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Imaging and direct manipulation of nanoscale three-dimensional features
using the noncontact atomic force microscope

T. R. Ramachandran,a) A. Madhukar,b) P. Chen, and B. E. Koelc)

Department of Materials Science and Engineering and Laboratory for Molecular Robotics,
University of Southern California, Los Angeles, California 90089

~Received 13 October 1997; accepted 9 February 1998!

We report on a remarkable image contrast reversal in noncontact atomic force microscope
~NC-AFM! imaging of nanosized three-dimensional~3D! particles. We show that the image contrast
of such 3D particles can switch from positive to negative as a function of NC-AFM imaging
conditions and this occurs during, both,in situ ultrahigh vacuum imaging and imaging in air. Our
results indicate that the contrast reversal can arise from a tip-sample interaction
force-gradient-dependent instability of the NC-AFM feedback loop. Exploiting the above instability
to induce selective tip-sample contact, we propose and demonstrate a protocol for the controlled
nanomanipulation of 5 nm diameter gold particles, inair at room temperatureusing the NC-AFM.
The contrast reversal phenomenon is proposed to be universal, suggesting its potential applicability
to nanomanipulation in a variety of materials systems. ©1998 American Vacuum Society.
@S0734-2101~98!54703-3#

I. INTRODUCTION

The practical applications of the noncontact atomic force
microscope~NC-AFM!1 have largely surpassed the few at-
tempts to date to theoretically understand the scientific basis
of this technique. While the atomic resolution NC-AFM
images2–6 of ‘‘two-dimensional’’ ~2D! flat surfaces are not
well understood,3–9 the interpretation of NC-AFM images of
nanoscale~or larger! three-dimensional~3D! features is even
more complicated due to the effects of the macroscopic tip
shape10 on such images.In situ NC-AFM studies in ultrahigh
vacuum~UHV! of nanoscale 3D features have revealed con-
siderable dependency of NC-AFM image contrast of such
features on the imaging conditions.11 Recently, the utility of
the NC-AFM has been extended by its application to the
direct manipulation in air of 15 nm12 and 30 nm13 sized
nanoparticles. Such NC-AFM based manipulation can poten-
tially compete with both contact AFM~C-AFM! based
approaches14,15 and with the achievements of UHV scanning
tunneling microscope ~STM! based manipulation of
;1 – 2 nm sized molecules.16,17

In this article we report results from a systematic study of
NC-AFM imaging of nanoscale 3D features, in UHV and in
air. Remarkably, the NC-AFM image contrast of the
nanofeatures is found to reverse from positive to~partial-to-
complete! negative as the imaging conditions are changed.
Our results, as well as a simple force-gradient model, indi-
cate that the contrast reversal is likely to be universal and
that it may arise due to a feedback instability that could
potentially bring the tip into contact with the 3D nanofeature.
In the second part of this article, we exploit the above con-
trast reversal phenomenon for selectively inducing tip-
nanofeature contact and accordingly propose a new approach

for nanomanipulation using the NC-AFM. We demonstrate
the reliability of this approach via the controlled nanoma-
nipulation of randomly distributed 5 nm sized Au particles
into a chainlike pattern. This approach also allows the push-
ing of nanoparticles over nanoscale surface protrusions and
for pushing nanoparticle pairs.

II. EXPERIMENT

UHV NC-AFM studies were performed on InAs 3D
nanoscale islands on GaAs,18,19 prepared by depositing 1.74
ML of InAs on GaAs~001! via molecular beam epitaxy and
transferring such samplesin situ into the UHV NC-AFM
chamber.18 The samples used for NCAFM studies in air
were: ~i! cleaved mica surfaces having nanoscale mica par-
ticles, and~ii ! 5–30 nm diameter gold particles deposited
from a colloidal solution onto a freshly cleaved mica surface
that was previously functionalized with a layer of
poly-L-lysine.12 The cantilevers~CLs! used had a nominal
stiffness constant,k0 , of ;2.5 N/m ~UHV! and ;18 N/m
~air!, and a natural resonance frequency,n0 of ;58 kHz
~UHV! andn0 in the range of 300–400 kHz~air!.20

