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Abstract

This paper presents a novalechanical material removal method to produce
nanostructureswith a precise control of theithree dimensional (3D) surface
topography. The method employs the tip of an atomic force microscope (AFM) probe
as the cutting tool and eosedloop high precision stage to control the machining
path of the tipIn this agroach, the tip only describgertical motionswvhile the stage
is actuated along lateral directions in a raster stategy The machining ofeatures
with 3D nanoscaldéopographyin this wayis the combined result dle tipapplying a
constant normdbad on the samplehile varying the distance (i.e. the feed) between
two parallel lines of cut More specifically, an increased feed leads to a reduced

machining depth and vieeersa.Thus, he main difference witmechanical millingor
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turning at such sall scaleis thatthis methodrelies onthe control of the feed to
determine the machined depffa support the interpretation of the process outcomes
an analytical model is developetdihis modelexpresssthe relationship between the
feed and the machidedepth as a function of the contact area between the tip and the
material. The critical achievable slope pbducednanostructures was derived from
this model and/alidatedusingexperimental tests. This parameter corresponds to the
maximum inclination bthe surface o nanostructurgéhat canbe machined with the
proposed methodrrom the knowledge of the critical slope, the machining of periodic
nanostructures was demonstrated on a single crystal copper workpigcciple,

the methodreported hereould be implemented to any instrument with micand
nanoindentation capabilitieby exploiting their loaecontrol feedback mechem.
Keywords: Atomic force microscopanechanical nanomachininthreedimensional

micro andnanastructuresscratchingrajectory

1. Introduction

The recent and rapid development of anotechnologapbased functionalities
incorporated in new devices has resulted in the increased need to develop processes
for the fabrication othreedimensional microand nanostructures (3BINS). These
3D-MNS find applicationsin variousfields, such asn ultra-large scaleintegration
(ULSI) circuits (Thompson and Parthasarathy, 2p0&noeletromechanical systems
(NEMS) (Lyshevski, 2002 and surfaceenhamed Raman spectroscop\SERS

substrées(Li et al., 2010) The fabrication of such structures brings new challenges to



manufacturing engineer®s number ofmethodsexist to produce3D-MNS. These
include nanoimprint lithographyYao et al., 201} electrochemical machinin@han

et al., 201§ andfocused ion beam nanolithograp{¥u et al., 2009 However, these
are generally limited by theirlow throughput complexity and/or costof
implementation An alternative approach for the manufacturing of such structures
relies on using the tip of amatomic force microscope (AFM) probe as a
submicrometre fabrication tool. In particulainsetheinvention of theAFM in 1986
by Binniget al., (1986)such an instrumertas proedto bea powerfulplatform for
nanofabricationThis is due tats achievablenanoscale accuradys ability to operate

in an atmospheric environmerdnd the large range ofmaterias to which it can be
applied (Tseng 2011) Numerous studiedave been conducted to fabricate one
dimensional1D) and two dimensiong2D) nanostuctures usingan AFM tip-based
nandabricationtechniqueg(Garcia et al., 2014More recently,increased attention has
alsobeen paidy researchers towardlse machining of 3EMNS using thisapproach
Pires et al(2011)usedthermochemicascanning probéthographyto achievethe 3D
replica ofa welkknown mountain summitvritten into a glasy organic resistThe
authors used dayerby-layer approach for materiaremoval In the reported
implementatioril20layers were needed to create the 3D structuee @2 em x 2em
area Chen et al(2005)fabricated conveand concavéenseswith diameterdetween

2 em and 4em usingthe tip-based local anodic oxidation (LA®@gchnique on a Si
substrate. To control the topography of these 3D features, the autreed the

oxidation voltage supplied by the tip according to ageBnedgray-scalemap of the



lenses. Guo et al. (2015) proposedan AFM tip-based tribochemistryinduced
nanofabrication method to obtain multilayeneanostructuresn a Si(100) surface
These studiesdicate thathe AFM tip-basedfabricationmethod issuitable for the
manufacture o0BD-MNS. Howeverthe methodseportedabovemay berestriced by
their relative complexitythe limited set of processabimateriat, the need for

subsequentrocessingand/ortherigorouscontrol of theoperating environment

Among themany AFM tip-basednandabricationmethods, the direahechanical
machining approach is tlemplestand most flexibléo implement. As a result, itas
been intensively stlied in recentyears (Yan et al.,, 2015) To date, there are
essentially onlytwo strategieswhich have been developdad fabricate 3BMNS
usingthis nanascale material removagrocess, namelthe layerby-layer machining
approach andhe direct control of the normal loadchppliedby the tipon the sample
surface(Deng et al., 2016 For the layeby-layer approachGeng et al.(2013a)
recentlyproposedo usea combinationof the movement o& high precisiorstage and
that of the AFM tip to fabricate nanbannelsthat exhibit a floor surface with
different step heightsBased on this, a millimetdong nanochannel withsuch
nanostructures waechieved'Yan et al., 2014)However,the layerby-layerapproach
generally leads to the formation of relativelygarburrs and results in machined
features that display a stsgd topographyon curved or inclined surfaces. For this
reasonmore attentiorhas beenpaid tothe normalload-control approach Yan et al.

