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Abstract] The qualty ofatomic force microsope @ Fil ) data
strongly dependson san and contioler param eters. D ata artificts
@an result from poor dynam ic response of the instrum ent. In order
1 achieve relabE cata, dynam ic interactionsbetveen AFIl com po-
nents need to be well understood and controlled - In this paperwe
presenta smmary ofourwork in thisdrection - I'tinclidesm od-
ek Drthe probesam pk interaction, sanner hteraland bngitudinal
dynam ics sanner creep, and canti everdynam ics. T he m odelkwere
used to study the eRect of san param eterson the system dynamics.
Simuhtion resulisrboth frequency regponse and im aging were pre-
ented - EXxperim ental resulswere given supporting the smubtions
and dem onstrating the com petence ofthem odes. T he resuliswithin
will be used 1 devebp aborithm s that albv autom ated choice of
key sysem param eters guaranteeing relabk and artifictfiee cata
Prany gven operating condtion &m pk, canti ever; environm ent).
( onsequentdly, eqoanding theAFll  capabiFtiesand pem iting itsuse
in a wider range ofapplcations.
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I . Introduction

T he invention ofscanning prole m icrosopy GPI ), and
AFll in particubr, hasgreatly contributed to advancing
ressarth in nano-<cience and technobgy o itscunent sate
oftheart_T he siccessofAFIll  asa toolin nano-dences
fesin itsab ity to provide controlied nano-Evel Porce or
dgoboem ent._ E>am pksinclide nano<sa k sudesofpbs
tic defom ation, m icrostructures and fiiction [. 0 ther
applcations require surfce topography inform ation of a
sm pk, eg.micro-Bbrication, and nano-cefects.

Poor dynam ic interactions betveen AFIl com ponents
an resultin conmuptingA Fll- data, [, andprodudng cata
artificts. In orderto achieve the best possble perform ance
one needs to underdtand these dynamic interactions. In
thissope, there hasbeen <om e wokk in the Iterature on
cevebping m odelks that decribe the dynam icsofan AF I
aanti bverduring intem ittentm oce operation, [3]- T hese
mocek bcuson probe-sam pk interaction at a sngke b-
ction on the sm pk surbce. D ue to the by sanning
goeedsof thism ode, these m ocelsdo not acoount rthe
eRect of sanning goeed norxannerdynam ics. T herebre,
thee m oceks &l © capture the overall dynam icsand are
not siitabk oranalyzing contact:m ocke operation, where
san gpeed, sannerdynam ics fiiction, and contiol system
all need to be consdered.

T hispaperpresntsa summ ary of resarch eRort tovard
addressng these challkengesin AFIl technobgy. In sc-
tion |1, som e background on AFll  isgiven. Section 111,
ebhborateson the m otivation or thiswork. || ocels Br
probe-sam pk interactions sanner bteral and bngitudi-
nal dynam ics sannercregp, and canti everdynam icsare
preented in section 1V _ Sourcesofnoise and dsturances
are abo dsused. B oth exqoerim ental and smubtion re-
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Fig-1. Schematicdiagram ofAFll main com ponents.

siltsare presented and discussed in section V - Summ ary
and concluding rem arksare given in section V | -

Il . Atomic Force Ml icroscope

AnAFl ,Fig-1, hasthree m ain com ponents nam ely, a
sanner, a antikeverwith a sharp probe , and a canti bver
de®ection nroom prised ofa hersource anda postion
snstive dode (PSD )-T he sanner; typically a pezoekc-
tric tube, provides three-dim ensonalm otion between the
probe and a sm pk.- Infom ation on sm pk topography
or bcal propertiesisobtained based on probe-sam pE in-
teractions. ( ne of the main operating modesofAFll is
contact moce. In thism oce, the probe presesagainst a
sm pk, eerting a vertial ©roe proportional to the can-
ti ever ce®ection - T he probe isthen dragged against the
<sam pk abng each san Inein a mdgerfishion. T he sbpe
atthe canti bverfiee-endism easuredand fed badk D uring
sanning, a contlol sygem isused to m aintain a congdant
dbpe, by adpuding the vertical dgpbkcem ent of the san-
ner-( hangesin the piezo ce®ection are therebore, rehted
to changesin the sm pk topogrphy- T hismoce isthe
sope of thispaper-

