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Abstract. Dynamic force microscopy (DFM) in combina- dom arrays of depositedu particles on a given substrate.
tion with special-purpose probe control software is used aklowever, the mechanisms which underlie these operations
a manipulation tool for the precise positioning of single goldare not well understood, and the selection of manipulation
nanoparticles on a mica substrate covered with a poly-Lparameters is largely based on previous experience and trial-
lysine film. Experimental results are presented that shownd-error. This paper describes a systematic study aimed
how to construct arbitrary patterns of nanoparticles. The dyat improving our understanding of nanomanipulation using
namic state of the cantilever during the manipulation proDFM. We discuss the experimental procedures and manipu-
cess is studied experimentally by analyzing the simultankation protocols, simulation studies to guide the experiments,
eously recorded non-contact amplitude and cantilever defle@nd the experimental results.
tion. Numerical simulations guide and supplement the ex-
periments in order to provide a physical description of the
manipulation mechanism. The results presented here shalv Manipulation procedures
that the nanopatrticles are pushed along the surface once a crit-
ical contact force between tip and gold cluster is exceededhe samples were prepared by depositlignm gold col-
In addition, a method for estimating the average separatioloidal particles (EM.GC15; Ted Pella Inc.) from aqueous
between the tip apex and the sample in DFM is described. solution on freshly cleaved mica substrates that had been pre-
viously coated by a poly-L-lysine film0(1% aqueous; Ted
PACS: 07.79.Lh; 85.40.Ux; 07.05.Tp Pella Inc.). Subsequently, the samples were annealed in air for
3hat80°C.
The experiments were carried out with an AutoProbe
The study of nanoparticles and small molecular clusters IEPPAFM (Park Scientific Instruments) operated in non-
an area of current interest because of the unique propecontact (NC-AFM) and intermittent-contact (IC-AFM) mode.
ties of these materials [1, 2]. Colloidal nanoparticles are esfhe instrument provides the user with three main parameters
pecially interesting because they can be produced in varfor controlling its operation in DFM: (i) the frequendye of
ous well-controlled sizes and from various materials such athe driving excitation of the cantilevef4is usually close to
metals or semiconductors [3—5]. Nanoparticle patterns havie resonant frequency of the cantilevigs); (ii) the free os-
a variety of potential applications, from data storage andillation amplitude of the cantilevehsee (Which is controlled
single-electron transistors [6, 8, 9], to nanoelectromechanicaly the amplitude of the excitation driving the cantilever);
systems (NEMS) fabrication, where they may serve as temand (iii) the desired cantilever oscillation amplitude or set-
plates for growth or as nanocomponents that are assembled pgint Aget
robotic techniques to construct complex nanostructures from Imaging and manipulation experiments were performed
the bottom up. in air and at room temperature using commercially avail-
Building arbitrary patterns of nanoparticles requires pre-able triangle-shaped silicon cantilevers (Park Scientific In-
cise positioning of individual particles. This can be achievedstruments) with integrated conical tips. Hard cantilevers
by using the tip of a scanning probe microscope (SPM) akad spring constantss 13.0 N/m and resonant frequencies
a robot to manipulate the particles [7, 10, 11]. We have pre~ 280 kHz whereas the corresponding values for soft can-
viously reported the controlled and precise manipulation ofilevers werex~ 3.2 N/m and~ 90 kHz (These are nominal
single Au nanopatrticles by using dynamic force microscopyvalues, supplied by the vendors).
in combination with a special-purpose probe control soft- Manipulation of theAu nanoparticles was achieved by
ware on several substrates [11, 12]. With this technique, twaising the following protocol. First, the sample is imaged.
dimensional patterns can be successfully formed from rariFhen, utilizing the probe control software (PCS) developed
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by our group [11], the user draws an arrow with the mousavhere
over the image, and performs a single-line scan along the T
arrow. The user also sets two points along the specified tra- s ,
jectory, such that the feedback is turned off at the first point?'s(t) = / dt’z(t’) sin (wat') .