(2010)first proposedsucha methodo achieve3D-MNS. In this case, thgray-scale



information of the image of the features to produce was ugediefine the normal
load appliedby the tipon the sample surfacélowever, in tis study, the machined
depth of the machined 3MINS couldnot be accurately predieid. To solvethisissue
Geng et al(2013b)developed d@heoreticalmodel to calculatea-priori, the normal
load that should beapplied toachieve a giverdepth Based on this modek
sinusoidal waveform nanostructure with goqdality was machinedsucessfully
However, adrawback associated with this approach is that a very accurate
synchronization is required between th&ativevertical and lateral motionsf the tip

In particular, given that each pixel in the gisgale map of a nanostructure may
correspond to a specific load, this results in a reltitiene-consuming process to
implement in practiceDue tothe respective limitations of the studies reported above
for the nanoscale machining of 3BNS, an alternative method was proposed
recently by the authors It relied on the frequency control of the tipateral
reciprocating motionslong the fast axis of the raster s¢@eng et al., 201. In
particular the key characteristic of this method is thagngble the variation of the
feed durig machining which in turn,allowedthe variation of the machined depth
Although this approachsuccessfully demonstratebe fabricaton of 3D-MNS on a
single crystal coppesubstrateit is restricted to the generation tfangularprobe
trajectores This resultsin an inconsistentmachined deptlalong the widthof the
produced 3D-MNS. Moreover, the authors noted thathe aceleration and
deceleratiorof the AFM tip in one machining cycleould causeinaccuracies when

producing periodic3D-MNS. Therefoe, an optimized processingmethod isstill



requiredfor enhancing suchfeed cotrol-basedapproach

For this reason,nithe present study novel methods proposedo generatea
more flexible control and a wider range miachiningtrajectores of the AFM tip
while still implementing the feed control concelpt.particular,this method relies on
employing a high precision stagedefinerelative lateraldisplacementbetween the
AFM tip and the samplm a flexible raster scan fashievhile the AFM tipis actuated
in the vertical direction only. More specifically, the control of the tip motions relies on
the builtin feedbackloop of the AFM instrument to ensure thatcanstant normal
load is applied on the sampldn addition, the distance between twarallel
machining lines, i.ehe feed can be controlledery accuratelywhich canguarantee
the accuracyof the periodtity of the 3DMNS. An analytical modelwas also
developedd help interpretinghe achieved topography of teachined feature§ his
modeldefines the relationship between the feed and the achieved depth as a function
of the contact area between the tip and the matéB@bed on thisthe critical
achievable slope of the 3MINS could be derived. This value was then further refined
using experimental testdn addition the minimumperiod of such 3D-MNS was
obtained.Finally, the successful fabrication stveral typicaperiodic3D-MNS was

demonstrated

2. Experiments

2.1Experimental setup



Fig. 1 (a) shows the schematic of the modified AHMsednanomachining
systemutilised It includes acommercialAFM instrument(Dimension 3100Veeco
Inc., USA) and a closedoop high precision stage (P513CD, PI Company,
Germany).The high precision stagevasemployedto achievethe plannedtrajectories
becausedhe resolutionof the original stageof the AFM instrumentvas toolow and
thus, could not meetthe experimentalrequiremets. The highprecision stagevas
fixed on the coarse stage of the AFM systdime rangeof motionsand the positional
accuray of this high precision stage in the y, andz directionswere100e m Nm, 5
100e m m, 8nd 206 m 2INm, respectivelyAs mentioned earlieonly the x and
y directions ofthis stagewere enabledto achieve the relative motisbetween the
sampleand the tip Thus the stagedisplacemenin the z directionwas disabled A
diamond tip (PDNISP, Veeco Company, US#3s used for all nanomachining tests.
The rormal spring constant (K) of the cantileven which the tipis mountedwas
174 N/m as spedied by the manufacturer. The radius of the diamond wigs
approximately 85 nmThis wasdetermined by thdip blind reconstruction method

using a tip characterizati@pecimer(RS-15M) (Dongmo et al., 2000

The workpieceused in this studyas a single crystal coppesamplewith (110)
crystalographicplane (Hefei Ke Jing Materials Technology Co., Hefei, Chimag
scratchingand thefeed motions were in th¢11( and P1Q directions, respectively
This samplewas polished by the manufacturdihe arthmetic meanroughness (Ra)

estimatedwith tapping modéAFM measurementsyas less than 5 nnThe radius of



the diamond tipvas assumed tetayconstant during all scratching tesiscause it is
expected that negligible tip wear ocmd when cutting thesoft copper sample
(Bowden and Tabor, 19%0After machining, a silicon nitride tjpvith a normal spring
constant of 0.35 N/mwas used to obtain theurfacetopographyinformation of the
produced nanastructures Before this imaging step the machined saples were
ultrasonically cleaned in alcohol solution for about 10 min to remove the chips

formed during machining.

2.2Methodology

In previous stuiks the authors investigated the dependdram the normal load
(Fn) appliedby the tipon the sample a@hthe feed fj of the scratching patbn the
resultingdepth f) of a machined nanochannéBeng et al., 2013b)NVe found that
both an increase of the normal load and a decrease of the feed lead to increasing the
machineddepth Due to these interelatedeffects, it is perhaps not surprising that
most scholarsimplemented themore intuitive method whereby the normal load
applied on the sampls varied whilethe feed remamconstant during machining to
achieve 3DMNS (Geng et al., 2013bHowever, as disessed in the Introduction
section, this approaatan result in a relatively timeonsuming process to implement
in practice due to the increased synchronization complexity between the stage lateral
motions and the prdefined tip vertical displacementSor this reasonwe propose a
novel AFM-basedhanomachining methad this paperwhich relies on the control of

the distance betweedjacentand parallepaths as shown in Fig. {a), while keeping



the normal load constard determine the machined depthhis approach may be
thought of as a feedontrolled method (illustrated irigs. 1(b) and (c) as opposed to
the more conventional normal forcentrolled strategyin Fig. 1 (b), the dotted line
represents the theoretical cross sectioa 8D-MNS machned by the AFM tign this
way. In particular, the twalifferent tip positionsA and B shown correspond tine
deepest and the shallowest points of the nanostructure, respedtivepresents the
AFM feed direction.Thus, b fabricagé 3D-MNS, the high precisionprecision stage
needs tomove with different feedvalues along they direction based onthe
predetermined desigof the 3DMNS. Fig. 1 (c)illustrates the relation between
different feed values that should be implemented along the cross secfidhe
3D-MNS represented iRkig. 1 (b).In this schematiche feedvaluesat points A and B
arefi andf, respectivelywheref: is smaller tharf>. Correspondingly, the cutting
depth at point A is larger thathat at point B éeeFig. 1 (b)). To guaranteethe
machiningquality, edgeforward feed direction is selected in this study, in which the
movement of the higprecision stage is parallel and towards the prodostilever

