Investigation of the physical mechanisms of shear-force imaging
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It is shown that shear-force imaging, as is commonly used for distance regulation in scanning
near-field optical microscopy, is not a reliable technique for accurate topographic measurements.
This is because different materials experience different shear-force damping. Results of the
shear-force damping characteristics are presented for a number of different materials, and some
consequences of the different dampings for different materials are demonstrated. It is also shown
that there are at least two distinct shear force damping mechanisms. Results of imaging small
conducting islands on a glass substrate show that the damping characteristics depend on the islands’
size. © 1996 American Institute of Physid$S0021-897¢06)02722-3

I. INTRODUCTION certain experimental situations, most notably when imaging
samples composed of different materials.
Scanning near-field optical microscof§NOM) has be-

come an intensively developed area in opticsThe tech- || SHEAR-FORCE MICROSCOPE

nigue allows optical imaging with resolution down to 40—60 , ) ) ,

nm or better, well below the diffraction limftThe principle , The sh.ear-fqrce' MICTOSCOpE 1S engllneergd as shown in
of SNOM is that a probe, usually consisting of a taperedF'g' 1. For imaging mv_olvm_g uncoated .f'bef tlps_, the detec-
single-mode optical fiber is metal coated in such a way as tgon beam from the optical fibdd (detection fiberis passed

leave a small aperture of diameter 50—-150 nm at the ti|5jlrectly through the SNOM fiber shaft just before the ta-

apex. The fiber scans over a given sample surface and t eered region of the tip, and is collected by a |érattached

! 3 . . . 0 a photodiode. This is essentially a beam deflection
light coupled into the fiber forms a submicron light source at . ; .
. . ethod. With this arrangement, we can work with SNOM
the aperture. The distance between the end of the fiber al I . ;
: ._Tiber oscillation amplitudes of 2—3 nm peak—peak. For im-
the surface should be less than the aperture radius to achieve

such a high optical resolutiohThe preferred distance con- aging involving tips cor_:lted W|th_alum|num, the more con-
ventional edge-shadowing technique is emploYédallows

trol mechanism maintaining a constant separation between L I .

. . us to work with fiber oscillation amplitudes of 5-10 nm
the end of the tip and the sample is based on shear-force .
detectior? peak—peak. The same setup may be used for both experi-

The principle of shear-force is that if a fiber tip is oscil- mental situations.

. In order to characterize the performance of the shear-
lated near mechanical resonarite-200 kHZ by a f(_aw M. force microscope, a test sample was imaged. This was a car-
then on approach to a sample surface, within a distance of

. Bon cross-grating consisting of a series of v-shaped grooves,
feyv nm, thesg osqllatlons become damped out. The under, period 460 nm, groove width 80—100 nm, and groove
lying mechanism is not fully understood, but a number of

I . . depth 40—-80 nm? Figure 2 shows a shear-force image of
possibilities have been put forward, including long-range Vahhis sample taken with a coated optical fiber tip using the

der Waals forces, image charge current dissipation, Viscou@dge-shadowing shear-force detection scheme, showing that

damplngkln ak_cont;’;\mmant layer, and short-range mechanlc%ligh resolution images may be obtained even with large tips.
contact(knocking. The metal coating on the tips results in tip end-face diam-

Shfear-force Q|starjce conh'frol IS O,f funfdar\]mentalhlmpor-eters of approximately 50-250 nm. The consistently high
Fange or SNOM Imaging. Ma ur?ctlo-nmg of the mec aniSM yasolution obtained with metal-coated tips is due to small
inevitably leads to artifacts in optical images. Due to the high

i _ . o aspherities on the tip apex resulting from the coating process.
confinement of light in the vicinity of an SNOM aperture,
variations as small as a few A in tip-sample separation can
result in changes in the optical signal of up to a few percent.
A number of factors which can typically cause malfunction-
ing of the shear-force distance control mechanism were stud-
ied recently by the authofsThey include broadening of the
lateral size of the surface features due to the dithering of the

lj @ ref,| lock-in | .
dither piezo
i —t D

; ; . - i photodiode

tip, effects caused by trapping an SNOM fiber in depressions ! ez |:]
on a surface, and dynamic effects due to the feedback scanner
mechanism. In this work, we concentrate on more fundamen- sample

tal aspects of the shear-force distance control. We investigate figaé‘:gc‘l';‘s’ilﬁ%n
some of the possible physical origins of the shear-force and
demonstrate that even an “'dea"y” Work'ng shear-force dls'FIG. 1. Schematic of shear-force microscope.detection fiberj: lens;t:

tance regulation system will still inevitably malfunction in SNOM fiber tip.
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FIG. 2. Shear-force image of carbon grating test structure, taken with coated
fiber tip. Scan size1.2 umXx1.2 um.