and re-engaged at the second point. In the experiments re- t

ported here we selected trajectories containing the center of T

the particle to be manipulated, tuned the feedback off jush ) — / dt'z(t) sin(wdt’+ Z) ' 3)
before encountering the particle, and turned it back on at the 2

desired new position of the particle. PCS also provides ca- t

pabilities for simultaneously acquiring several signals duringrhen, we feed it into the equations of a proportional-integral
the single-line scan. We recorded the oscillation amplitdde control system and compute a new value&or
and the dc deflectiobq of the cantilever. We solve the differential equations of motion, with ini-
tial conditionsz(t = 0) = 0 andz(t = 0) = 0, numerically by
using the Verlet algorithm [14]. Initially, we place the sub-
2 Simulation strate and the particle sufficiently far from the tip for the
) S ) ) ] interaction forces to be negligible, and let the system evolve
To gain some initial insight into the manipulation phe- yntil it reaches the steady-state amplitusige. Then we turn
nomena we conducted numerical studies of the interaghe feedback on and let it adjustintil a valuesseis reached,
tions between tip, sample, and particle. We applied confor which the system oscillates at the desired amplitagle
tinuum methods similar to those described in [15-20] to  Next we turn off the feedback and ke&p: Sser After the
the tip/sample/particle system under conditions analogoug, goes over the particle, which is at a fixed position, we turn
to those encountered in our experiments. The substrate ige feedback on again, and let the system return to its steady
modeled as a semi-infinite half-space and the tip and thgate. This procedure simulates the system’s behavior when
nanoparticle as spheres of rafi and Rp, respectively. The e attempt to push a particle but fail to move it.
cantilever dynamics is approximated by a driven, damped, Figure 1 shows the results of a simulated run. A point is
harmonlq oscﬂ_lator Wl'th an additional term corresponding t0h|otted at the(x, z) position of the center of the tip at regular
the non-linear interaction between the tip and the sample. Thgcrements of time equal tg/16th of the period of the driving
cantilever is driven by a harmonic displacement of its bas@scillation. The cantilever vibrates much faster than the scan-
of the formy(t) = Agsin(wqgt). The tip—sample interactions ping speed, and therefore a vertical slice in the figure can be
are based on simple analytic potentials consisting of attractivewed as a sequence pfpositions during one cycle of the
and repulsive terms [13,15-20]. vibration. The parallel horizontal lines on the left and right
We restrict the motion of the cantilever to tke-zplane  regjons of the figure correspond to the steady state, with the
and scan the tip along the positixedirection at constant feedback on and = 8se: In the middle region, the feedback
speedvs. The cantilever dynamics is described by the follow-ig off.
ing differential equation The figure shows that the amplitude of the oscillation
o starts decreasing as the tip approaches the particle, and even-
2(t) + (é) 2(t) + wiz(t) + F; 5(2(), 8) + FF(x(t), z(t), 8) =
C

and tip—particle interaction forces, respectively. When ob-
jects are not in contact with each other, the tip—substrate an@ 3t
tip—particle interactions are modeled by the Hamaker summas
tion of a Lennard—Jones (6-12) potential for the interactiong
of a sphere with a flat surface and of two spheres, respecg 3|

w2 Ag Sin(agt) + wéwd Agcos(wgt), (1) 15
Cc
»
wherex(t) = vst andz(t) are the components of the position 12 /"\
of the center of the tip spherey, = 2r fies is the angular 9 l'r‘
resonant frequency of the cantilever a@d its quality fac- | ; / I ‘
tor. FTS(z(t), §) and FTP(x(t), z(t), 8) are the tip—substrate 6! //I"}‘
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tively [13]. Indentation of the tip into the sample is modeled ‘ \\“w
by an elastic repulsive term [16,17]. The potential depends -6 | w \\“
on the distancé between the substrate and the undeflected ] - \"
cantilever position, and several other parameters. 91 \\"
The AFM measures the amplitude of the oscillation by 120 \’I
using a lock-in amplifier, compares it with the setpoMt; U
and uses the feedback circuitry to move the sample towards or _15 L - : . . . .
away from the tip to reduce the error to zero. This is equiva- 175 200 225 250 275 300 325
lent to changing the position of the substraté, To simulate X (nm)
the feedback operation we first compute the amplitude Fig. 1. Numerical simulations of the trajectory of the tip center of mass in
the x —z plane. The tip radius i®r = 45 nmand its free equilibrium pos-
— /A2 2 ition is atz=0. The patrticle of radiufRe = 7.5 nmis placed on top of the
A = As(t) + Ac(t) ’ (2) substrate and its cenpthposition is hflg fixed aKp =p250 nm P



