3100 A T 1 0 S OB R e oK o
ARG, 2 2, ARk
E-mail: zhangyd@robot.nankai.edu.cn
22X (ZHANG Yu-Dong Ph.D candi-
date at the Institute of Robotics and
Automatic Information System (IRAIS), Nankai Univer-
sity. He received his bachelor degree in automation from

Nankai University in 2006. His research interest covers
atomic force microscope based micro/nano control system,
learning control, and nonlinear control.)