FIG. 4. Dependence of shear-force damping distance on original fiber os-

Scanning electron microscop(éSEM) analysis of '[ipS re- cillation amplitude, for a coated tip and a carbon sample.

vealed that these aspherities can have radii of curvature

Iower. than 20 nm. . flat surface: glass, aluminum, and chromium. These ap-
Figure 3 s_hows a shear-force mage of a glass _cover-sll roach curves were measured for all three materials using
surface. Thls_lmage was take_n using an uncoated tip, and t Soth coated and uncoated tips. The results are summarized in
beam deflection method. This image demonstrates the resQ- e |
lution capability of s_uch a setup. The protrusions on the sur- Thése distances were measured by taking five tips of
face have mean heights of 8_9 nm, \.N't.h lateral dlmensmn%mh kinds, and by measuring approach curves for each one
as small as 25 nm. The resolgﬂon IS "”."ted by the tip shap?n at least six different places on each material type. The
rather than the shear-force dither amplitude. numbers above represent the average values measured. The
standard deviation is-1 nm. In some cases, the approach
lll. SHEAR-FORCE APPROACH CHARACTERISTICS curves showed double steps, as shown in Fig. 5. The occur-
In this section, the dependence of the amplitude of theence of such type of approach curve is less than 10%. The
SNOM fiber oscillations damped by the shear-force upon theurve may be explained by assuming a double tip, where
distance between the fiber and the sample is analyzed. Thebeth tips are vertically displaced. During approach, the tip
dependences are called shear-force approach curves. nearest the sample experiences a shear-force damping first,
The vertical distance at which the fiber oscillations startfollowed by the second tip when it approaches close enough
to become damped out increases with increasing initial osto the sample. The step in the approach curve is the point at
cillation amplitude. Here, the damping distance is defined asvhich the second tip contributes to the damping. Due to the
the difference in tip-sample separation between which théow observed occurrence of such a double step, penetration
fiber oscillation amplitude varies from 90% to 10% of its of a contamination layer on the surface can be ruled out here
original, undamped value as the fiber approached the samplas being a cause.
The relationship between the damping distance and the ini- A recent articlé considers the shear-force interaction as
tial oscillation amplitude is approximately linear, as illus- basically being a short-range knocking between tip and
trated in Fig. 4, which shows results measured for coated tipsample. According to this work, the damping distance should
on a carbon surface. depend on the initial oscillation amplitude of the fiber tip in
The purpose of using shear-force distance regulation ian approximately linear fashion. This is consistent with the
to be able to maintain the distance between the probe and thiesults shown in Fig. 4. Other major factors determining the
sample at a constant value. To verify whether this was thelamping distance are the angle between the tip axis and the
case, approach curves were measured on three more typesmafrmal to the surface, and the tip geometry. The larger the
angle, the larger the corresponding damping distance. This
may explain why the damping distance is different for dif-
ferent tips on similar samples. SEM studies of tips revealed
that often the axis of the very end taper of an SNOM tip is
not colinear with the rest of the tip. The extent is different for

TABLE |. Shear-force damping distances for different materials for coated
and uncoated tips.

Glass Aluminum Chromium
Uncoated tips 2.5 nm 5 nm
FIG. 3. Shear-force image of glass cover-slip surface, taken with uncoated Coated tips 4.5 nm 10 nm 3 nm
tip. Scan size310 nmx310 nm.
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FIG. 5. Shear-force approach curve showing double step. Tlp-sample separation (nm)
FIG. 6. lllustration of shear-force approach curves for a coated tip on glass

different tips; in some cases the end taper is at 30°-50° tend aluminium samples.