267

tually becomes zero. The crossing patterns represent theformation about the systems’ behavior and led us to formu-
changes in the amplitude and shifts in the phase (with respelete the experiments described in the next section.
to the driving signal) of the oscillation that are caused by the
nonlinear forces between the tip and the particle as the tip
approaches and leaves the interaction region. 3 Experimental results

The tip then follows the topography of the particle (con- ] ) .
volved with the tip shape), and therefore the cantilever mudf the first set of experiments, we used the protocol described
deflect accordingly. As the tip leaves the interaction regiongarlier, with fset> fres and a hard cantilever, for each set-
the amplitude starts to increase again and a hysteresis pealRint in the sequence 12, 6, 3.2, &hé nm These set-points

observed before the tip loses contact with the particle [15, Zlﬁo”eSPOHd to damping ratiad — Asey/ Arree) ranging from
Figure 2 plots the cantilever oscillation amplitudgoff- 5% t095%. The results are shown in Fig. 3. The feedback is

set by the set-poinfse; as a function of thet position along ~ ©ff between the two vertical bars in the figure, and on outside

the scan direction. The curves 1-4 correspond to set-pointge bars. The arrows on the right of Fig. 3a indicate the points
in the sequence 12, 6, 32, afdB nm, respective'y_ When where the amplltude of the t|p vibratiohis nearly Zero, l.e.,
the set-point has a large value, and therefore the tip is & — Aset= —Aset A subsequent scan (not shown here) proved
a relatively large distance from the sample, the amplitude déhat the particles did not move. The following effects can be
creases while the tip passes over the particle, but remai®Pserved in Fig. 3:
non-zero (curve 1). As the tip approaches the particle, we ob— For large set-points, and hence large distances between
serve a jump in the amplitude corresponding to the sudden substrate and average tip position (curves 1), the can-
transition from attractive to repulsive damping [16]. As the tip  tilever dc deflection is essentially zero, and the amplitude
leaves the particle, we observe a small hysteresis effect before signal follows the topography of the nanoparticle.
reaching the set-point value. For lower setpoints (curves 2—4)~ For smaller set-points (curves 2—-4), the amplitude drops
the amplitude decreases to zero during the interaction. We do to zero during a portion of the scan, and the deflection
not observe a jump as in curve 1 nor a hysteresis peak because increases significantly. This indicates ttae tip is in
the tip is already tapping on the substrate before encountering continuous contact with the particle in the region where
the particle. A= 0. (We also modified the experiment by setting the
The simulation equations have over a dozen parameters.
Some of these, for example the set-point, correspond to in-
strument settings. But others, such as those which control the
potential function, are not known or directly measurable. In
the simulations we set the parameters to typical values used in
the experiments, when possible, and utilize reasonable values
for the others. This is consistent with our simulation goal
of gaining a qualitative understanding of the manipulation ’é
process. The simulation results show that the oscillation am- &
plitude and the cantilever deflection signals provide usefulv6
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Fig. 2. Numerical simulations of the cantilever oscillation amplitudi€off- Fig. 3. aCantilever oscillation amplitude (offset by the set-point) versus lat-

set by the set-point) versus the lateral scan posiorThe curves 1-4 eral scan position for set-point values equal to 12, 6, 3.2 0edmshown
correspond to set-point values equal to 12, 6, 3.2,8dm, respectively ascurvesl-4, respectivelyb Cantilever dc deflection
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driving amplitude Asee to zero when we switch off the

feedback; we observed the same drop in amplitude, whic
confirms thatA becomes zero in the original experiment.)
The AFM images the sample in dynamic mode while

— Because the particles do not move, g values shown

h in Fig. 4 occur when the tip passes over the top of the
particle. This provides useful information, as we will see
below.

the feedback is on, and then switches automatically to— Once contact with the particle is established and the can-
a constant-height contact-mode scan after the feedback is tilever starts deflecting, all of the curves show an almost

turned off. The switching point can be determined experi-
mentally by monitoring the amplitude or the deflection (or
both).

