Improved atomic force microscopy resolution using an electric
double layer
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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 Physid$S0003-695(97)04007-2

The electric double laye(EDL) is a well-known phe- cell was left standing for at least 2—3 min or more, prior to
nomenon, and occurs commonly on surfaces at the interfagengaging the tip. Images without the surfactant were ob-
between the solid and liquid phases. Each EDL consists of tained after washing the tip and cell in distilled water for 10
layer of charged molecules on one side, and a layer of molmin, then drying. The substrate and the fluid cell were reas-
ecules with opposite charge on the other side. The develogembled and distilled water added instead of surfactant solu-
ment of an EDL on a surface has been used in studies of sofion.
self-organized micellar thin films by atomic force micro- All the images were obtained using a Digital Instruments
scope(AFM) (cf. Refs. 1-3. The micellar film of interestis NanoScope Il operating in contact deflection mode. The
created in a surfactant solution and develops the EDL o +B signal of the feedback was atto8@ V while the
both the film and AFM tip. It results in an additional force of A—B signal was set at around0.5 V and setpoint of 0 V
repulsion between the tip and the film. The EDL mimics the(or less. Standard silicon nitride integrated pyramidal tips
underlying film topography and scanning along the boundarfixed on 200um cantilevers(spring constank~0.06 N/m
of the EDL provides an indirect image of the film itself. This were used throughout the study. The radius of curvature of
mode of scanning is called “pre-contact” because the AFMthe tips was estimated at50—100 nm by scanning a cleav-
tip does not touch the rigid substraté.However, if one  age step on a muscovite surface or strands of DNA. The D
increases the scanning force, the repulsion due to the inducedan headmaximum scan area is 1282.5 um?, z sensi-

EDL is overcome and the tip jumps through the film. tivity is 9 nm/V) and A scan head (1:01.0 um? z sensi-
Here we 'ShO\.N that the use of a !ow concentration surtivity is 1 nm/V) were employed throughout the study.
factant solution is very helpful for improving ‘“atomic” In Fig. 1(a), a 4x4 nnt unfiltered(as recordedimage

resolution by eliminating the attractive van der Waals forcesf clinochlore is shown that was obtained in wdt€ig. 1(a)]
between the tip and the sample. The reduction of van desnd in surfactant solutiofFig. 1(b)] using the same tip. Fig-
Waals forces to improve AFM resolution has been achievegire 2 shows the results of the same kind of experiment on a
previously by choosing appropriate media between the tipix 4 nn? area of muscovite. All images were collected in
and the samplé’ and via active force compensation deflection mode and are the best images we were able to
technique$. However, using the EDL to compensate for the optain. It is obvious that scanning in surfactant solution
attractive van der Waals force has not been proposed un@reaﬂy improves the resolution. In Figs(cl and d) the
now. This method is experimentally simpler than the onescan forcetip deflection is plotted versus the vertical posi-
suggested in Ref. 6 and should give better results than ifion of the tip above the clinochlore surface in water and the
Refs. 4 and 5. surfactant solution, respectively. When scanning in water, an

Muscovite and clinochlore, used in an earlier stddy, attractive force is observelfFig. 1(c)]. However, when the
were mounted on magnetized stainless steel AFM substrat@gfactant solution is added the attractive force is clearly
by means of either double-sticky tape or epoxy. Both the;ompensatedFig. 1(c) does not show any deflection of the
clinochlore and muscovite surfaces were cleaned by removsantilever towards the sampléThe force of scanningoad
ing the upper cleavage layers with scotch tape. force) in water that gave the best result did not exceetd

The surfactant used was a water solution Q§TACI N while the load force in the surfactant solution was at least
(manufactured by Alridge, Intat a concentration between 4 factor of 10 less than in water. Image resolution is conse-
0.5 and 3 mM. After addition of surfactant solution, the fluid quently improved substantially due to the presence of the
surfactant. Similar results were obtained for muscovite
3E|ectronic mail: sokolov@medb.physics.utoronto.ca (Fig. 2.
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FIG. 2. Some %4 nn? unfiltered muscovite imagdss recordedcollected

in (@) water and(b) 1 mM surfactant solution. Force curves are shown
during scanning in(c) water and(d) surfactant. The arrow indicates the
region in which the electrical double layer force modifies the force curve in
comparison with scanning in water.