the rest of the tip. Such tips are not actually used for mea-

surements, bl_lt there could _easny be_u_p to 10 _.15 \./a”at'mé‘tctual value as the working distance approaches zero. This is
between the tips used. For imaging, it is the main axis of th

fiber that is aligned to the sample surface normal. Howeve:?u"y consistent with Fig. 6. Thus, if one wants to work at

this work offers no insight into the fact that different areas of'frUIy constant he|ght, they mus:.t work at. or just before con-
tact. However, this would subject the tip to large shearing

a sample ?Xh'b't d|ffergnt damping distances when Fhe 0.n|¥orces, causing the coating to flake off and the tip to degrade,
difference is the material type. We shall return to this pomtShortening the lifetime. Also, the close proximity to the

later. If image charge current dissipation were the sole | Id Vi he ch F i h
mechanism, then the effect should depend only on the conampie wou greatly increase the chances of tip crashes,
' which will also degrade the tip. One possible solution would

ductivity of the sample. This is clearly not so. A recent work . I . X
suggested a link between the damping distance and th%e to have a setup whereby the tip oscillation amplitude is

hydrophobicity/hydrophilicity of the various constituents of °"?'y a few A, giving also a working Q|stance of a few A. In
12 . this case, the forces exerted on the tip could be reduced. The
the samplé! Either way, there are likely to be at least two

. ; problem of tip crashes still remains, however. In order to be
mechanisms involved. . ;
able to scan reasonably large areas with such small working
distances, a fast feedback loop is required, as are high tip
resonance frequencies. Unfortunately, the higher the reso-
nance frequency, the higher the force required to damp the
The fact that different materials have different dampingoscillations. Hence, there is a compromise between scan
distances means that, while imaging a sample containing difspeed, tip durability, and accuracy of topographic measure-
ferent materials, one is not imaging at constant height. Thisnents.
is graphically illustrated in Fig. 6. This figure shows typical The following experimental results prove that shear-
approach curves for both glass and aluminum. The valueforce is not caused by a sole physical mechanism, but it is
along thex-axis cannot be guaranteed to be the actual valuesather a combination of at least two mechanisms. It is shown
of the separation between the end of the tip and the surfacéere that the value of the shear-force damping depéhds
It is of course possible that the oscillations are damped comdpon the lateral size of electrically conducting features on a
pletely when a finite separation, say 1 nm, is left. Howeverdielectric surface, an@?) upon the nature of the tip. How-
this does not change anything in the above definition ofver, this dependence is shown to be much more drastic for
damping distance, or in the analysis which follows. the second of the two mechanisms. We therefore believe that
For shear-force imaging, the working distance is usuallyone of the mechanisms is likely to be image current damping
chosen to be that distance at whigltosd reaches half or so (or at least electrical in naturewhich strongly depends on
of its initial value. From Fig. 6, this corresponds to working the local resistivity of the surface features. Image current
distances of approximately 2.3 and 5 nm for glass and aludamping could be crudely thought of in the following man-
minum, respectively, iR cosé is maintained at 50% of the ner: the tip, which is several mm long and sharp, could be
initial undamped value. To demonstrate the consequences obnsidered a lightning rod. It will accumulate charge at its
this common approach, a 4-nm film of aluminum was evapoapex. The tip, when placed in close proximity to a surface,
rated onto half of one side of a glass cover slip. The othewill induce charge on the surface. There will result a small
half was left uncoated. A series of images was taken of attractive force between tip and sample. Due to the extremely
particular area of this sample, at different working distanceslarge normal spring constant of the tip, this force will pro-
These were set by changing the set valu®absé. Figure  duce negligible effect apart maybe from slight deformation
7 shows three images taken for this set value téah85%,  of tip and sample. The dithering of the tip, however, can give
(b) 70%, and(c) 50% of the initial value. The corresponding rise to currents in tip and sample which effectively damp the
line profiles show that the apparent thickness of the alumitip’s motion. A simple estimate gives that a charge of
num island varies from 8 to 7.4 to 6.3 nm, approaching the~10"%" C produces a tip-sample force 6f1 nN at a tip-

IV. SHEAR-FORCE IMAGING OF SAMPLES
CONTAINING TWO MATERIALS
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FIG. 7. Images of aluminium grain on glass for three different shear-force damping set-gaing§%; (b) 70%; (c) 50% of original fiber oscillation
amplitude. Scan sizes700 nmx700 nm.