Next, we used the same protocol but recorded the max-

imum dc deflection of the cantileveld,ax, for several values
of the set-pointAse, as shown in Fig. 4. Each curve in Fig. 4
corresponds to a different value of the driving amplitégle..

Each curve was obtained by using only one cantilever, but
several cantilevers, with the same nominal spring constant

~ 13 N/m, were used in the overall experiment. Again, the

particles did not move during these measurements. However,
decreasing the set-points below the minimal values shown for
each curve caused the particles to move. We draw the follow-

ing conclusions:

— Regardless of the selected driving voltage or set-point,

the cantilever must deflect beyond a fixed threshold fo
the particle to moveThis threshold i9.13V+0.02V

linear dependence with nearly equal slopes between the

set-point and maximum deflection, and this has the fol-
lowing consequence. In imaging mode, with the feedback
on, the tip oscillates about a mean tip/substrate separa-
tion &, with zero dc deflection. The value &f, however,

is unknown and not directly measurable. When the feed-
back is turned off, the amplitud@& decays to zero, as
we saw earlier, and contact is established. Then, the can-
tilever must deflect and climb over the particle, reaching
the maximum deflectioD 5« at the top of the particle, as
shown in Fig. 5. Therefore&g + Dmax = 2R, = H, where

H is the height of the particle, which is fixed. SinDgax

is approximately linear withAse, SO iIs &. This gives

an indirect (and approximate) value for the change of dc
tip/sample separation that is due to a change in set-point,
within the parameter range that is useful in nanomanip-
ulation by pushing. Sinc& = Aset+ S5, WhereS; is the
minimum tip/substrate separatio®; also varies linearly
with Ager Theabsolutevalues of the dc or minimum sep-

r

for the cantilevers used in the experiment. Because of the arations remain unknown (see the discussion below).

variability shown in Fig. 4, this threshold cannot be used
to compute a priori the exact parameters needed to pu§gr
a particle. But, rough estimates for these values are evhie
dent from the figure. Furthermore, suitable values are eas

to determine experimentally for a given cantilever an
driving amplitude. It suffices to step through a few set
points and monitor the maximum deflections, i.e., to trac
the left portion of one of the curves in the figure until the
threshold is reached.

3

In a third type of experiment, the same protocol was used
a range of set-points. We recorded the maximum can-
ver dc deflectiorDmax shown in Fig. 6b, and the maximum
mplitude dropA A = Aget— Amin, Where Anin denotes the
minimum amplitude during the single-line scan, shown in
ig. 6a. The three curves in each of the Fig. 6a,b correspond
results obtained with a soft cantilevar)( a hard cantilever
operating at a frequency to the right of the resonaegeand

a hard cantilever operating & < fres(0J). The particles did

not move during the measurements. For the hard cantilevers,
lowering the set-points beyond those shown in the figures
resulted in particle motion. This data confirms some of the

0.175 results presented earlier in this paper, and provide additional
information as follows:
0.15 — A pushing threshold of approximated/125V for hard
cantilevers is evident. It has the same value for the two
0.125 curves, i.e., for operation above or below the resonant fre-
quency.
—_ — When a hard cantilever starts deflecting, teA ~ Aget
2 01 as shown by the straight lines with unit slope in Fig. 6a.
é This implies thatAmjn = 0, i.e., the amplitude drops to
A 0.075
0.05
A Dmax
0.025 A
/
\ : A R
0.0 P P YN SO set] p
0O 2 4 6 8 10 12 14 3
Aset (nm) Ss

Fig. 4. Plots of the maximum cantilever dc deflection versus the set-poin
value, Aset. Eachcurve corresponds to a different value of the free oscilla-
tion amplitude ranging from 14 t83 nm

L
Fig. 5. Geometric relationships of the AFM tip apex and particle for set-
points that cause contact with the particle
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6a,b.Drop in the cantilever amplitude signal during a scam (a) and

maximum cantilever deflectioDmax (b) versus the setpoint value. Results
are shown for a soft cantilevers(3 N/m) with fset> fres(a) and for a hard
cantilever & 13 N/m) with fset< fres (0) and fset> fres (o)

zero and continuous contact is established, as we had seen
earlier.