(Geng et al., 2016b).
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Fig. 1(a) Schematic illustrating the 3D ARbBsd mechanical machirgmprocessiia
the controlof thescratchingrajectory (b) The dotted line denotes a-3INS
machined by the AFM tip. The feeds at points A and Efaaadf,. (c) Feed control

signal variation during themachiningprocess of the 3IMNS shown in Fig. 1 (b).

The detailedrealization of amachiningoperation isdescribedas follows. First
the AFM tipis approache towardsthe sample surfacentil the normal load applied
by the tipon thematerial reachea desired valuewvhichis setbeforehandy the user.
This corresponds to the target value, which will subsequbéetlept constartty the
feedback loop of th&FM instrumentduring machiningNext, thecross section of the
desired3D-MNS is usedto determine the machined depitofile which shouldbe
achieved along the feed directioorrespondingfeed values should then be
evaluatedbased orthe relationbetweenthe machined depth and the feéat a given
normal load. Thizan beestablisheadxperimentallyby machining a number ofjsiare
cavities with different feed values first and thenfitijng a regression line tthe plot
of the machinedepthsas a function of théeed The sum of the feedaluesis usedto
control the length o& given 3DMNS. The scratching paths aperpendtular to the
feeddirection and the scratchirgpeedis kept constantduring the whole machining

process The width of a 3BDMNS is determined by the adoptddngth of the

scratchingpath, whi ch was set. to 20 em in this

3. Results and discussion
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3.1 Relationship between the feed and thmachineddepth

As mentioned abovehe relationship between the machined depth and the feed
should beestablishedfirst. In a previous study, the authors proposed a model to
express this dependen{@eng et al., 2013b In this caseknowledge ofthe yield
stress of the processed matersatequired However, dudo the differencan yield
stressvalueswhen scratching in differemrystallographic directions faingle crystal
materias, this modelis notapplied hee. Although nanoindentation has been used in
previous work to assess the yield str@eng et al., 2013b}his method may not be
applicable to determine accurately the yield stress isdhachingdirection which is
parallel to the sample surfa¢iee. [11( in this study).For this reasonthe evolution
of the machined depth as a function of the f@ed determined experimentallythis
study This was achievedby machining square cavities corresponding to different
combinations of applied normal kbaand feed valuedn particular two different
normal loadswvere considered, namel¥04.2eN and 145.1eN. These values were
selected based on the results of a former studguranteethe quality of the
machinedsurfaceandto minimizethe errorassocated theresultingdepth(Geng et al.,
2016&). In addition elevenfeedvalueswere consideredn the range 30 nm to 130 nm.
Thus, twentytwo differentsquare cavitiesvere processedThe machined depth of
eachcavity was estimateds the averagemeasurment at three different locations
within the cavity The results obtaineare shown in Fig..Z=or each normal loadhé¢
data werethenfitted to a quadratic function to exprefise relationship betweethe
machined depth antiefeed Thefitted functions ae given byEgs. (1) and (2) From

11



Fig. 2, it can be observed that the machined depth decredsasthe feed increas

andthat a lager depth can be obtained using a relatively large nolwaal (145.1

eN).
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Fig.2 Relaéionship between machined deptiddeedfor different normaloads:

h(f), =0.01391? -3.9902L +431.9

(a)102.4¢N and (b) 145.EN

(D

h(fy, =0.01315 5+096 (2)

3.2 Theoretical model of themachining process

In orderto better understand the machinimgtcomesof the proposednethod, a

theoretical model is developed in this section. Basetherresults obur previous

studies(Geng et al., 2013bXhe AFM probebased nanomachining process can be

considered as a hard abrasive particle scratching ox&atavely soft substrateds

proposed by Bowden andidor (1950) in the plastic regimehe normalload applied

on the sample surfacéy) is equal tothe yield stresstf) of the sample material

multiplied by the aregAr) of the interfae between the AFM probe and the sample

12



projectedhorizontally This is expresseid Eq. (3)below
Ro=s, & ©)

In this equationAr is a function of the machined depth)(and the feedf). In
this study, the normal load is kept constant during the entire scratching p@Gness
that Uy is considerech fixed material property, this means tatshould also remain
constant during the proceg hus, Eq. (3holds true when theelationship betweeh
andf leads to a constamtr. Thus, the objective of the model proposed here is to
express analytically the aréa as a function of the feed and the depth for a given
scratching path. The modellj approach adopted is based on that reportegemg et
al., (2013b) However, the proposed model exteride previous approachyhich
takesinto account the change in feed and depth between two adjacentTiaBE
schematic view of the machirg process is shown in Fig. 3 (aln Figs. 3 (b) and (g)
the horizontalcross section of the tip is represented as a circle. This is duefacthe
that it was verifed by Geng et al. (2013bthat the AFM probe can bsuitably
describedas a cone with a sphesicapexwhen modellingthe processThus, in this
study, the shape of the AFM probe is alegardedas a cone with a spherical apex.
The proposed method for fabricating 3BNS relies on varying théeed Thus,the
machining procesgan be divided in two scenarios namely increasingfeed and
decreasingeed In the first case, the current scratching path results in a smaller
machined depth compared to the previous path. In the second casedigasing
feed, the obtained depth for the current patharger than thatmachinedduring the
previous scratching patihe detailed modelling proce$sr each scenaries now

describedelow.