I11_.M otivation

A ocommerdal AFIl wasused to san a Siloon al-
bration geps. The AFIl wasun under Pl control. A
Silcon Nitrice cantibver was used with a resonant fie-
quency of 13 kKH z and di®ness of O2 N =m . San re-
sultsdem ongrate the high senstivity of colcted im ages
o san and contolkerpaam eters K  and K 3)- ¢ om par-
ing Fig. 2@ (2Im=sKp, = K;j= 2DWFig- 2@©)
& Im=sK = K= 20, m e ofthe eRectsof sanning
gpeedand controlergainson theim agecan be seen _H igher
gainsresilk in o Iktionsasthe canti bverllsabng the
right ecge ofthe Sep, with peaksprolably indicating m o-
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Fig-3- AFIl images: 180'm=s (@) nominal contact ree, ©)
sn aller ontact oroe.

m entary bssofoontact between the probe and the sim pk.
W hike the sharp peak on the Eft edge of the gep, Fig. 2
®), can be attributed to a high san speed com pared t©
cb=d bop bandvidth . T he highergainsim prove tracking,
asthe shamp Eft edge of the dep is resolved m ore acau-
rtel. Figures3 @) and (b)) were generated with a san
goeed of 180m =s using the sm e contolkergains. T he
oontact oree stpoint BrF ig-3 @) isst to the manufac-
turersrecon m encedvalue, whikFig-3 (©)a sn alkerorce
wasused.( hoosing a sn all contact oree sstpoint reduces
oontact deform ation and friction, hovever; it reducessa-
kb ity of the contact. A sseen fiom Fig. 3 (©), theimage
generated with a sn all contact orce hasenoneocusheight
infom ation, due t© bssofcontact between the probe and
the =am pke.

Ithasbeen shown that san and contiol param etersdia-
matically inpact AFll dynamics. Asa result, image ar
tifict may resilkk because of poor dynamics. In orcer to
elm inate thex typesofarifacts we need to understand
the dynam ic interactionsbetw een d®erent com ponentsof
the AFll _T hisisthe objective of thiswork -

IV _System M odel

W e have reported m oceks deribing the dynam ics of
AFIl in M), B]-1tincudesprobe-sam pEinteraction foroes
m ocelks Por the piezoekctiic <anner bngitudnal and bt
eral dynam icsand coupling betveen than , and canti ever
°exural dynam ics. Sourcesofnoise and dsturanceswere
albo dsused. In thissection, the m ocelswill be brie®y
preented and dssussed.-

A _ Prole=am pk | nteraction

A 1 In-ocontactll ocelzV ertical Forces

T hiscontact m echanicsm ockl [6], issuitabk orAFI
operation in airorothermeda where acheson/capi lhry
Proesare dominant. |1t desribes the acheson/capi by
oontact of tvo ebdic goheres. A non-dm ensonal tans-
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Fig-4. Schem atic of probe-s=am plke contact.

tion param eter _, wasde nedas

R
=3 3
- = oG =)

wherg, ¥, isthe theoretical stvength of the acheson junc-
tion, R isthe reduced rrdiusofthe soheres w isthe D upi§
work ofadhegon, andE * isthe com bined ebhstic m oduLis
ofthe goheres. T histranstion param eteraan be vieved as
the ratio ofebdic defom ation 1o the eRective range over
which surface Preesact.From @), itolbyvsthat brgeval
uesr _ would conegoond to com plant (a1 allE ©), brge
goheresQ ), and sn allacheson @v) contacts where snall
valiesare Br4i® snall gohereswith high acheson. T he
m ockel can be used t© predict contact Bree F o, contact
deom ation %, and contact radiusa -

T hem odeliscom posed ofthree nonineara bebraic equa-
tion that can be eqaresed in non-dm engonal om as

@D

+ = 3% ﬂlom2 1
Fan = 3 ijz[ m2j 1+m3sc 1)) (%)
1= i Deeci @)+ 2 A+

%8P e ds 1) i m + )

where, m = £ asin Fig. 4 cisthe radusoverwhich sur
ﬁoef)roeare preent. T heuse ofsich continuum m ocelksto
desciibe nano-contactshashbeen supported by m any exqer-
im ents_ T he bvelatwhich continuum m odelsbreak-down
isnotallckar[/]-