sample separation of-1 nm. Alternatively, the charging distances for a coated tip under these conditions are 18 nm
could be a result of the dithering, due to friction between thefor aluminum and 10 nm for glass. There is clearly a shadow
tip and sample. or double image of the main area of the film on its right hand
The sample studied in these experiments was an alumiedge. This indicates the presence of a double tip. Images
num pattern on glass grown by evaporation on the glasebtained with double tips have been observed before, in
partly shadowed by latex spheres. The thickness of the filnscanning tunneling microscog$TM) and atomic force mi-
is 30 nm. The sample consists of islands of aluminum filmcroscopy (AFM).*? However, none of the small islands is
with the lateral size of the islands ranging mainly from 45 toimaged with a double edge. Compare, for example, the place
over 200 nm. The thickness of the film in the center of all theA on the edge of the main area with the island B. The ap-
islands is of course the same. Once the lateral extent of thegarent height of both of these areas is the same, as measured
islands decreases below approximately 25—-30 nm, the thickrom height profiles. However, the island B clearly shows no
ness in the center should decrease below 30 nm due to shadbuble edge. This is further illustrated in Fig. 9, which is a
owing by the latex spheres and the finite size of the evapozoom-in of part of Fig. 8. We can therefore exclude any tip
ration source. Thus, all the islands studied here should hawehange between the two points of the imaged area A and B,
the same central height. For the shear-force image of thisince the double tip remains in place for the whole duration
sample, shown in Fig. 8, the free oscillation amplitude of theof the scan on this image. The scan direction is along the
fiber was set at approximately 30 nm, and the set point, ok-axis, and the double tip clearly remains active until the last
reference amplitude, was approximately 15 nm. The workindine of the scan. Therefore, we must conclude that there are
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FIG. 8. Shear-force image of aluminium pattern on glass showing double

edge. Scan size2.4 umx2.4 um.
Consequently, the working distance of tip 1 above the alu-
minum islands is 8 nm, 10 nm for glass, and 18 nm for the

two different shear-force mechanisms sensed by the two tip@ain aluminum film. For this reason, the measured height of
or, rather, at least one mechanism experienced differently b€ islands is 2 nm less than the actual value, and that of the
both tips: one is effective on the large and also on the smafl@n Al film is 8 nm greater than the actual value.

aluminum islandstip 1). The other(tip 2) is only effective The next relations are with regard to tip 2, i.e.,

on the large areas but not on the small islands. We could h,—h,=d+d;,—d,,, ie., d=d,;+25 nm. (3)
therefore suggest that the mechar(ignare to some extent . .
dependent on the effective local conductivity of the sample:rhe fact that there areé no double images for the aluminum
and could result from image-current damping. The two tips'SIar?dS means that. “P 2 does nc_)t approach close enough to
are sensitive to the two different mechanisms due to eiiher the islands to be within its damping distance. Thus,

having different shapes; or more likelyi) being made of d+d;g>h+dy, ie., d=dy;>20 nm. (4)
different materials, e.g., glass and aluminum. Figure 10 is
height profile through the line illustrated in Fig. 9. The
height profile of the edge of the main area of the film indi- dyy—dyi>17.5 nm. 5)
cates that the height difference between both tips is 22.5

nm: the working height difference between the two tips ONyes of the working distances for tip 2, from the example of

the ma(l)r:daelfrt]:)m;rglmzrg.this situation. the various dampin tip 1 Eq.(5) is not unreasonable. The above values for damp-

distances are denotgd by the fody, V\;herex=1 2 for tipp giﬂg distances will vary for both tips for different isla}nds.

1 and tip 2; andy=g for glass, Al f(’)r aluminun; e’md for Figure 12 shows a plot of the measured apparent heights of
) N e ' .. _the aluminum islands as a function of the islands’ area. The

aluminum isfand. The actual height Of the glummym film 'Stact that there is no double image for the large aluminum

called h. An analysis of apparent heigl; is carried out island while its measured height is the same as that of the

WlthBreIat:(on to th? rr;gdluTc;slzzdlallumnl%m?l 'S"'?‘”ds-l i main area of the film indicates that the two tips must be
y reference to Figs. 10 an , the following relations . s different materials.