(1) Whenthe feed is increasing, the top view of the machining process is shown

13



in Fig. 3 (b).As shown in Fig. 3, the dgiance between tldeepest points belonging to
two adjacentpaths is defined as the feef), (which alsorepresentghe distance
between two parallel machining lineSiso, these pointsarethe respectivecentes of

the horizontatircularcrosssectiors of the AFM tip at the samplsurface(denotedas
the red and greedashed circle in Fig. 3)for each of thesadjacent pathdn this
figure, heedges othe previous anaurrentpathsaredenotedoy the numbergildand
@4 respectivelyThe area of inteest, Ar, which is thearea of the interface between
the tip and the samplarojected horizotally is boundedby the bluesolid linein this
figure (i.e. region OCE)T h e pQ®is thetintedsection point between two adjacent
profiles when considering ¢éise profiles tde taken from a plane perpendicular to the
scratching direction and through the axis of the prélsaepreserdd in Fig. 3 (b), it

is assumed thadis an arbitrary point on the projectcurvedOCa More specifically,
@Cois the projetion of the contact line between the tip (when scratching the current
path) and the sample surface resulting from the previous pait B0dis defined as
the projectionof point GA6on the horizontal axis of the tip cresection i.e. on the

I i ne.Aé @iked in(Geng et al., 2013b}he lengthL of t h e s eAB&ie n't

given by Eq. (4).

L=JR* {R 4’ (4)

whereR; andR: are the radiof the horizontal crossectiors of the AFM probeat a
depthcorrespondingo A6 f oprevidus andhe currentpath respectivelyGiven

that the AFM probeis assumed to ba cone with a spherical apewe need to
consider whethethe machined depthlong a scratching path lsrger than théaeight

of the tip at which the trangon between a spherical geometry to a conical one occurs.
The height of this transition point is referred tohasThe depth difference between

t wo adj acent p dhelacdual machirke deptht fer the aprrent path at

14



point A is represented by. Thus,the expression®r R, andR> can be divided into

threecasesas followsdepending on the value bfconsideed

1 When 0< h+gh < he, the contact are between the tip and the material only occurs

on the sphericapex of the tip. Thus andR2 can be expressed as:

BR=yr* r* th WP

I
PR =" " ®))

wherer is the radius of the spherical apén this casegh always corresponds to a

(®)

reduction in machinedepthfor the currentpath (in comparison with the previous

path) If thesemiangleof the cone the AFM prokis denotedJ thenh is given by

h.=r@ -sina) (6)

1 Whenh: < h+gh and 0< h < h, this means that the contact area for previous path
was on the conical part of the tip while that for the current path is only on the

spherical apex. In this cad®, andR: can be obtained as follows:

gR =rcosa Hh +hD(r-rsina))tan

U
1R ={F <7 @)

1 Finally, whenhc < h, the contact area involves the tip conical surface for both

adjacent paths. Therefo®, andR> can be calculated as:

éR =rcosa Hh +hD(r-rsina))tan .
:'Rzzrcosa Hh & rsinag))tan a

)
Thevariablexis defined astht e ngt h o f t hThe pesetighrofepairit 6 OB 6 .

@dbis between the two centers of tbiecular cross sections belonging to the former

15



and current paths as shown in FHg(a) and is dependw on the feed f§ and the
machineddepth T he hei @ évith resdect o the depth obthe current path
is denotedhr) as shown in Fig. Due to thevery small feed valuessuallyemployed
in comparison with the size of the tipis assumedh is always smaller than.. Thus,

hr can beobtainedrom Eq.9.

Jr2- h)? 2 - b- hE D 9

Based on Eqg. (9)it can be said thapoint dO06is closer tothe center of the
horizontalcrosssection of the probfor the currenpath.In addition, usinggeometric
relationshi, it can be inferred thahe lowest possible value faris zero when point

6B s coincident with point 606 andbist hat its

coincident with xdsoeﬂuaHtoRlédrﬁ Ar khn M)Eiwkerec a s e,

R10is the radius of théorizontal crosssection of the probe at the sample surfiace

the previous patlGenerallyx is expressed as follows:

x=R /P @ (h W (10)
Basedon thedifferent values ot which correspondo differentdepth values for
point AA§ the areaOCD can beobtainedby integratingL with respect tox, as

expressed by the following equation:

0P )P 2 - (- h)Y DLd (rcgsa b b ¢+ Sna)tan ag? K )2
SOCD_ra \/r’fi(r )2 ¢ 0; hpD
REE A b
N Ldx
(Fcosa+ b, +ID (- r sina))tan a)qlrz ( 4 -h ¥+D

(11)

Thearea CDE can be obtained by

_1 - fyge Ly |
DE—EarccosBRz—l) R 5 R t)f R? fj (12
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where R:0is the radius of thenorizontal crosssection of the probe at the sample

surfacefor the currenpath.Ri6andR.6can be expressed by

éR'=rcosa Hy +hD(r-rsina))tan.

i | (13)
iR'=rcosa H ¢ rsina))tan a

whereh is the machined depthf the grooveor the currentmachining pattfrom the

sample surfacerherefore thehorizontal projeadareaAr can be described by

A =S TR0k (14)

7~
Sample

Fig. 3(a) Schematic view of the motiasf the AFM tip during the scratching
process. (b) and (c) Top viewktbe machining process whéme feed is increasing
(b) and wherthe feed is decreasin(r).(d) and (e) Front views of the machining

process whethe feed is increasingd) and wherhe feed is decreasin(g).

17



Feed direction Feed direction
e e

Fig. 4 Sideviews of the 3DMNS fabriation process. Feadcreasing(a) and

feeddecreasing(b).