A 2 In-contact!l ocelzl ateralForoes

A sthe probe isdragged against the am pkE whiein con-
tact, a frictional shear Pree devebps. A t nano-kvel con-
tacts exqoerm entshave revea ked the dependence offiiction
Prce on contact area, [A- Forourpurposs we are inter-
ededin sm ukbting the eRect of iding fiiction force on the
canti bver dynam icsduring sanning. A sa st orcerap-
proxim ation, wewillasaim e that the ingantaneousfiiction
Pree isdrectly proportional to the ingantanecuscontact
area (>a9). T hism odel doesnot consgderany expldtde-
pendence of fiiction on sanning gpeed. A Ithough contact
m ocelkw ere originally devebped ratic badng, ithas
been shown in [, that it hokdsunder diding condtions
with not very high diding speeds. | hen the probe and
<sam pk are out of contact the fiiction Pree isst to zero .-
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Fig-5. ( rosssection ofan ecoentric piezoekectric tube.

A 30 utofoontactll ockl:zV ertical F orces

W hen the probe and sam pk are notin contact, van der
I aals Proes betveen two goheresare assim ed © be the
dom inant interaction -

A 4 Pointof( ontact

At the Imit of bssof contact, the contact mdusa !
Q Subdituting thisinto egn. @), gives the orce and
sartion atthat Imit. T hisisusd to im pose continuity
on the Porce betwveen m oceblsof sctions|V A dlandIV A 3

B _Sannerl ateralD ynamics

Thereare twvomain desgnsrAFll _In one cesgn, the
antibveris »ed and a sm pk isphoed on the sanner
which m ovesit rektive to the cantiever. T hisdesgn, gen-
erally, Imitsthemaximum sze and weight ofthe sim pk.
In the second design, Fig- 1, the cantibverisattached o
the sannerthat m ovesit rehtive © a dationary sm pk.-
In thispaperthe m ocel presented isforthe second, m ore
popubrdesgn -

T he sannerisa thin-walked piezoekctiic tube that has
Turekctiodesofequal ssgn entson itsoutersuree, and
ethera sngk orburekctioce on itsinnersurice. A pply-
ing a voltage V2, 0 itsinnerekctioce®) resiltsin exten-
gson motion, (n the Z-axi9-Il otion in theX orY axsis
typically generated by subjecting two opposte ekctiodes
1 two vollage sgnals (x, Vx, dand @y, Vy, ) with the
sm em agnitude butare out of phae.

In [8, Gl a model oran ideal uncoupked tube sanner
waspresnted. D ue to inevitabk m achining tokerance, ec-
centridty isalvayspresentin the tube. Typically, a m ax-
imum of50m fPra 127nm dametertube, [1g- T his
saningly snall ecoentricity isin fict sgni cant as the
aanti bverce®ection nrhasA ngsion m s reobition -
Them ocelisbased on two eccentriccylinders Fig. 5 with
eccentiidty . and %, from the geom etric centeroftheouter
coylnder; 0 o-The twbe is xed at one end and fiee at the
other. A antibverhoberofmassm 4, isatiached © its
fiee end. The m ocelisbased on eken entary bending the-
ory Prthinwalled members. The main assum ptionsare
s alldefom ationsand angkes knearebsticm aterall and

negligibke eRects of rotary inertia and shear deform ation -
8 ebw, egn - @), givesthe transerfunction between thein-
putvoliagesand the bteraldgobcem enty; ;@ = 12, Br
¥ num berofim odes. E quations(@), and G) give the output
equationsordsphcem entsin the X andY -directions X,
andyp, resoectively_T he ssannerSfiee end otations( e-
sbpes)aboutX andY -axes P and |y, respectively, are
given in egn @) and ()-

X e Vo, T i Vg + % Vye + %y, Vy, + %RV

Y%= - P+ B, iy, St !%j
(€©))
% = as@uri snwuz D
Yo = sSnEwus+ osi)uz ®
e = S 2o E ©
hy = W 2w e ©

( -SannerlLongtudnalD ynamics

T he detai ofthe m ocklare given in [11]-T hem ain as
am ptionsare sm i hrto thos ofsction IV 4 .T he tans
r function between input voltages and dspbcan ent of
the twbeSfiee-end z,, ©rJ~ num berofm odesisgiven as

%= X 2 Ve + %o Vo + % Vye + % Vy, + Ve
[ 12
1 S+ By, Vi, s+ e

()