For the soft cantilevelDmax is non-zero and\ A ~ Aget

for all set-points. This indicates that there is contact with
the particle for all of the set-points investigated. Further-
more, the fact that the slope of the curve does not change
for the whole range of set-points may be an indication
that the tip was tapping on the sample. Unfortunately, dur-
ing these experiments it was not possible to meaBy&

for larger set-point values to observe any bending of this
curve.

Lowering the set-point for the soft cantilever below the
values in Fig. 6 caused substrate modification but did not
move the particle. Because the spring constant is approxi-
mately four times smaller for the soft than for the hard
cantilever, one would expect the pushing dc deflection
threshold to be four times largér 0.5 V) for the soft
cantilever in order to exert the same force on the particle.
But, evidently this deflection value exceeds the height of
the particle and therefore the soft cantilever does not bend
enough to reach this threshold; as a consequence pushing
does not occur.

At the lowest value of the set-point shown in the figures
for the soft cantilever, the tip is essentially in contact with
the substrate at the beginning of the scan because lowering
the set-point modifies the surface (as noted above). The
maximum cantilever dc deflectio®.(9+ 0.03 V) occurs
approximately when the tip is over the top of the particle
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is ~ 15 nm This provides a rough conversion factor of
80+ 15 nnyV between the measured dc deflection signal
and the actual deflection of the cantilever.

Using a conversion factor &0+ 15 nnyV we estimate
that the pushing threshold for the hard cantilevers is a de-
flection of roughly 0125x 80= 10 nm This corresponds

to a cantilever load of abodi30 nNfor the manipulation

of theseAu nanoparticles on poly-L-lysine coated mica.
For hard cantilevers and large set-points, the cantilever
does not deflect and the amplitude drop is approxi-
mately constant. Denoting the minimum jtgubstrate
and tig/particle separations b and S,, respectively,
the simple geometric considerations shown in Fig. 7 im-
ply that S+ AA-§=H, or §—-§=H—-AA The
measured value oA A is =~ 8 nm whereasH ~ 15nm

It follows that§— S, > 0, or § > S, i.e., the minimum
tip/sample separation is smaller over the particle (where
the feedback is off) than over the substrate (where the
feedback is on). Furthermor& cannot be zero sincg,
cannot be negative. Therefore, over the substitatetip

is not tapping although the driving frequency is lower
than the resonant frequencgA caveat is in order: The
measured values inm for the amplitude were obtained
by using a vendor supplied, fixed calibration factor that
relates the photo-detector voltage to the cantilever deflec-
tion. On-going experiments in our lab indicate that the
actual calibration factor depends on the specific cantilever
and experimental setup, and corresponds to lower values
for the amplitudes than those reported here. These lower
values do not affect the qualitative conclusions reached
in this paper. The methods presented here will produce
better quantitative results if the calibration factors are de-
termined more accurately.)

The hard cantilever curves shown in Fig. 6b or Fig. 4 pro-
vide values ofDmax as a function ofAset. Because the
maximum deflection occurs at the top of the particle, the
geometry depicted in Fig. 5 implies th&+ Dmax= H.
SinceH is known, we can estimat&, or alternatively
the minimum separatiof; by using the conversion fac-
tor 80 nnyV derived above. For example, from the middle
curve of Fig. 6b ¢), we find thatAset= 4 nmcorresponds

to Dmax ~ 8.5 nm This implies thats) ~ 6.5 nmand the
minimum separation i& ~ 2.5 nm Therefore, with the

So

set

and therefore corresponds to the heighof the particle.