(2) When the feed is decreasing, the top view of the machining process is shown

in Fig. 3 (c).In comparison with the previoiisf e e d i msaemagodis radiug af

the horizontalcrosssedion of the AFMprobeat the sample surfader the current

path is larger thathat forthe previous pathn this case, the lengfh) of the segment
GAB6can also be obtainddom Eq. (4).In addition we should consider thaducing

the feedleads tothe machined deptbf the current patibeconing largerthan that

from the previous path For t hi s r eatle depth diffeterece betwveem o f
two adjacent paths, should be changed. As a rékaligxpressionor Ry andR. are

now given byEgs. (B), (16) and (17below based orthe consideredeightfor point

0AQ

1 When 0< h < he, Rt andR can be expressed as follows:

fR=4yr* r* (h- hP

I (15)
PR=yr {r* M)?)
1  Whenh: < hand 0< h-gh < he, thenR; andR: are given by
f;aRlz rcosa Hh -hD(r-rsing))tan .
(16)

1R={7 {7 @)
18



1 Finally, whenh:< h-gh, R, andR: are expressed

éR =rcosa Hh -hD(r-rsina))tan .

i . (17)
iR =rcosa +Hh { rsina))tan a

The relationship betwedn andf is now givenby
JrP-@ h)’ ¢t - b h)E D (18)

The range of possible vlues fa x is now comprised betweenzero

andr - \/rz {r ¢ h)E In particularxis given by

x=R -/ @ (B H)’ (19)
It should also be noted that, the positic
earlierfort he feed i ncrease scenari o. More speci

center of the circular horizontal cressction of the probe for the previous path

shown in Fig. 4 (b)Finally, the area OCDs now given by
S22 4, hB) Jr? o, -h)2- D (rcosa . € Fsina)tan A 2 (I
= Ldx +
Soco n \/rd b2 (.- %) k2 (¢ -, - h)? D

RN A (e D
r(]cosa+®c -¢ r-sina))tan a)W D

(20)
The formula used to express tlageaof the regionCDE is the same as that
already defined for the previous scenario. Thus, it is goweBq. (12). However, the

expressionor RibandR:0are nowchangedo:

19



éR'=rcosa ) -hD(r-rsina))tan .

I o : (21)
iR'=rcosa +) & rsina))tan a

Thus, the are@Ar) can also be calculated by sonimg Socp and Scoe.

3.3 Critical value of the slopeof the nanostructures

When conducting theAFM tip-based mechanical machining process, the
inclination angleof the tip surface restsl the generation a slopeon the sideof a
machined nanogroovéor this reasom surface sloptor fabricatednanostructureis
always presenin the feed direction. This igne of the reasons why it difficult to
form nanostructuewith a steepslopeusing this processVoreover,n this studythe
change infeed valuesbetweentwo adjacentscratching pathsepresents a different
configurationfrom the casevhere cavities are machinedth a constant feedThis
canintroducemachining erras for the slope ofthe fabricated nanostructurddore
specifically, helarger the difference betweéno consecutivéeedvalues that is,the
largerthe desireaslope of the nanostructuriae more prominentthe machining error
is expected This phenomenortan be verified experimentally apresentedn detaik

later onin this section

In order to usdhe fabricationmethoddescribed in the previous section 2.2, the
consecutivdeedvaluesfor the entire machining process should be obtained first. Fig.
5 summaizes the algorithnmemployed to determinsuchfeed values and thushe

probe trajectoryalong the length ok 3D-MNS. To start with, he relationshigh=g(f)
20



that defineghe machined depthas a function othe feed should bdetermined for a
given normalload. This can be achieved experimentally as shown in section 3.1. In
addition, the mathematicakexpressionh=k(d) describing the profile othe designed
3D-MNS along its length should also HeterminedIn this notationd representshe
distancealong he profile fromthe initial scratchingposition Basedon an initial
machinedgroove at a deptth.), the feed for thesubsequenscratching pathf{) can
be calculatedising h=g(f). The position of the second pattk) canthen be easily
derived by di+f1. Next, the desired machined depththy) for the secondpath is
obtained from h=k(d) based onthe value ofd.. Smilarly to the previous step
applyingh=g(f), thefeed for thenextscratching pathff) canbe calculated and so on
After i-1 iterations bagd on the obtained.;, the machining position for thg"
scratching patlfdi) can be derived bgh-1+fi-1. Then,d is comparedvith the expected
length of the nanostructureefpected. If di O dexpected the machining process is
completed. @herwise the machiningcycle is continual until the distancdrom the

initial machining positions larger thardexpected
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Obtain the function of A and f, h=g(f). Obtain the
expression of the expected nanostructure, h=k(d).

v

Based on the initial machined depth £, the feed for the
subsequent path, f;, can be calculated from A=g(f).

\

~
The horizontal coordinate of the second path, d,, is equal

to d,+f,. Applying h=k(d), the expected depth of the
L second path, h,, can be calculated.

!

[ Based on the second machined depth £,, the feed of the ]

next scratching path, f,, can be calculated from h=g(f).

The horizontal coordinate of the (i-1) path, d,, can be
obtained by d,,+f.,. Applying h=k(d), the expected depth
L of the (i-1)!" path, ., can be calculated.

|

( Based on the (i-1)" machined depth £, the feed of the ith A
scratching path, £, can be calculated from h=g(f).

|

The horizontal coordinate of ith path, d,, can be obtained
L by d.i+f,4.

|

dzd

i = Yexpected

N

No

| Yes

v

Fig. 5 Algorithm used to define the feed valuedbtmappied along the length of a

3D-MNS.