D _Sanner( reep

T he regoon<e ofa piezoekctiicactuatorto a rpidcange
in input voltage, Fig. 6, conggsoftwo main parts. T he
initial part of the regoons ocoursovera time sak dc-
tated by the m echanical reonance of the actuator- T his
is©lbved by a sbw cregping regoonse ocouting over 102
of sondsand am ounting t asm uch as206 of the total
regoon<e. T he rte and am ount of cregp strongly depend
on the piezoekctric m atera k- E >perm ental fiequency re-
goon<e of plezoekctric actuatorsdphysvery Itttk vara-
tion in phase at by fiequency betwveen input voltage and
dgpobcam ent.( n the otherhand, a dight cecreaein gain
isob=rved with increasng frequency - I tispossbE o sm -
ubte creep behaviorusng a suiabE L T1 m ocel- T he el
ative degree isnum berofpokesm inusthe num berofzeros
of the transer function - T he trangler function between
the input voltage and actuator dgplkcan ent hould have
a rehtive degree zero at freguendesm uch bverthan the
actuators resonance fiequency.- T hism ocel asaim esthat
the ratio between the am ount of creep and the st san-
nerdsphcan ent isindependent ofinput am pitude- T he
asam ption will be experm entally tested.

E _C anttbverF burlD ynamics

T hisdynam icm ocelrthe canti everm otion neglectsef
Ectsof heardefom ation and rotary inertia, and isbased
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Fig-6.- E>perim ental creep regponse.

on ekm entary bending theory. T he cantilever sbpe @n-
gk), zZ2ism easured rektive o itskase m otion, z,(®-T he
boundhry condtionsare taken aszero de®ection and sbpe
rehtive o the ba at the xed end, and zero m om entand
dear Drce at the fieeend. Forsm pldaty, the cantibever
isasmm ed to be aligned with the X -axis. T he transer
fnction goveming the canti bvers resoon<e isgiven by,

x

m:132+ 2, s+ 1

aom S+ a1m S

z = = O

agmS+aym S
P+ B I, s+ 12
a
+ i
L+ B, 1,5+

Hy®

2 fEGzy2z) O

where, T(Z: %, 1oy Z) isthe probe-sam pk Prce, and Zs
isthe sam pk height.

F . Sen=or( utput

T he optica Fever snorm easuresthe aboblte angke of
the canti bverSfreeend.- T herePore, the PSD outputy,, ,

isgiven by,

Yeso = My i 2D a

G .Diduranas

Them alnoise ord rownian m otion contributesto a €in-
cam ental ©urce ofnoiin AFN _A tthem alequifbrium ,
the m ean value of the canti bver potential energy hasto
equal kgl , where kg = 138£ 10 ZJ=K is oklznanns
oondant, and T is the abblte ten perture in Kelin.
The mnﬁbver'SﬁeemﬂvﬂosﬂMe with a Rl S valug,

27" = Zzrs= 2 Kl whee k. isthe cantibver
di®ness and L ¢ isthe cantibver bngth - T hisexqresson
isvald Pora fiee ganding canti bver. | Fthe cantibveris
in contactwith a sm pk, the exqoresson hasto be m odi-
“ed by incliding the sim pk eRective gi®nessin k.. An-
other urce of dstlurtance is hrbad<-action. Itisdue
1o inddence of photon “ux fiom the optical snsoron the
antibver. B oth them al and badk-action noieswill be
eRectively m ockeked aszero-m ean w hite noise orce ddur
kanceswith a com ined congant intensty u(tj ¢)-
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Fig-7- Simuhktion =Q uas-gatic nom a lzed Hree=ssaration aurve.
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Feedbadk m easurem ent noie arisng fion the optical
snoran be due o shot nois, a inchm ental noise or
these =nrs in addtion t© noi fiom senorekctonics.
Shotnoi can ako be m ocdeked asw hite noise.

V _Reaults
A _Quas-satic Forre-sgmrtion ( ure

Them ocelkof=ctions|V A 1, IV -A 3were used to gen-
erte the com poste Breesgmaration curve of Fig. 7. Pa-
ram etersused o generate the aurve are given in [4]. Itis
worth noting thategn - @) can predictan indahi Ity that
hasbeen ob=erved in quas-gatic experim ents. T hisinda-
biity ooccurswhen an approaching/receding probe jum ps
in/out (@uikn/pullout points), of contact with the sm -
pk surbce conegoonding to a sudden jum pin the contact
area . T heactualpointofingahi Ity on the orce-sgaration
curve will degpend on the di®ness of the cantibver kg, as
showvn in Fig- 7- A n exqoerm ental Orcesemaation aurve
isshovn in Fig. 8 where © denotesus of edim ated ca -
bration fctors. |t fov sthe sam e characteridic produced
by the m ocklin Fig- 7, exoept that hysteressisobserved
in the penetration region asthe approach and retrlact knes
are notthe sm e.
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Fig-9. Schem atic of probe-sam pk contact.