Our UHV NC-AFM works by the principle of ‘‘frequency
modulation’’ detection.2,3,5,11,21Briefly, the NC-AFM feed-
back brings an oscillating CL with a mounted tip towards the
sample until the resonance frequency of the CL shifts from
its natural value,n0 ~when the tip is far away from the sur-
face! to a user defined new value,nset, due to the interaction
between the tip and sample. The amplitude of oscillation of
the CL,A, is simultaneously feedback controlled to be equal
to a user-defined valueAset. Typically, Dn5nset–n0 , is
negative2 and NC-AFM images are obtained by scanning the
CL/tip over the sample while maintainingnset andAset con-
stant. According to the simplest model of NC-AFM, valid in
the limit of small A, the NC-AFM image corresponds to a
map of constant force gradient experienced by the tip due to
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its interaction with the sample.1,22 For a CL of massm, the
effective resonance frequency,neff , of the CL due to the
presence of the sample can be given by:1,22

neff5
1

2p
Ak02F8~z!

m
~1!

where,F8(z) is the force gradient experienced by the NC-
AFM tip due to the sample,z is aneffectivetip-sample sepa-
ration, andneff5nset during NC-AFM imaging. In principle,
Eq. ~1! also governs the working principle of our ambient
NC-AFM, although this instrument works via ‘‘amplitude
modulation’’ detection23 where the change inA accompany-
ing the shift in the CL resonance upon approaching the
sample is exploited. The CL is initiallydrivenslightly above
its resonance (nset.n0) when it is far away from the sample.
Then, the user specifies a valueAset that is lower thanA(nset)
and the feedback moves the tip towards the sample until the
CL oscillation amplitude atnset decreases to the valueAset.
This would be expected to occur when the resonance re-
sponse of the CL is shifted towards the lower end of the
spectrum on approaching the sample.21,23 The NC-AFM im-
age is now acquired by maintaining, for the CL, the value
Aset at the user-definednset.

24 In general, during NC-AFM
imaging the cantilever is brought closer on average to the
sample by the feedback whenAset is decreased from its in-
stantaneous value keepingnset fixed ~in both the UHV and
ambient NC-AFMs above! or if nset is lowered~makingDn
more negative! keeping Aset fixed ~for the UHV
NC-AFM!.2,4,11

III. RESULTS AND DISCUSSION

A. NC-AFM imaging of nanoscale 3D features

Figure 1 showsin situ UHV NC-AFM images of 3D
nanoscale InAs islands on GaAs~001! for fixed Aset566 nm
but with varyingDn. In ~a!, whereDn529 Hz, the islands
appear in positive contrast as;2 – 4 nm high protrusions
~‘‘bright dots’’ !, as expected based on C-AFM images of
such samples.18,19However, in~b!, the same islands~labeled
D! appear in almost complete negative contrast~dark spots!
for Dn5239 Hz. The arrow in~b! points to some instabili-
ties that often occur within the negative contrast region. The

image contrast also shows a change from positive to negative
~defined always with respect to the surrounding flat area!
whenAset is decreased withDn ~i.e.,nset! fixed, as previously
reported.11 The negative contrast is defined here to be either
partial ~as shown below! or complete~when it covers the
whole 3D feature!.

Figure 2 shows NC-AFM images taken in air of a 3D
mica nanofeature on mica, withnset;309.14 kHz (n0

;309.00 kHz). In Fig. 2~a! the feature~labeled D! appears
in positive contrast~;1 nm high! for Aset514 nm, but it
appears in complete negative contrast forAset54 nm @panel
~b!# where the CL is, on average, closer to the surface. When
Aset is reset to 15 nm@panel ~c!#, the feature is once again
imaged in positive contrast, exhibiting a reversibility in the
contrast reversal. The abruptness of the contrast reversal is
illustrated in panel~d! for the same nanofeature. Here, the
top part of the image was acquired withAset59 nm and at the
line marked by the arrowAset was decreased to 8.5 nm,
which immediately changes the image contrast from positive
to negative. We find thateverysample containing nanoscale
3D features which we examined in UHV and in air exhibited
this unusual contrast reversal phenomenon, but to varying
degrees. For instance, Fig. 3 shows an example where the
negative contrast is only partial. Figure 3~a! is a positive
contrast NC-AFM image in air of 5 nm diameter gold
particles25 on poly-L-lysine covered mica forAset55 nm. On
the other hand, Fig. 3~b! ~Aset54 nm, samenset! shows that
the same particles~two of which are labeled 1 and 2! have a
central region of partial negative contrast~dark spot labeled
by an arrow!.

