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Imaging and manipulation of nanometer-size liquid droplets by scanning
polarization force microscopy

Jun Hu,® Robert W. Carpick,” and Miquel Salmeron
Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720

Xu-dong Xiao
Department of Physics, Hong Kong University of Science and Technology, Hong Kong

(Received 24 July 1995; accepted 9 November 1995

Using atomic force microscopy in noncontact mode, we have imaged nanometer-size liquid droplets
of KOH water solutions on the surfaces of highly oriented pyrolitic graphite and mica. On graphite
the droplets prefer to be adsorbed on atomic step edges. Droplets on the same step tend to be evenly
spaced and of similar size. The droplets can be manipulated by the atomic force microscopy tip
allowing the controllable formation of droplet patterns on the surface 1996 American Vacuum
Society.

I. INTRODUCTION ing this force constant by feedback control of the gap be-
o ) ) tween the tip and the surface, a constant force image can be
_ Liquid droplets on solids can be observed in everyday,pained. In our previous workSPFM was used to image
life, such as dew drops forming on plant leaves, sweat on 0Yqe condensation and evaporation of molecularly thin films
skin, and a foggy glass window in winter. The behavior of ot \yater on mica with nanometer resolution. This method

liquid droplets on a solid is very important in determining can 5150 be used to image thicker liquid structures such as
the processes of spreading or wetting and in the study of thﬁ‘quid droplets or bulk liquid surfaces.

interactions between the three basic interfaces: gas—liquid, |, this article we report results utilizing this new tech-

gas-—solid, and liquid—solid. Practical applications such agque to study the behavior of liquid droplets of KOH water
paints, lubrication, gluing, plant treatment, cosmetology, etC.qq|ytions at the nanometer scale on atomically flat surfaces
are gove.rne.d by Qroplet behawor.. Research has been Ca”'%?'highly oriented pyrolitic graphitéHOPG and mica. KOH

out in this field since the early nineteenth century and the,|ion was chosen because it remains in its liquid phase at
laws governing the macroscopic processes are well knownphe hymidities used throughout our measurements. HOPG
however, the understanding at the mesoscopic and Microyny mica are ideal substrates because their cleaved surfaces
scopic scale is still incomplefe’ Progress has been impeded 4 atomically flat over length scales of thousands of A or

by a lack of experimental techniques capable of providingyore  thus reducing the influence of substrate roughness and
information at such small scales. Several decisive advanc?%terogeneity.

have been achieved in the past decade because of the devel-

opment of techniques such as surface scattering methods,

ellipsometry, and x-ray reflectivity, which make possible the||. EXPERIMENT
detailed investigation of the properties of thin liquid films
with the thickness of even one molecular la§dfowever,
the lateral resolution of these techniques is at best in th
micrometer range, which is insufficient for a detailed under-
standing of droplet formation and behavior.

A macroscopic drop of roughly 1@J of solution was
eposited onto a freshly cleaved surface of HOPG or mica.
icrometer- to hanometer-size droplets could be formed by

blowing with a jet of compressed gas or by absorbing with a

We have recently shown that the atomic force microscop%lter paper to produce a surface that visually appears dry.
(AFM), operated in a noncontact electrostatic mode, using d he density of d_roplets coulgl be controlled by changlng the
or ac biased AFM tips, can be used for nondestructive imag'-nltlal concentran_o_n of KO_H n the_ water sc_)lgtlon, h owever,
ing of liquids3 This mode of operation is known as Scarmingthe droplets equilibrate with ambient humidity which deter-

polarization force microscop{SPFM since the tip—sample m'ltr;\er?' t::e .ft'.n?l KOH tco?cegtlr\inon.dOn :OEGh ZOIUtl'OtnS
interaction is due to polarization forces. Briefly, when a volt-WIth igh initial concentra iorf2 M) produced a high drople

age is applied to the AFM tip, the strong electric field arounddens"ty(’j Wh'(lje s?lutm(;ns \INItthd IOW.tm't_:_ar:. ancemrf”g;d%l ¢
its apex induces a polarization of the charge distribution orM) broduced a Jow dropet density. 1his 15 possibly due to

the nearby sample surface. Due to the long range nature i)fe higher wettability of more concentrated KOH solution on
electrostatic interactions, the force can be detected at di 10PG. The experiments were performed in an environmen-

tances of several hundred A from the surface. By maintain'Eal c_hamber_cpntaining a homemade AFRead where the
relative humidity(RH) could be controlled. We used a com-

dpermanent address: Shanghai Institute of Nuclear Research, Acade ri‘nercIal electronic control unﬂRHK TeChnO|Ogy’ Rochester

Sinica, P.O. Box 800-204, Shanghai 201800, People’s Republic of ChinalillS, MI) and cantilever(Digital Instruments, Santa Bar-
PAlso with Department of Physics, University of California at Berkeley. bara, CA. The nominal force constant of the cantilevers is
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Fic. 1. A 6x6 um? image of liquid droplets prepared/l2 M KOH water
solution on the surface of HOPG. The imaging conditions are: tip biais
V; force 16 nN(gap~400 A); and relative humidity 50%.