Both cases ofeed increasing and feed decsegay are nowevaluatd. Fig.6 (a)

shows desired profiles for nanostructures with negativel®’) and positie slope
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(+12), respectivelyIn this example, e deptk of the top and bottorsurfacesare
125 nm and 400 nm, respectivelyius, the amplitudefdhis structure is 275 nm. For
the calculation the normal load ishosermas 145.1eN andthusEg. (2)is considered
Based on the algorithrdescribed abovethe correspondingfeed valuesfor each
scratchingpath are obtained, as shown in F&(b). From Fig. 6 (b), it can be
observedthat theevolution of thefeed isnonlinearwith the number of scratching
paths In addition, it should be noticetiatthe number of requiredcratching paths
increaseswhen processingwith a relatively small feedi.e. when the desired

machined depth increasde)achievea constanslope.

| —&— Negative slope g

— Negative slope —=— Positive slope

- — Positive slope

Machined depth (nm)

o 500 1000 1500 2000 2500 10 50 60

20 30 40
Length {nm} Number of Scratching paths

(a) (b)

Fig. 6 (a) Designed cross sectional profile of nanostructures and (b) obtained

corresponding feed values

Figs. 7 (a) and (bshowthe AFM images of the fabricated nanostructuvéh the
expectedslope of -12° and +12, respectively These were machined usirthe
obtained feedvaluesin Fig. 6 (b). From these datait could be verified thathe
machined depthsf thesenanostructuresvere very close téhe expected valuen
addition, e region on the profilerosssectionwhere the designeslopeis located
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was usedo conductalinear fitting on the profile datarhis was achievetb calculate
the value of the slopebtainedexperimentdy. In this way,the experimental slope
values were measured to bel2.04 and 11.49, respectively.Thus, hey are very
closeto the expected valuekarger values of the slope were also studied, namely
-30° and +30, to evaluatehe maximum achievable slope, i.e. tbrtical slopeFig. 8
shows the AFM images of the fabricated nanostructureshis case The designed
depthsfor the top and bottonsurface werethe sameas those in the previous
experiment In addition, he normal loadvas alsochosento be 145.1¢N. It can be
observedfrom this figurethat themachineddepthsfor the achievedanostructures
were alsoclose to the expected values. However, theesdoof these nanostructures
were measured tdl6.60 and 14.36, respectively, which are mudbwer than the
expected valuesf -30° and +30. The possible reason for thikscrepancycan be
explained as followdrirst, as shown in Figs. 3 (b) and (@), order toguaranteghe
machiningprecision adjacenscratching pathshould notaffecteach other dunig the
machining process, that i§:06 should be less thaR:6tf in the feed increasing
conditionandR-0should les$Ri6t in the feed decreasing cagqpling Egs. (13) and
(21), aninequationcan bederivedfor these two cases, dlows.

Dh
—<tan- -a 22
. > ) (22

The ratio ofgh andf represert the slop of the nanostructureln this study, e
semianglgU) of the cone the AFM probutilisedis assumedo be60° based on SEM
measurementsBased on Eq. (22), it was fod thatthe slog of the expected

nanostructure should be less thaf. 30
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-30e and (b) 30e on the floor

In addition when machining cavities with planar floor surface usingcthrestant
feedmethodas reported in our previous stuflyeng et al., 2013bpoint ddin Figs.
3 (b) and (c) shdd be in the middle of thewo centers of the red and gregashed
circles. Howeverfrom Egs. (9) and (18), it can lobservedhat pointd@dis close to
the center of the crossection of the prob#or thelatter path with an increasing feed,
while it is close to the center of the crossection of the probe ithe previous path in
the case of feed decreasimccording to Egs. (10) and (1%though, the range of
values that the variabbe can takemay be larger in the case of feed increasing and
smalkr in the condition of feed decreasing compared wibselforflat floor cavities
the total length(OE) usedto calculatethe areaAt is smaller in thesituationof feed
increasingand larger in the case of feed decreasing. Moreavegn be indicated
easilyfrom Eq. (4) thatL is smaller in the condition of feed increasing and larger in
the case of feed decreasing compared with the case of macbaviitigs with flat
floor, in which Ri6equalsR.a Thus, from Eq. (14Xhe sum ofSocp and Sco, that s,
the horizontal projeed arearepresentinghe interactionbetween thé\FM probe and
the sample surfagé\t) becomes smaller when the fasdncreasing and larger in the
condition of feeddeaeasing Fig. 9 showsschematic diagrams of the machining
proceses for flat floor cavities andfor nanostructures witlpositive and negative
slopes respectivelylIn this figure the red linerepresentshe contact lengthetween
the AFM probe and the sample surface. It caolmervedhat for a givenmachined
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depth for the second patlm;, anda givenfeed for the second feet), the contact
lengthis the smallest fotthe case of feed increasing (Fig(b)) and the largest for the
condition of feed decreasing (Fig.(c)). The same conclusion could be madeAer
Based onthe relationshipfound a-priori from the machiningof cavities with flat
floors, to express the evolution thfe feedas a function othe machined depitlt, is

can be said that for a psetnormal loadFn, the probe shoulgenetrateinto the
sample surface deeper when scratching with a lfegier than thaof the previous
path This enlargeshe contact area between the probe and the samigeed his is

a result of the feedback loop mechanism implemented in AFM instruncebétance

the appliednormalload. Thus, inpractice the machined depth for the second path
should beargerthan the excepted value in this cashiscan lead to a reduction of
the slo of the nanostructure. Similarlipr the feed decreasingpase the penetration
depth of theprobeinto the sample surfacghouldbe lowerwhen scratching with a
larger feed This is becausthe contact area between the AFM probe and the sample
surfaceshould be reducetb balance the normal load. Thus, the machined depth
should beéss than thexpectedralue, which can also lead to a reduction of theeslop
of the nanostructure. Moreover, it can be indicated thatetthectionof the slope can

be intensified by enlarging the difference between feddesof adjacent scratching
path.By using therelationshipbetween the feed and theachineddepth tofabricate
3D-MNS based on thegroposedmethod, theachievedslope of the nanstructure

shouldbe, to some extent, less than that of the designed value
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Fig. 9 Schematic of the contalength between the tip and the sample for the
machiningprocess of surfaces with different inclined angiflat floor surface, (b)

positive slope and (c) negative slope.