The fact that contrast reversal in NC-AFM images of
nanoscale 3D features is observed, as a function of varying
Aset or nset ~i.e., Dn!, in contamination-free,in situ UHV
NC-AFM images as well as in air indicates that this might be

FIG. 1. UHV NC-AFM images of nanoscale 3D InAs islands in a 1.74 ML
InAs/GaAs~001! sample, for fixedAset566 nm. In~a!, for Dn529 Hz the
3D islands ~labeled D! appear in positive contrast. In~b!, for Dn5
239 Hz, the same islands~D! appear in almost complete negative contrast.
The arrow in~b! points to instabilities in the scan in the negative contrast
region.

FIG. 2. NC-AFM images in air (nset;309.14 kHz) of the same 3D nanopar-
ticle ~marked D! on mica. This particle images in positive contrast for~a!
Aset514 nm, in negative contrast for~b! Aset54 nm, and positive again for
~c! Aset515 nm. In~d!, the abruptness of the contrast change is seen. In the
top part of~d! ~positive contrast of nanoparticle! Aset59 nm, and at the point
of the arrowAset was reduced to 8.5 nm, causing negative contrast of the
particle in the lower part.
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a universal phenomenon observable in any environment.
Clearly, the complexity of the NC-AFM imaging process for
finite values ofAset

2,5,9 preclude a straightforward explana-
tion of this phenomenon using Eq.~1!. However, it is useful
to examine the consequences of the simplified model of Eq.
~1! to find out if, and how, contrast reversals can arise in
NC-AFM even within this force-gradient model.

Figure 4 shows schematic curves depicting the forceF(z)
and force-gradientF8(z) experienced by the tip due to the
sample as a function ofz. Here,zA corresponds to the value
of z at the minimum detectable force gradient, and thusDn,
in the NC-AFM, andzA8 corresponds to the maximum force
gradient. In region III (zA8<z<zA), as z decreases,F8(z)
increases and therefore, in Eq.~1!, neff decreases. The de-
crease inneff with decreasingz is consistent with the design
rule of our NC-AFM feedback that, asnset is decreased, the
CL will be moved, on average, closer to the sample. There-
fore, within the model described by Eq.~1!, region III is the
normal region of operation of our NC-AFMs~labeled
‘‘stable feedback’’! and in this region 3D protuberances on
the surface will clearly be imaged in positive contrast. How-
ever, if z were to drop belowzA8 due to, say, attractive
tip-sample interactions driving the tip towards the surface
faster than the feedback response time (;1 ms), then the tip

may enter region I~contact! or II. In these regions, asz
decreases,F8(z) decreases andneff increases, which contra-
dicts the working assumption of our NC-AFM feedback.
Therefore, in this regime, a decrease inz will increaseneff

and cause the feedback to move the CL even closer to the
sample, in an attempt to ‘‘decrease’’neff to nset, which is, of
course, impossible. This leads to an unstable or
‘‘runaway’’ 11 feedback that will result in artifactual NC-
AFM images showing partial-to-complete negative contrast
of 3D protuberances. Accordingly, there would be a diver-
gence in the error signal ofnset ~or Aset in the ambient NC-
AFM! which may manifest as instabilities in the image
within the negative contrast regions@e.g., see Fig. 1~b!#. It
must be noted that in this case, the quoted value ofnset ~or
Aset! is only a nominal one and not necessarily the actual
value, inside the negative contrast region. Furthermore, the
negative contrast can potentially lead to tip-sample contact
~region I!, as we indeed observe in the form of surface de-
struction under prolonged scanning at pronounced negative
contrast ~not shown; also see Ref. 26!. Thus, a feedback
instability linked to the nature of the force gradient curve can
account for image contrast reversal of 3D nanofeatures even
within the simplified force-gradient model of NC-AFM im-
aging @Eq. ~1!#.