B _ In-contactD ynamicszSim ubtions

T he probe-sm pk interaction Bree T2, 1y %) IS
a nonlinearfunction of probe-<sam pk saration, and de-
pendson geom etry, environm ent, and probe and sm pk
m aterial properties. To obtain a Inearm ocel to be usd
Pranalyss the Bree wasequanded in a Taybrsriesand
Ineartem swere retained, giving,
f@GzHy2Z) = OZt EH+ g My
+Kkeze+H & T an
ks can be congdered asa Inear eRective probe-ssam pke
oontact gi®ness. T he probe-sam pk contact can be repre-
ented shem atically asin Fig. 9 where again z,, ism ea-
sured rehbtive o z,. The contact and canti bver sti®ness
ko are represented astwo goringsin ries. T he contact
di®ness doesnot change the order of the m ocel but has
a greatim pact on the sysem Szeros. Subdituting egn &
A @) @ and @D into egn - O) and the resulting equa-
tion into egn . QO givesthe overall m ockel. T he transer
function ofinterestisbetveen V, andy,, -T hisdesiibes
theAFll Z-dynamics which wewillfocuson in thiswork -
The mocel usd in this study included four bending
m odesand wo extengon m odesorthe sanner; and one
bending m oce Por the cantibver- T he param eter vabies
used are given in [11]- T he ratio of sm pk t© cantibver
sii®ne$%, proved to bean im portantparam eter-( hanges
in thisratio have two m ain eRectson the m odel nam eby,
dhange in the ttangerfunction D¢  gain and changesin the
fiequency ofthe zerosasodated with the sannerbending
modes 381 zand 2kH z.Figure 1Q show sthe sm ubted
fiequency respon<e ofthe m ocel ord®erent ratiosofsi®-
neses. For hige rtios €9- % = 7), the zeroshave a
higher frequency than the m ode. Forsn aler mtios €g-
1- {& - 2 the fiequency ckcreaseso be bebw that of
the m ocke. T hischange in pok=zero pattemn isrekened to
aspok-zero °ippng- Il oreover; orsom e vabie Ya B,
there ispokzero cancebtion and the bending m odesare
unob=ervabk. Figure 11, presentsa pok-zero m ap of the
“rEtwom oohsbrd@erent\almsofﬁ - Asa railg as
the zerosm ove away fiom the modke, the resonance peak
appearsmore prom inent in the regoonse- Further; when

% isethertoo bige ortoo snall the D( gain reachesa

Magnitude

Phase, [degree]

-200 3
10

10°
Frequency, [Hz]

Fig-10. Sim uktion zln-contactfrequency regoonse Pordi®erent ratios

ofsam pk o cant bversli@neas% -

x10'
3 5

2500 ‘ ‘ y@m@’

@} 2000 o 0°
d 0

0 1500

1000

. Imaginary Avis
i 4
. Imaginary Axis
<n o
S o 8

s
8
=3

1500
200 °

C‘)@C
P 20 , , oy,
-1400 -1200 -1000 -800 -600 -400 -200 0 -200 -195 -190 -185 -180
Real Ads Real Ads

Ny
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m ode, @ght) zoom on 38CH z m ode-

im it contiolled by k- and ks, regoectively - Forintemm edi-
atevalies theD ( gain willdepend on both di®nessesand
changesin kg due to d®erent tpintsorinputam pltudes
willchange theD( gain, and zeros baation -

( - In-contactD ynam icszE xoerm ents

To invedigate in-contact AFIl  dynamicsand valdate
the mocek two sm pks were dhosn or exqoerm ents
nam ely, a G hssanda Polydim ethykbxane (PD Il S), sam -
pk having Y oung Sm odul ofebdicty of60and 25l Pa,
regoectively. Two d®erent cantibverswere usd. ( an-
tibverA hasan edim ated gi®nessof OBN =m and res
onance frequency of 13KH z_ ( antibver8 hasan edti-
m ated gi®ness of O44N =m and reonance frequency of
14kH z. D iRerent sstpointsand input am pitudeswere
used to sudy the eRect ofthese param eterson the dynam -
ics.