Therefore,a series of experiments were conducted to study the range of slope
values achievable in practice. This was achievedtiar different normal loads
namely102.4eN and 145.1eN, and for desireglopes comprised betweeB0° and
-8° and also betweer8° and +30°. For each normal load, Iftanoscratching tests
were conductedo study theachievableslope using the proposed method. After the
machining process, the errorgfo) between the obtained and desisbole valuesof

the nanostructuresere calculated usingg. (23).

n,, =——-= (23

where De and Dr are the experimentaland the expected valgeof the slog,
respectively Fig. 10 displays the plots of the machinimgrorsas a functiorof the
desiredslope value It can beobservedrom this figurethat nerror is almostcongstent
for the different applied normal loads arlat slope values comprised betweeh2®
and+12° shouldbe selected tguarantee machining error within 10%. Moreover, as

reportedin this figure the machining errgrare mainlynegative This showsha the
28



experimental values of the skvpre less than the expectees Thisresult reinforces

the points made ithe discussion above.
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Fig. 10 Machiningerrors when fabricatingnclined surfacewith different normal

loads

34 Demonstration of 3D-MNS fabricated by the proposed

method

In this study, typical sinusoidal waveforms nanostructur@gere selected to
demonstratehe feasibility of the proposed method. Due to tHesign constraint
associated with theritical slope for 3D-MNS fabricatedin this way the amplitude
and period of desired nanostructure should be considered carefullit can be
assumed that the expected sinusoidedfile for a 3DMNS can be expressed

according tdq. (24).
f(d) =b -asin(wd) (24)
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where a and b are the amplitude anthe base depthof the desired sinusoidal

waveformsnanostructure

Thus, themaximumvalue of the slop can be obtained asa ¥ Based on the
discussion in the above section, this maximum value should be less tft@hviduere
dc is the critical value of the slep Thus, theperiod of the expected sinusoidal

waveformsnanostructur€T) shouldsatisfy theinequationin Eq. (25)below

2pa
tan@. )

T2

(25)

From this, it can be saithat when thedesignedamplitudeis selected as 80 nm,
the periodshould be chosen asvalue larger thaor equal ta2.4em. For this reason
we chosethe periodto be2.4 em. In addition,the base deptivas chosemas 240 nm
and thusthe normal loactould be selected &02.4eN. Based on these valuebget
theoretical profile of the cross section of the-BINS can becalculated as reported
with Eq. (26). Fig. 1 (a) shows2D and 3DAFM images of the corresponding
fabricatednanostructureFrom theanalsis of the measurecrosssection, it can be
observedhatthe base depth is around 250 nm and the amplitude is abouat #®80
nm, which areboth in close agreement withthe expectedvalues. The maximum
machining error for the achieved depttareund20 nm to 30 nm, which is less than
10% of thetotal desiredmachined depthThis resultis consideredacceptablen the
context of nanomechanical machinindn addition the period of this machined
nanostructuras measuredo be about 2.4em, which isagain consistent withthe

predefinedvalue. This indicates that thedesigned value for thperiod can be easily
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achievedn an accurate manner usitige methodproposed in this research. It should
be noted that this result is albetter tharthat achieved witlan alternative method
reported in our previous studyeng et al., 2018, which relies oncontrolling the
frequency of the tip reciprocating mot®rAn additional experiment was conducted
for the normal load of 1454N. In this casethe base depth and the amplitwdere
selected as 275 nm and 125 nm, respectively. Applying Eq. (25), the minimum value
of theperiodof the sinusoidal waveformsascalculatedas 3.74em. Thus, the period
was chosen as £m. The corresponding expressiori the expected sinusoidal
waveformsprofile is givenby Eq. (27).Fig. 11 (b) shows2D and 3DAFM images of

the machined sinusoidal waveformsanostructure From Fig. 1 (b), it can be
observedthat the base depth is around 270 nm tadthe amplitude iessentially
comprisedin the range from 115 nm to 125 nm. Moreover, the period of the
nanostructurevas measured as gm. These resultaare onsistent withthe expected
values. This further demonstrates the feasibility and suitability of the presented

nananechanicamachining method to fabricate 3I@NS.

f (d) = 240 -80sin(0.00248 (26)

f(d) =275 -125sin(0.00156 (27)
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Fig. 11 AFM images of thenachinechanochannels witbesiredsinusoidal
waveforms nanostructures the floor surface: (ahe period of 2.4m and(b) the

periodof 4 em.

In addition to 3DMNS with sinusoidal profés hali-triangle and top-hat
waveformsnanostructuresvere also fabricated in this studysor the hakHtriangle
waveforms,as expressed in Eg. (28he normal loadvas145.1eN andthe selected
amplitudewas250 nm The largest machined degdtr this nanostructurevas defined
as 400 nm and the slepf bothsides of the trianglevere selected as +12and-12°.

