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High resolution~‘‘atomic’’ ! images of clinochlore and muscovite have been obtained in aqueous
solution by inducing an electric double layer between the atomic force microscope tip and the
sample surface. The electric double layer is created by the addition of a surfactant to water and
greatly improves image resolution. A theoretical model is proposed to explain the improved
resolution. ©1997 American Institute of Physics.@S0003-6951~97!04007-2#
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The electric double layer~EDL! is a well-known phe-
nomenon, and occurs commonly on surfaces at the inter
between the solid and liquid phases. Each EDL consists
layer of charged molecules on one side, and a layer of m
ecules with opposite charge on the other side. The deve
ment of an EDL on a surface has been used in studies of
self-organized micellar thin films by atomic force micr
scope~AFM! ~cf. Refs. 1–3!. The micellar film of interest is
created in a surfactant solution and develops the EDL
both the film and AFM tip. It results in an additional force
repulsion between the tip and the film. The EDL mimics t
underlying film topography and scanning along the bound
of the EDL provides an indirect image of the film itself. Th
mode of scanning is called ‘‘pre-contact’’ because the AF
tip does not touch the rigid substrate.1,2 However, if one
increases the scanning force, the repulsion due to the ind
EDL is overcome and the tip jumps through the film.

Here we show that the use of a low concentration s
factant solution is very helpful for improving ‘‘atomic’
resolution by eliminating the attractive van der Waals forc
between the tip and the sample. The reduction of van
Waals forces to improve AFM resolution has been achie
previously by choosing appropriate media between the
and the sample,4,5 and via active force compensatio
techniques.6 However, using the EDL to compensate for t
attractive van der Waals force has not been proposed
now. This method is experimentally simpler than the o
suggested in Ref. 6 and should give better results tha
Refs. 4 and 5.

Muscovite and clinochlore, used in an earlier stud7

were mounted on magnetized stainless steel AFM substr
by means of either double-sticky tape or epoxy. Both
clinochlore and muscovite surfaces were cleaned by rem
ing the upper cleavage layers with scotch tape.

The surfactant used was a water solution of C16TACl
~manufactured by Alridge, Inc.! at a concentration betwee
0.5 and 3 mM. After addition of surfactant solution, the flu

a!Electronic mail: sokolov@medb.physics.utoronto.ca
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cell was left standing for at least 2–3 min or more, prior
engaging the tip. Images without the surfactant were
tained after washing the tip and cell in distilled water for
min, then drying. The substrate and the fluid cell were re
sembled and distilled water added instead of surfactant s
tion.

All the images were obtained using a Digital Instrumen
NanoScope III operating in contact deflection mode. T
A1B signal of the feedback was about 3 V while the
A2B signal was set at around20.5 V and setpoint of 0 V
~or less!. Standard silicon nitride integrated pyramidal tip
fixed on 200mm cantilevers~spring constantk;0.06 N/m!
were used throughout the study. The radius of curvature
the tips was estimated at;50–100 nm by scanning a cleav
age step on a muscovite surface or strands of DNA. Th
scan head~maximum scan area is 12.5312.5 mm2, z sensi-
tivity is 9 nm/V! and A scan head (1.031.0 mm2, z sensi-
tivity is 1 nm/V! were employed throughout the study.

In Fig. 1~a!, a 434 nm2 unfiltered~as recorded! image
of clinochlore is shown that was obtained in water@Fig. 1~a!#
and in surfactant solution@Fig. 1~b!# using the same tip. Fig-
ure 2 shows the results of the same kind of experiment o
434 nm2 area of muscovite. All images were collected
deflection mode and are the best images we were abl
obtain. It is obvious that scanning in surfactant soluti
greatly improves the resolution. In Figs. 1~c! and 1~d! the
scan force~tip deflection! is plotted versus the vertical pos
tion of the tip above the clinochlore surface in water and
surfactant solution, respectively. When scanning in water
attractive force is observed@Fig. 1~c!#. However, when the
surfactant solution is added the attractive force is clea
compensated@Fig. 1~c! does not show any deflection of th
cantilever towards the sample#. The force of scanning~load
force! in water that gave the best result did not exceed;1
nN while the load force in the surfactant solution was at le
a factor of 10 less than in water. Image resolution is con
quently improved substantially due to the presence of
surfactant. Similar results were obtained for muscov
~Fig. 2!.
/97/70(7)/844/3/$10.00 © 1997 American Institute of Physics
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The improved image quality in the presence of an aq
ous solution of surfactant can be explained by the prese
of an EDL. A schematic picture of an EDL in the AFM-tip
sample configuration is presented in Fig. 3. As can be see
the force curves of Figs. 1 and 2, the cantilever does
deflect towards the sample when scanning in the surfac
solution. This implies that the total force between the AF
tip and sample when scanning in surfactant is repulsive
nature, and thelong-range attractive force~e.g., van der
Waals! is being compensated by thelong-rangeelectrical
double layer force. Moreover, this compensation takes p
beforethe tip-sample contact@contact is the beginning of th
straight line of the force curve, Figs. 1~c! and 2~c!#. Without
an EDL, such a compensation takes place by means
highly short-range repulsive force~Fermi force of inter-
atomic overlapping! ~e.g., Refs. 8 and 12!, which leads to the
development of high pressures at the surface and the pos
breakage of the sharp apex of the tip, consequently prev
ing true atomic resolution from being achieved.

In considering this mechanism in more detail, the int
action potential between two atoms can be described b
Lennard-Jones potential

n~r !5eF S r 0r D 122S r 0r D 6G , ~1!

wheree is the energy of binding between atoms,r 0 is the
approximate equilibrium distance between bound atoms,
r is the interactomic distance.