Figure 12 show s the force-dgohoem ent curve Por the
G bss sampk. The points khbekd on the pbt are the
Pree stpoints usd in the fiequency regoone exqerni-
m ents. N ote that the balsnstivity aound the sstpoints
(@nti bverde®ection persannerinputwvoltage) iss allker
Prthe higer Biree stpoint. T hissiggests reduced con-
tact di®nesspotentially due to phgic deform ation in the
contact. T he eRectsof orce stointon the dynam icsare
<en in Fig- 13. Forthe higer sstypoint, 17nN , the DC
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qain iss alkerand the 381 z bending m ode hasa sn alker
resonance peak - T he decreae in DC  gain suggest thatthe

eRective contact di®nesshasdecreased, hence, the sanner
dgoboement Fig- 9) istransn itted m ore o the snalker
di®ness; the contacts. T he sn alker resmnance peak could
e due to two reasons; the fiequency ofthe zeroai rasoda-
ated with the bendng m oce hasdsightly decreased Porthe
higer stpoint. H ence, albwving the contribution of the
bending m oce to appear kss prom inent in the regoonse.-
In addition, itcoud be a resullt of changesin the dsspa-
tive propertiesofthe contactw ith changesin the sstoint.
Itisim portant to rea lize that the bending m ode resonance
fiequency dd not change- T he contact orcesare orcersof
m agnitude sn allerthan the Proe the scannercan provice,

> 132N vs.>»> 1IN ).

T he e®ect of exdtation am plitude, i £. sm pk topogra-
phy, on the fiequency regoone isshown in Fig. 14, Br
stpoint of 14nN _ It issen that the higer the am pl-
tucke ofexdtation, the snalertheD( gain_Forthe higer
inputam pltude, m ore phdic defoim ation might ocaurin
the contact due t© the higercontact orce, which in tum
reducesthe eRective contact Sikness. A sbePre, m ore ds
phcan ent istransn itted to the sam pk, hence, redudng
theD( gain- T he more phdic defom ation there is the
s alerthe changein contact gi®ness andhenceD( gain -
T he renance peak alk® changes due to dhangesin the
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fiequency ofthe bending m ode zeroqxir.

Figure 15 show s the force-dgohoem ent curve Por the
PDI S sam pE.T he penetration region seem squite nonlin-
ear-T hisim plesthatwhatisbeing m easured by the PSD
sgnal at kastin part, isthe deform ation of the =am pk.
T he ob=vationsin Fig. 16, are thatincreasng the input
am pituce reducesthe D ( gain, the fiequency ofbending-
m ode zers and consequently increasng renance peak -
T hissuggeststhatthe contactdi®nessincreaseswith higer
am plitude, which agreeswith Fig. 15. In addition, in-
creasng sstpoint, Fig.- 17, resultsin poke-zero ®ipping or
the  r=t two bending modes. T he fiequency of the zeros
changesfion being higherto being bwerthan that ofthe
aswdated mode. T hisisin agreem ent with m odel pred-
icationsin wction V4, ¢ig- 10. Hence, contact and
canti brerdi®nessvabiesare rehtively cb<e.

T hem odelcan be furtherim proved on t inclice nonlin-
aaritiesin the contact a®ecting theD( gain and dam ping -
T hese nonlinearitiesdgpend in great part on propertiesof
the smpk. Hence, the ©im of this dgpendence isnot
knowvn. Itispossbk to account PBritin the mocdel by
generalizing the probe-sam pk Prce to inclice dssmative
tem sand retain higherordertem s. T herePre, egn - A1),
changesto e ze 2 Zn Y Moy Zs)-
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D . Sanning Simubtion vs_E qErments

The m ocelkwere usd to perom sanning smubtions
The sam pk shape usd in smukbtion isan eqoerm ental
AFll image ofcalibration geps.Figure 18 showsthe sm -
ubted im age vs. the actual sam pEe. It can be sen that
the =am pled and averaged im age generated fiom the piezo
woltage, V,, dbesnot conegoond well to the actual im -
age- T he anti bver ot Ihtionscausesit to bos contact
with the sam pk and the ham m ering action could in fct
be dam aging o the actual ssm pE- AFll image showvn in
Fig. 19isof the gdepsused in the smukbktion. T he gm -
ubtions predict the actual response well. A ko note the
oxi Ibtionsob=wrved in Fig- 19. T hee o lhtionsintio-
ducesan artifact that could be interpreted inconectly as
surface roughness.