Fig. 7. Geometric relationships of the AFM tip apex and particle for set-

H can be measured independently by a separate scan, aguhts that do not cause continuous contact with the particle
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ig. 8a,b. Pushing15-nm Au colloids with the tip of an AFM operated in : :

dynamic mode using PC&.Scan area before pushing. The arrow indicates —~ 0.102 : ;
the particle selected for manipulation and the perpendicular bars on the a :

row denote the part of the scan where the feedback is disabl&tan ~ 0.068
area after successful pushing. The manipulated particle is found in a new-8 “*
position relative to neighboring particles

0.034
0

experimental procedure described here and a calibrated
deflection system (relating deflection volts to nanome- 133
ters),we can estimate the absolute values of the dc orthe g

minimum separation between tip and sample for the AFM £ 9.9
in dynamic modeThe separatiofset-point relationship z2

thus derived depends only on the cantilever and substrate & 66
and is independent of the nanoparticles. The particles are & 33
needed only to measure the deflection versus set-point &~

e

curves of Figs. 4 or 6b. 0.0

Figures 8 and 9 depict a successful pushing experiment. ' '
The marked particle in Fig. 8a is moved to a new position 0 100 200 300 400 500
shown in Fig. 8b. Figure 9a displays the topography signal be- X (nm)
fore pushing, an rig 9 he dc deflecton durng pushng s . e sonoe s v e pog
The two vertical bars denOte. the po'ln.ts where t.he .feedbacgés. Th% feedback is disgbled in the pgrt of the sr):/an delimited by t?}e
is turned off and then on again. The initial behavior is esseNertical bars.a Topography signal of the selected particle before pushing.
tially the same as in the three experiments reported above farpeflection signalduring pushing.c Topography signal after successful
low set-points. First, the deflection increases as the tip climbgshing
the particle. But now the pushing threshold is reached and the
particle moves. The topography signal after pushing shows in ) . ) )
Fig. 9c that part of the particle remains inside the feedbackéess amounts essentially to pushing the particles with the
off window, indicating that the tip does not reach the top oftiP of the instrument. The amplitude of the tip's oscillation
the particle while the feedback is disengaged. We do not knoflecreases as the particle is approached, and becomes zero
exactly what causes the small step in the deflection signdyhen uninterrupted contact is established. The tip slides up
after the feedback is turned on, but we have observed thgﬂe partlcle until a critical value of cantilever deflection is
this small step often disappears when the feedback gain [§ached, and then pushes the particle along the scan direction.
adjusted. Thl_s |nd|cate5§ that the contact force_between tip and cIl_Js—

The Cant”ever deﬂection decreases S||ght|y after the moter IS responSIble for the onset of m(?tlon. |nVeSt|gat|0nS with
tion begins and then remains essentially constant until thgoft cantilevers £ 3 N/m) resulted in unsuccessful push-
feedback is re-engaged. This decrease is akin to the differenttd. This can be explained by the soft cantilever’s inability
between static and dynamic friction in macroscopic mecharf0 exceed the contact force threshold necessary for push-
ics. It is consistent with our experimental observation thatnd. Comparison between NC and IC setups (i.e., driving
the pushing threshold is higher for the first time a particle igrequency to the right or to the left of the resonance pos-
moved. This may be due to the sample preparation proced§on, respectively) shows no difference in the manipulation
The particles may sink into the poly-L-lysine layer by a few A mechanism. ) ) o
during annealing, resulting in a stronger interaction with the _ Simultaneous recording of the cantilever oscillation am-

substrate than when they rest on top of the layer after beingjitude and dc deflection during scanning with the feedback
pushed. isabled provides valuable information about the progress of

a pushing operation. Furthermore, these signals can also be
used to estimate thabsoluteseparation between the tip and
4 Conclusions sample during normal imaging conditions in which the feed-
back is engaged.
Single nanopatrticles can be moved reliably and accurately Results from numerical simulations are in good qualita-
by using dynamic force microscopy with the protocol de-tive agreement with the experimental data. This indicates that
scribed in this paper. We show that the manipulation prosimple continuum methods may prove very useful in under-




standing the behavior of the AFM in dynamic mode. It may 5.
also be possible to use the experimental data to estimate the
parameters of the potential that governs the tip, substrate, an%
particle interactions.

The results presented here have important implications
for high-level programming of nanomanipulation operations. 8.
We expect to automate much of the process by exploit-
ing the new knowledge of the underlying phenomena pre-
sented here together with our current techniques for com-
pensating for instruments’ errors which are embodied in11.
our probe control software. Investigation of phenomena and
applications that require positioning of large numbers of12-
particles will become feasible with automated manipulation

procedures. 13.
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