?n combination with Eq(3), this means that

While there is not enough information regarding the val-

apply: As to why there are any variations between damping
hy=h+d,—dig, distances for a given tip and different samples, the knocking

] mechanisrh does not explain this. On the basis of this
le., 30 nm+18 nm-10 nm=38 nm, (D model, one could possibility be related to the roughness of
h,=h+d;—dyg, ie., dy=7 nm. ) different surfaces; i.e., an Al film on glass may be rougher

than the glass substrate. Consequently, the tip should see a
larger variation in contact angle when scanning above Al
than above glass. This may explain the different average
damping distances. However, on the basis of a large number

Y,

3 dlg

FIG. 9. Zoom-in of part of Fig. 8. Scan sizd.2 umx1.2 um. FIG. 11. lllustration of double-tip scheme.
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materials. This possibility should be considered in the future:
it is possible that in shear-force imaging, the damping is
" partly due to viscous damping in a contaminant layer. If one
actual height images at the onset of damping, they will essentially image
the shape of this layer. If one then images closer to the
sample, almost at contact, they will image the shape of the
sample. If the above idea regarding the form of this layer is
correct, both images will be different. This is consistent with
the results shown in Fig. 7, but cannot explain the results of
Figs. 8—12. The question that needs more attention here is: If
i the damping is due to a contaminant layer, why are double
5 6 steps not observed more often in shear-force approach
Island area (104nm2) curves—one from penetration of this layer and one from
contact with the sample? In order to resolve these questions,
FIG. 12. Plot showing dependence of apparent height of aluminium islana§hear-force characteristics should be measured for different
on the islands’ area. materials in vacuum.
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V. CONCLUSIONS

of images obtained during the course of this work, there isno ~ There are many possible artifacts of a fundamental na-
real evidence to support thi& The images shown in Figs. 8 tur_e involved in shear-force imaging. Th(_erefore, it is not a

and 9 demonstrate that, for these samples, the surface roudi¢/iable technique for accurate topographic measurements. It
ness for Al and glass is comparable to better than 1 nmWas shown that different materials have different shear-force
Therefore, there must be an extra mechanism, related to tHf2Mping characteristics and islands of conducting materials
nature of the contact between tip and sample. The resylfdave different damping characteristics determined by the size
shown here indicate that the damping distance may partl9f the islands. Shear—force damplng Was.shown .to be a result
depend on local conductivity. However, this still does notOf at least two different mechanisms of interaction between
explain the fact that the damping distance for Cr is less thaff'® tip and the sample, one of which may be image current
that for glass. Clearly the shear-force mechanism is mor€@mping, and another which may be a knocking mechanism.

complex, and, while the idea of image-current damping1E Betzia 3. K. Traut T D. Harris. 1. S. Wei 4R L Kostelak
partly ties in with the above results, it is likely that the g o> "7 146{;?;931]?”’ - D s, g, JYeiner, and . L. ostelak,
chemical properties of the sample—such as hydrophilicity—2p_ w. pohl, w. Denk, and M. Lanz, Appl. Phys. Let#, 651 (1984).

also play a role here. 3D. Courjon and C. Bainier, Rep. Prog. Ph%3, 989 (1994).
.. . 4 .
The fact that shear-force characteristics are essentiallyC- Durkan and 1. V. Shvets, Ultramicroscofg, 227 (1995.
hanged in vacuum and in liquid He tends to reduce thesG' A. Massey, Appl. Opt. 6581984,
unc ‘ g ] : q h i R. Toledo-Crow, P. C. Yang, Y. Chen, and M. Vaez-Iravani, Appl. Phys.
possibility of contamination layers being a primary mecha- Lett. 60, 2957(1992.
nism. Nonetheless, as these experiments were conducted M. K. Gregor, P. G. Blome, J. Scfar, and R. G. Ulbrich, Appl. Phys.
: ; ; ; ; _ Lett. 68, 307 (1996.
air, thehre is pound to Ibe ahFhm Waktjergcontamlnﬁnt fllfm cbov 5C. Durkan and 1. V. Shvets, J. Appl. Phyz9, 1219(1996.
ering the entire sample. This would be somewnhat of a ben-<g ¢ groeniich and T. D. Milster, Appl. Opg4, 7273(1995.
efit, as tip-sample adhesion forces are reduced by the pre®TEM test sample code S-104, Agar Scientific Ltd., U.K.
ence of the film'? Of course, it is possible that the nature of *'Results presented by N. van Hulst at NFO-3 Conference on Near-Field
TP ; ; ; Optics, Brno, Czech Republic, May 9—11, 1995.
the film is deten_nmed by the sample type, i.e., the film Mayip“a. Walters, D. Hampton, B. Drake, H. G. Hansma, and P. K. Hansma,
be structurally different on Cr than on Al or glass due to the Appl. Phys. Lett65, 787 (1994

chemical naturghydrophobicity, crystal structuyeof these  3C. Durkan, Ph.D. thesis, Trinity College, Dublin, 1996.
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