In addition, the trianglar part of the waveformaccounted for30% of the whole
period while the remainingpart was planar. Thus, the period of th nanostructure
could be calculatedo be7.93em. Fig. 12 (a) shows the AFM image of the fabricated
nanostructurgor such ahalf-triangle waveform It can be observed that thetal

machined depthwas about 400 nm, which igonsistentwith the desiredvalue.
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However,the amplitudewas around 210 nmyhich is 16% less than the expected
value. The possible reason can be explained as folldwshown in Fig.6 (b), a
relatively small machined depth can kebtainedby a relatively large feed and less
machiningpaths are needed when scratching with aivelly large feed toachieve
the same slopeThus, the feedialues used for fabricating this nanostructurerew
relatively largeon the top of the triangular shagda turn,the number ofmachining
pathsis relatively small when scratchingn this region 6 the waveform Thus, t is
difficult to fabricatethe apexof the trianglar waveform by usinga relatively large
feed Moreover, the AFM probe has a relative large radius, 85 nm in this Stoidy.
can also introduce a machining errfar the apex of the triangular waveform.
Therefore,is is expected thahe amplitude of the hatfiangle waveform is smaller

than thedesignedralue.

§400- 0.218 , nT <d ¢ ©.1%5)
f(d) =1400 +0.213 , { +0.15) & r¢ 08 (28)
t 400, ng O0B)<d dn( )

For thetop-hat waveformglesign the amplitudevas chosenas 200 nm and ¢
total machined deptivas definedas 400 nmThe bottom part of the waveform was
designed to occupy half of the the profile for one periblde expressionof the
expectedwaveformis shown inEq. (D). Fig. 12 (b) shows the AFM image of the
correspondindabricated3D-MNS. Fromthis data it can bemeasuredhat the slop

of the edge of thebtained profile isaround 18, which is much smaller than the
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expected value of 90 This result illustrates suitably the design constraint associated
with the critical slope, as discussed earlier in this paper. Thhis, proposed method

should not be employddr fabricating3D-MNS with vertical walls

)= 8400, nT<d ¢ +0.5)
( )_}200, (+ 0.5) d of B

(29)
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Fig. 12 Fabricated 3EMNS for different waveform designs: (a) hallangular

profile and (b) toghat profile

4. Conclusions

This paper presenéd a novel AFM tip-based mechanical nanomachining
approach to fabricateghreedimensional micre and nanostructureg3D-MNS)
according to praeesignedprofiles which can be realizeoh the feed directionof the
tip. This means thathe method issuitable for fabricating 3MMNS for which the
topography does not change along their width but along fgregth The machining
of several types operiodic nanostructures was demonstratedaosingle crystal
copper workpieceln addition, amachining modelwas presented to gain further
understanding of the observed results. This mooesideedthe relationship between
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the feed and the machined deptha function of the contact area betwéee tip and

the material

An important advantage of thproposedmethod isthat it is basedon the
separéion of 1) the vertical motions of thetip, which arecontrolled by the feedback
loop of the AFM instrumentto keep the normal applied load constand 2) the
lateral displacemestof the stageAs a result,this method has the potential be
appled directly on other AFMsystemsor on deviceswhich enablehe control of the
normal applied load such as nandengers. A drawback however, is that
nanostructures wittop-hat waveformsr with large slogscannotbe achieved using
the proposed methoBased orthetheoreticaimodeldevelopedn this studythe slog
of the expected nanostructunas determinedto beless than 30 This wasfurther
validated using experimental testdn fact, thesetestsrevealed thatslope values
comprised betweerl2®° and+12° shouldbe selected tguaranteea machining error

within 10%.

Finally, it is worth mentioning thathe total machining time for thevo given
sinusoidal waveforms nanostructusgas around 10 min, which is dependent on the
feed valuesselected in the machining process and the scratching speed used in this
study (around 20 &m/ swesar Dhue d&/hi®@lenglmmu t p ut
scratching speetvas 2 0 € m/ s  a rselectadwas 80 fhime. €fde maximum
surface areghat could benachined in this studwas1 0 0 & m 1. This @r@ds € m
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limited by thedisplacementange of thehigh precision stage used@lhis method can

be applied to some soft metals, suclalasninumalloy, single crystal copper, gold or
platinum thin film.However, forferrous metala chemical reaction between carbon of
the diamond and iron of the ferroogetalscould take placedepending on the process
temperatureand increases the tip wear significantly. Thus, this proposed method is

not unsuitable for the machining of ferrous metals.
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Figure captions

Fig. 1(a) Schematic illustrating the 3D ARbhsed mechanical raining proceswia

the control of the scratchingtrajectory (b) The dotted line denotes a -BINS
machined by the AFM tip. The feeds at points A and Bfaaadf.. (c) Feed control
signal variation during themachiningprocess of the 3IMNS shown in Fig1 (b).

Fig.2 Rel@ionship between machined depth and fémddifferent normal loads: (a)
102.4¢N and (b) 145.EN

Fig. 3(a) Schematic view of the motion of the AFM tip during the scratching process.
(b) and (c) Top views of the machining process wtienfeed is increasingb) and
whenthe feed is decreasin(r).

Fig. 4 Sideviews of the 3DMNS fabrication process. Feedcreasing (a) and éed
decreasing(b).

Fig. 5 Algorithm used to define the feed values to be applied along the length of a
3D-MNS.

Fig. 6 (a) Designed cross sectional profile of nanostructures and (b) obtained
corresponding feevalues

Fig. 7 AFM images of machinedanostructuresyhich exhibit a desired slope of (a)
-12e and (b) 12e on the fl oor surface.
Fig. 8 AFM images ofobtainedmachinednanostructures for a targeted slope of (a)
-30e and (b) 30e on the floor surface.
Fig. 9 Schematic of the contact length between the tip and dneple for the
machiningprocess of surfaces with different inclined angisflat floor surface, (b)
positive slope and (c) negative slope.

Fig. 10 Machining erros when fabricatinginclined surface with different normal

loads
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Fig. 11 AFM images of themachined nanochannels withdesired sinusoidal
waveforms nanostructures the floor surface: (ahe period of 2.£m and(b) the
periodof 4 em.

Fig. 12 Fabricated 3EMNS for different waveform designs: (a) haflangular profile

and (b) tophat profile
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