E . Perbmanc Limitations Due © Sanner B endng
Il ok

T he coupling betveen sanner bending and extenson
modeshasa greatim pacton AFll  perform ance in everal
ways.W hen the sanneriscom m anded t m ove up/cown,
there isa dight bending m otion that getsdetected by the
PSD _T hesanneristypically calbrated by im aging a stan-
dard ofknow n height usially in the 130nm range.-D uring
imaging, the PSD sgnal will change due to the sm pk
topography aswellasto bending ofthe actuator. Im agin-
ing a sm pk ofa d®erent height will resultin a dightly
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Fig.19. AFl

deerent albration fictor; even ifthe nonlnearity of the
sannerwasnota concem . T he change in calibration due
o sannerbending istypally bEssthan 1% -
Sannerextenson m ock istypically around 4to 8kH z.
T he required feedoadk bandvidth during scanning can be
edim ated based on san rate and im age reolution (um -
ber of cata points per <an Ine). Fora san rmte of
2H z and a reoblution of 512 the bandvidth would be
2£ 2£ 512=1aW= 248kH z. H ence, the bending res
onance at 380H zwoud be wellwithin the fedbadk band-
width . Tuning the contiolergainsto achieve a high lband-
width would resulitin osd lhtionsin theim age- T hiscan be
<en in Fig.- 2) where osd Ihtionsdue 1o the 381 zm ode
isob=rved in an expermental AFN  image- Increasng
Pree stoint tendsto m ake the bending m ode kssolbeiv-
abk by m oving the zeroscb<erto that poks.H avever; the
high contact oroe m ay cause cam age to the sm pk and/or
redulice im age rembtion _A liematively, the bandvidth can
be reduced abng with scan goeed. T hisresultsin a bnger
san tim em aking scannercregpm ore observabk in theim -
age- Further, snce the bendingm ock isthe cbsestm oce t©
the j! axis Fig- 11, ithasa greateRecton the rohustness
ofthe edmdk sydem - Poke-ze1o °ipang can caus cbsed
bop poksto crossthe J! axiscausng feedoadk indahi Ity -

F .C reegp( om penstion

A 3rdorckerl Tl  kerwasusd to com pensite orcreep
in the AFNl piezoekctric scanner; [12]. T he perform ance
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ofthe Merwasteded, eg. Fig. 21, by im aging 530and
1500nm deps. il ith com pensition, the creegp regoonewas
reduced to 26% with com pensation ©rim agestaken over
667 minutes. ( om pensation dd not degrace ©r brger
geps suggeding thatthe a inearm odel rcregpm ay be
s ed. Nonlneartiesin the sanner fast disphoem ent
an be dalktwith ssmrtely. ( bsd bop operation can
oRer better cregp com pensation butisa more exqoensve
option . In addition, it reducesim age resolition forsn all
sansg/sm pk Eaturesdue o Im ited dynam ic range of the
enrsata high bandvidth -

V 1. Summary and ( onclluson

The qualty ofAFll cata strongly dependson san and
oontwolerparam eters. D ata artifaictsaan resulk fiom poor
dynam ic regoonse of the instrum ent. In order o achieve
relabk data, dynamic interactionsbetveen AFIl com po-
nentsneed to be well understood and contiolked. |n this
perwe presented a simm ary ofourwork in thisdrec-
tion . Itinclided m ocekPorthe probe-sam pk interaction,
scanner hteral and bngitudinal dynam ics scanner creep,
and canti everdynamics. T he m ocelswere usd to study
the eRectofsan param eterson the system dynam ics. Sim -
ubtion resilts Pr both frequency regoonse and im aging
were preented. E>qerm ental resultswere given support-
ing the sm ubtionsand dem ongrating the com petence of

the mockk. The resultswithin will be used to devebp
aborithm sthatalby autom ated choice ofkey system pa-
ram eters guaranteeing relabk and artifct-fiee chta or
any given operating condition (&m pk, canti kver; environ-
m ent)-( onsequently, exqanding the AFll capahiftiesand
pem itting itsuse in a wider ange ofapplcations.
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