To find the force of interaction between an AFM tip an
a sample, one needs to integrate the potential~1! over the
volumes of the sample and tip followed by some renorm
ization ~e.g., Refs. 8 and 9!. This results in

FIG. 1. Some 434 nm2 unfiltered clinochlore images~as recorded! collected
in ~a! water and~b! 0.5 mM surfactant solution. Force curves are sho
during scanning in~c! water and~d! surfactant. The arrow indicates th
region in which the electrical double layer force modifies the force curve
comparison with scanning in water. The observed interatomic distance
dicate that the surface being images is the brucitelike layer of the 1:1 l
structure~cf. Ref. 7!.
Appl. Phys. Lett., Vol. 70, No. 7, 17 February 1997
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F~d!5
aN

d13
2
AR

6d2
, ~2!

whereF is the tip-sample force,a is a repulsion constant
N is the number of atoms at the apex of the tip,A is Ha-
maker constant,R is the radius of curvature of the tip, an
d is the tip-sample distance.

A typical value of the Hamaker constantA ~in air! for
clinochlore/muscovite is about 2–3310219 J ~see e.g., Ref.
11!. Our estimated radius of tip curvature is 50–100 nm a
the separation distance between tip and surface for con
scanning is;0.3–0.4 nm. Consequently the force of attra
tion due to the second term in Eq.~2! can reach 56 nN. In
addition, the attraction force may not be reduced sign
cantly in water. The Hamaker constant, and consequently
attractive force, is, for example, effectively reduced by on
a factor of 1.4 ~for gold–gold! and 3.4 ~for
gold–muscovite!10,11 in water relative to air. If we consider a

n
in-
er

FIG. 2. Some 434 nm2 unfiltered muscovite images~as recorded! collected
in ~a! water and~b! 1 mM surfactant solution. Force curves are show
during scanning in~c! water and~d! surfactant. The arrow indicates the
region in which the electrical double layer force modifies the force curve
comparison with scanning in water.

FIG. 3. Schematic of electrical double layer on the surface of the AFM
and the sample.
845Sokolov et al.
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scan without an EDL present and with load and attract
forces of 1 and 10 nN, respectively, then the real force ac
on the tip/surface is 1110511 nN. This force is large
enough to induce deformation and/or damage to the tip.

However, in the presence of an EDL, the attract
forces can be eliminated in a more gentle manner becaus
EDL repulsion acts, due to its long-range nature, on a m
larger area. The detailed molecular EDL theory is rat
complex and depends on the local structure of the EDL
the degree of dissociation, as well as the microtopograph
the tip apex in contact with the sample. Fortunately, a qu
tative understanding of these parameters is sufficient to
derstand the origin of the improved AFM resolution. B
analogy with Eq.~2!, one now has for the load force

F~d!5
aN

d13
2
AR

6d2
1FEDL , ~3!

whereFEDL is the force due to the EDL.
Because the scans were done when the load force w

the region marked by the arrow in Fig. 1~d!, theFEDL was
greater than the attractive force. If this were not the case,
would see a straight line of contact in the force curve. If
return to our example above with 1 nN load force, one c
see from the force curve@Fig. 1~d!# that long-range attraction
is now overcompensated by the long-rangeFEDL ~this is be-
cause the total force is repulsive everywhere!. This means
that the real force acting on the tip apex atoms is equal
nN minus FEDL2Ar/6d2. Consequently, the tip apex wi
remain sharp and surface deformation will be reduced a
result of the eliminated attractive force. This is the reas
why the resolution is improved in the presence of the surf
tant solution.

There is a further advantage when using an EDL to
clude the attractive force as opposed to simply reducing
van der Waals force by addition of a specific medium.5 The
presence of the EDL enhances tip stability during the im
scan. This is because the tip is essentially between a
tively large EDL repulsion and a large attractive force, i.
the tip is effectively trapped near the surface and lies i
potential well that is smooth in the lateral direction becau
of the long-range character of both forces. This results i
very stable imaging environment at the tip and does not l
to image artifacts.

It is worth noting that in this study we worked wit
surfactant concentrations that were small, below the crit
micelle concentration~cmc!. When the concentration i
higher than the cmc, depending on the hydrophilicity or h
drophobicity of the substrate, a layer of micelle or hemim
846 Appl. Phys. Lett., Vol. 70, No. 7, 17 February 1997
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celle cylinders, respectively, can be formed on the surfac
the sample. These micellar structures were imaged in
pre-contact mode.1–3 We found that even when the conce
tration is near the cmc, improvement of the clinochlore a
muscovite image resolution is not apparent. The nature
this phenomenon can be understood through the analys
the force curves. If the concentration of the surfactant
sufficiently high, the surface charge of the EDL is high
well, and, in order to image the surface, the AFM tip mu
overcome this high repulsion and contact the surface. As
observed in the force curves at our tip-sample distance,
attractive force gradient became high enough to make the
jump to the sample. Under these conditions, any resolu
advantage from the presence of the EDL appears to be
Thus, we found that an optimum concentration of the surf
tant solution was about 0.5–1 mM for clinochlore and mu
covite. However, this value will depend on the nature of t
surfactant, the materials of the tip and sample, and cantile
rigidity.

In conclusion, we described a method for improvin
AFM image resolution which uses the presence of an elec
double layer to compensate the attractive forces between
tip and sample. The EDL is created in the presence o
surfactant solution. In addition, the EDL also provides
stable scanning environment between the tip and sample
ing scanned.
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