B. NC-AFM based direct manipulation of nanoscale
3D features

The contrast reversal phenomenon, while being an arti-
fact, has at the same time the advantage of specifyingquali-
tatively the regime of tip-sample interaction. The latter fact
can be exploited as shown below to induce selective tip-
sample contact with the view of directly manipulating nanos-
cale 3D features such as clusters or large molecules. Figure 5
schematically depicts a protocol we propose for such na-
nomanipulation using the example of the ambient NC-AFM.
The procedure involves initially obtaining a NC-AFM image
of nanoparticles on a surface with a value ofAset5A1 which
produces positive contrast of the particles. Next, we choose a
particle of interest and perform a single line scan over the
center of the particle in a desired direction withAset5A1 .

FIG. 3. NC-AFM images in air (nset;334.14 kHz) of 5 nm Au nanoparticles
on poly-L-lysine covered mica. The nanoparticles appear in positive contrast
in ~a!, for Aset55 nm. In ~b!, for Aset54 nm, the same nanoparticles~e.g., 1
and 2! exhibit partial negative contrast~arrow!.

FIG. 4. Schematic of the forceF(z) and force gradientF8(z) on the tip due
to the sample, as a function of the effective tip-sample separation,z. Region
I is the usual C-AFM regime. We label I/II and III as regions of unstable and
stable NC-AFM feedback, respectively, based on the outcome of the force-
gradient model of NC-AFM imaging and the feedback mechanism.

FIG. 5. Schematic of our NC-AFM based manipulation protocol, as applied
to our ambient AFM. In~a!, the tip is in the positive contrast imaging mode
~Aset5A1 , region III of Fig. 4!, positioned a few nm above the nanoparticle
and approaching it. In~b!, Aset is decreased toA2,A1 to make the tip enter
the negative contrast regimeand to then induce tip-sample contact. With
Aset fixed at A2 and the tip moving in the desired direction@see~b!# the
particle is also moved. Then,Aset is reset toA1 and the NC-AFM is brought
back into the imaging mode~c!.
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Then, a second line scan is commenced@Fig. 5~a!# but as the
tip nears the particleAset is decreased by computer control to
a new valueA2,A1 . The valueA2 is chosen so that we
would not only operate in the negative contrast regime with
respect to the nanofeature butalso such that tip-nanofeature
contact@region I of Fig. 4~b!# would occur@Fig. 5~b!#. The
value ofAset is maintained atA2 for a chosen interval of time
~or equivalently, distance! and this has the effect of moving
the nanoparticle along the sample surface in the direction of
the scanning tip. Once the particle is moved over a desired
distance, the computer resetsAset back toA1 and goes back
into the normal imaging mode@Fig. 5~c!#. The manipulation
protocol depicted in Fig. 5 has been automated and the de-
tails of the computer control software are discussed
elsewhere.12

Evidence for the viability of the above protocol is shown
in Figs. 6–8, all acquired in air withAset55 nm and
nset;394.86 kHz (n0;394.51 kHz). All nanomanipulation
was performed in air, at room temperature, withA155 nm
andA251 nm corresponding to the discussion above. Figure
6 shows NC-AFM images of a sample containing mostly 5
nm diameter Au particles,25 ~a! before and~b! after nanoma-

nipulation using the above protocol. A spatially random col-
lection of 5 nm Au particles in Fig. 6~a! ~with a lone 15 nm
particle seen as the brightest feature in the lower right cor-
ner! was rearranged in a predetermined manner to form the
chainlike arrangement of Fig. 6~b!. The labels 1–3 in panels
~a! and~b! show, as a reference, the same three particles that
were left untouched.