0.58 N/m. The cantilevers are made of;M§ and were

Fic. 2. A 10x10 um? images of droplets prepared by 0.1 M KOH solution
on HOPG. The imaging conditions are: tip biass V; force 16 nN
(gap~400 A); and relative humidity 50%.

We found that producing droplets on mica is not as easy as
on graphite. This is probably due to the lack of steps and
high hydrophilicity.

coated with a 100-A-thick Pt layer. All the experiments wereB. Manipulating droplets

performed at room temperature.

[ll. RESULTS AND DISCUSSION
A. Imaging droplets
Figure 1 is a typical SPFM imagéx6 um?) of KOH

The attractive force between the tip and a droplet can be
increased to the point where the entire droplet can be moved
on the surface. This is accomplished by reducing the tip—
sample gap at constant bias voltage, or by increasing the bias
voltage while maintaining the gap. The scanning speed is
also critical in this process. Slow scanning facilitates effec-

droplets on the surface of HOPG. The apparent size of théive displacement while fast scanning tends to be ineffective.
droplets ranges from hundreds to thousands of A. The appafigures 4a—(c) show an example of this process. Figure

ent height is typically tens to hundreds of A. The exact di-4(@) is an image obtained with a tip bias &f6 V and a
mensions of the droplets cannot be determined unless the tgPnstant force of 20 nN with a scanning speed ofu@’s in
shape is known and a quantitative analysis performed. The
apparent dimensions will nonetheless be of the correct order
of magnitude.

Although droplets can be found in the flat areas between
steps, they strongly prefer to adsorb on the step edges. Figure
2 further demonstrates this phenomenon in the case of low
droplet density. All the droplets are found on step edges.
Although it is well known that macroscopic roughness can
contribute to the trapping of liquid drops on surfalésjs
still surprising that atomic steps can also anchor drops as
large as a few thousand A.

In addition, along a given step the size of the droplets is
nearly uniform, as is their separation. This is possibly a result
of hydrodynamic instabilities. As the liquid film is being dis-
placed by an air jet or removed by osmoatic transfer to the
filter paper, it first breaks down into disconnected fragments
on the surface which are in the form of strips attached to
steps. Further liquid removal thins out the strips to the point
that their surface tension is too high, and thus break into

droplets as seen in t.he IMages. . . Fic. 3. An 8x8 um? image of droplets prepared/l2 M KOH solution on
_ Droplets can be imaged on msqlatmg SurfaC?S as Wellyica surface. The imaging conditions are: tip bisé V: force 16 nN; and
Figure 3 shows droplets of various sizes on the mica surfaceelative humidity 48%.
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relative humidity 95%. Tip bias is-6 V, force 20 nN(gap~500 A), scan
speed 2Qum/s in thex direction and 0.04um/s in they direction.(b) 2x2
um?image in the center area @f). Tip bias is+6 V, force 22 nN(gap~300
A), scan speed 1am/s in thex direction, and 0.0wm/s in they direction.
(c) 2.5x2.5 um? image in the same area as(@. Tip bias is+6 V, force 20

nN (gap~500 A), scan speed 2@m/s in thex direction, and 0.04m/s in Fic. 5. Images showing the process of manipulation of droplets of KOH
they direction. solution on HOPG at relative humidity of 95%. The arrows indicate the

moving directions of manipulated droplets. The tip biastié V for both
imaging and manipulation, but the force is 18 fdp~700 A) for imaging
and 23 nN(gap~250 A) for manipulation.

Fic. 4. (a) 2.5X2.5 um? image of droplets of KOH solution on HOPG at i

the x direction and 0.04um/s in they direction. All the
droplets remained stationary under these imaging conditions.
If the force is increased to 22 nN with the same bias whilemore viscous. It is also observed that droplets adsorbed on
scanning at a slower scanning speed of /s inx and  steps are difficult to move even at high humidity which
0.02 um/s iny, three of the droplets are moved by the tip. means that the liquid—solid interaction on the steps is larger
They move nearly along the slow scan direction, which showthan that on flat regions of the surface. If a droplet being
up as three streaks in Fig(B). With the same force but moved by the tip crosses a step, it becomes irreversibly
faster scanning, no droplet displacement is observed. Figuginned. This is consistent with the observation that the de-
4(c) shows the new arrangement of the droplets imaged at posited droplets are more likely to adsorb on steps.
lower force.

The mechanism of droplet displacement is explained asy. CONCLUSIONS

follows. If the horizontal component of the attractive force We have been able to image nanometer-sized droplets of a
between the tip and the droplet is larger than the shear forcg, iy on solid surfaces. This provides new possibilities for

(friction) _between the drople_t and Fhe solid substrate, th";‘studying the wetting process in the mesoscopic and micro-
droplet will be pulled along with the tip. The force necessaryscopiC range. The manipulation of liquid droplets at the na-
to do this depends upon the size of the droplet, and can bﬁometer scale has also been achieved.

controlled by the gap or bias voltage. If the tip is scanning
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