FIG. 1. Some %4 nn? unfiltered clinochlore image@s recordepcollected

in (a) water and(b) 0.5 mM surfactant solution. Force curves are shown
during scanning in(c) water and(d) surfactant. The arrow indicates the
region in which the electrical double layer force modifies the force curve in
comparison with scanning in water. The observed interatomic distances in-

dicate that the surface being images is the brucitelike layer of the 1:1 layer
structure(cf. Ref. 7). F(d) _

@

The improved image quality in the presence of an aque- . . . .
: . whereF is the tip-sample forceg is a repulsion constant,
ous solution of surfactant can be explained by the presen

. . . Cﬁ is the number of atoms at the apex of the #pjs Ha-
of an EDL. A schematic picture of an EDL.in the AFM-tip maker constantR is the radius of curvature of the tip, and

sample configuration is presented in Fig. 3. As can be seen |{11 is the tip-sample distance.

the force curves of Figs. 1 and 2, the cantilever does no ; L

o A typical value of the Hamaker constaAt (in air) for
deflect towards the sample when scanning in the SurfaCtarc]:ﬁinochIore/muscovite is about 2531019 J (see e.g., Ref
solution. This implies that the total force between the AFM 9. )

11). Our estimated radius of tip curvature is 50—100 nm and

tip and sample when scanning n surfactant is repulsive Irt]he separation distance between tip and surface for contact
nature, and thdong-range attractive force(e.g., van der

. . . scanning is~0.3-0.4 nm. Consequently the force of attrac-
Waalg is being compensated by tHeng-range electrical : .
; . tion due to the second term in E() can reach 56 nN. In
double layer force. Moreover, this compensation takes place

. : o addition, the attraction force may not be reduced signifi-
beforethe tip-sample conta¢tontact is the beginning of the cantly in water. The Hamaker constant, and consequently the
straight line of the force curve, Figs(c) and Zc)]. Without y ' ' d y

. attractive force, is, for example, effectively reduced by only
an EDL, such a compensation takes place by means of a factor of 14 (for gold—gold and 3.4 (for

ggmlc 2@2:2;2;31;2?;!Sg;sfoécfrfgizmhifggcliazfs Itr;t(ter:e gold—muscovitg>*tin water relative to air. If we consider a
development of high pressures at the surface and the possible
breakage of the sharp apex of the tip, consequently prevent-
ing true atomic resolution from being achieved.

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

Skl

where € is the energy of binding between atonmg, is the
approximate equilibrium distance between bound atoms, and
r is the interactomic distance.

To find the force of interaction between an AFM tip and
a sample, one needs to integrate the potertfiplover the
volumes of the sample and tip followed by some renormal g 3. schematic of electrical double layer on the surface of the AFM tip
ization (e.g., Refs. 8 and)9 This results in and the sample.

v(r)=e
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scan without an EDL present and with load and attractivecelle cylinders, respectively, can be formed on the surface of
forces of 1 and 10 nN, respectively, then the real force actinghe sample. These micellar structures were imaged in the
on the tip/surface is #10=11 nN. This force is large pre-contact mod&:® We found that even when the concen-
enough to induce deformation and/or damage to the tip. tration is near the cmc, improvement of the clinochlore and
However, in the presence of an EDL, the attractivemuscovite image resolution is not apparent. The nature of
forces can be eliminated in a more gentle manner because thti@is phenomenon can be understood through the analysis of
EDL repulsion acts, due to its long-range nature, on a muclhe force curves. If the concentration of the surfactant is
larger area. The detailed molecular EDL theory is rathesufficiently high, the surface charge of the EDL is high as
complex and depends on the local structure of the EDL andvell, and, in order to image the surface, the AFM tip must
the degree of dissociation, as well as the microtopography advercome this high repulsion and contact the surface. As we
the tip apex in contact with the sample. Fortunately, a qualiobserved in the force curves at our tip-sample distance, the
tative understanding of these parameters is sufficient to urattractive force gradient became high enough to make the tip
derstand the origin of the improved AFM resolution. By jump to the sample. Under these conditions, any resolution

analogy with Eq(2), one now has for the load force advantage from the presence of the EDL appears to be lost.
Thus, we found that an optimum concentration of the surfac-
aN AR . .
F(d)=—3— =3+ FeoL ©) tant solution was about 0.5—1 mM for clinochlore and mus-
d™ éd covite. However, this value will depend on the nature of the
whereFgp, is the force due to the EDL. surfactant, the materials of the tip and sample, and cantilever
Because the scans were done when the load force was figidity. . . . _
the region marked by the arrow in Fig(dl, the FepL was In conclusion, we described a method for Improving

greater than the attractive force. If this were not the case, on@FM image resolution which uses the presence of an electric
would see a straight line of contact in the force curve. If wedouble layer to compensate the attractive forces between the
return to our example above with 1 nN load force, one cariip and sample. The EDL is created in the presence of a
see from the force curdig. 1(d)] that long-range attraction surfactant solution. In addition, the EDL also provides a
is now overcompensated by the long-rafgg, (this is be-  stable scanning environment between the tip and sample be-
cause the total force is repulsive everywherfBhis means ing scanned.
that the real force acting on the tip apex atoms is equal to 1 ~ The authors thank the Natural Science and Engineering
nN minus Fgp, —Ar/6d2. Consequently, the tip apex will Research Council of Canada for providing financial support
remain sharp and surface deformation will be reduced as & the form of research and equipment grants. Hong Yang is
result of the eliminated attractive force. This is the reasorthanked for preparation of surfactant solutions.
why the resolution is improved in the presence of the surfac-
tant solution.
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