Figure 7 shows how our protocol is successful in moving
nanoparticles up and over nanoscale surface protrusions. The
particle labeled 1 in Fig. 7~a! was moved in the direction of
the arrow towards a;2 nm high surface protrusion labeled
B. The particle 1 was first brought to rest on top of B and
then imaged in Fig. 7~b!, seen as a brighter feature and la-
beled 1. Then, the particle was moved away from B in the
direction of the arrow in Fig. 7~b! to its new position in Fig.
7~c! where, once again, both features 1 and B are revealed.
Figure 8 shows how a nanoparticle pair was manipulated
using the above protocol. Here, the tip was forced to follow
a path that approximately bisected the two particles in Fig.
8~a! ~rectangular box! in the direction of the arrow. The re-
sult is seen in panel~b! showing a new feature~box! that
appears larger~in lateral size! than either of the particles in
the pair @box in panel ~a!#. The combined pair was then
moved slightly in the direction of the arrow in panel~b! to a
new position in panel~c!. For reference, the same feature
labeled 1 is shown in panels~a! through~c!. Panel~d! shows
a cross-sectional profile over the nanoparticle pair in the box
in panel ~c!, corresponding to the black line shown within
this box. The arrows in~d! mark the positions of the two
particles in the pair.

Finally, we discuss some of the limitations and advan-
tages of the above method. The main limitation of this tech-
nique is that tip-sample contact sometimes results in drastic

FIG. 6. NC-AFM images of 5 nm Au nanoparticles in air,~a! before and~b!
after directed manipulation using the procedure in Fig. 5, withA155 nm,
A251 nm. The random group of Au nanoparticles in~a! was rearranged to
create the ‘‘chain’’ structure in~b! ~labels 1–3 denote the same particles in
both images!. The feature in the lower right corner is a 15 nm high Au
particle.

FIG. 7. NC-AFM images in air showing that nanoparticles can be moved
over surface protrusions using the protocol of Fig. 5~with A155 nm, A2

51 nm!. The particle 1 in~a! was moved~arrow! towards an;2 nm high
protrusion, B. In~b! the particle 1 is observed to sit on top of B. Particle 1
was then moved again~c, arrow! to a new location making B visible again.

FIG. 8. NC-AFM images in air showing how a nanoparticle pair can be
moved using the protocol of Fig. 5~A155 nm, A251 nm!. Panel~a! shows
a pair of 5 nm Au nanoparticles~box!. The tip was run roughly through the
middle of this pair from left to right~arrow! resulting in~b! where the pair
is seen to have moved and combined to form a larger~lateral size! feature.
This larger feature was then moved~arrow, b! to produce the result in~c!.
The label 1 identifies a nanoparticle common to all images. Panel~d! shows
a cross section across the pair of particles enclosed in the box in~c!. The
arrows in~d! mark the positions of the two particles in the pair.

1428 Ramachandran et al. : Imaging and direct manipulation of nanoscale 3D features 1428

J. Vac. Sci. Technol. A, Vol. 16, No. 3, May/Jun 1998



changes to the tip, which affects the quality of subsequent
NC-AFM images and sometimes the reproducibility of ma-
nipulation. There is also the possibility of physical damage
to the sample. The advantages of this technique are that:~a!
it can be potentially used in any environment,~b! it can be
used for a variety of materials systems, and~c! it relies only
on the negative contrast phenomenon, which allows qualita-
tive identification of the manipulation regime independent of
the user or the material system. Our results suggest that the
manipulation approach discussed here would be most suc-
cessful when applied to materials systems where the nano-
particles are bound to the substrate via relatively weak elec-
trostatic and/or van der Waals bonds. Particles bound via
strong covalent bonds are usually immovable even during
C-AFM operation.

IV. CONCLUSION

In conclusion, we have presented a remarkable contrast
reversal phenomenon in NC-AFM imaging of nanoscale 3D
features. Experimental evidence and the analysis of a force-
gradient model of NC-AFM imaging indicate that this phe-
nomenon could be attributed to a feedback instability asso-
ciated with the nature of the tip-sample interaction force
gradient curve. Exploiting the potential tip-sample contact
ensuing from the negative contrast, we have proposed and
demonstrated the viability of a new protocol for NC-AFM
based nanomanipulation via a controlled rearrangement of 5
nm Au particles to form a chainlike pattern. We emphasize
the universality of the contrast reversal phenomenon and its
applicability to nanomanipulation in a variety of materials
systems, potentially even to molecules~e.g., C60! on sur-
faces.
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