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Scanning force microscopy jumping and tapping modes in liquids
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In this work theoretical considerations of the performance of scanning force microscopy jumping
mode and tapping mode in liquids are discusgedriori, jumping mode should improve in a liquid
environment compared to in air while the situation for tapping mode should become worse. In order
to confirm this we present jumping and tapping mode images of DNA molecules absorbed on a mica
substrate immersed in water. The experiments demonstrate that jumping mode is a suitable scanning
force microscopy method by which to image soft samples in liquid and that it has similar or even
better performance than those exhibited by tapping, but without the complex experimental
requirements of this mode. @002 American Institute of Physic§DOI: 10.1063/1.1509856

One of the most outstanding features of Scanning Forcsignal. In DSFM, contact as well as noncontact operation is
microscopy(SFM)! is its capability to image surfaces in dif- possible. In solid—vacuum interfaces, noncontact DSFM has
ferent environments with nanometer resolution. During theshown atomically resolved images comparable to those ob-
last 15 years SFM has been used to study solid—vacuumtained with scanning tunneling microscap¥*?*%In gas en-
solid-gas (typically air ambient* and solid—liquid vironments the relatively highQ factor of the system
interfaces’ While the first two are important in different (~100) significantly improves its sensitivity and therefore
fields like surface sciendemagnetic technologiesmaterials  DSFM can be used as a noncontact technique suitable for
sciencé etc., the third is particularly relevant since SFM can measuring soft samples. When DSFM is used in liquids, the
be used as a technique by which to resolve biological struchigh viscosity of the medium dramatically reduces Qe
tures at the molecular levélOhnesorge and Binnfigstudied  factor, (~10) producing a parallel reduction in the sensitiv-
the possibilities of SFM in a liquid environment and obtainedity of the method; this problem can be partially solved by
true atomic resolution images of a calcite sample immersed|ectronically modifying the of the systent? Besides, the
in water. As the authors discussed in their work true atomigesonance frequency of the cantilever is also reduced signifi-
resolution is only possible due to the small tip—sample intercantly since the effective mass of the cantilever increases due
action present in liquid¢forces as small as 10 pN are re- to drag of the surrounding liquid. These effects lead to
ported in their work for example, van der Waals forces are sjower scan rates. Finally, noncontact operation in liquids is
screened roughly by a factor of 10 under water and adhesiogore difficult than in air ambient due to weak van der Waals
force is almost negligible. As a consequence force versUgteraction. Therefore, the theoretical performance of DSFM
distance plots in general exhibit a smooth continuous trac, jiquids is reduced compared to operation in air ambient. In
without the typical jump to contact and jumpoff presentin air 5 qgition to drawbacks in its basic nature, DSFM in liquids is
ambient conditions. However, in spite of the small normal technique much more difficult to implement than in air.
force exerted by the tipl0 pN), the presence of shear forces st of al, cantilever oscillation driven by a small piezoelec-
produced by scanning motion causes irreversible damage Wic attached to the cantilever chip produces a frequency
soft matgrials and -therefo.re Stfitic contact modg gannot bé?pectrum with many spurious high amplitude resonances due
useq to image delicate biological sgmples in liquids. Them excitation of the liquid cell. This problem can be avoided
obvious solution was to use dy”S‘_”l‘l'C SHISFM) com- by using a magnetic field to drive the cantile¥®hut then
monly known as tapping mod@M).™ "While in static con- the cantilevers have to be coated with a magnetic material,

tact mode the deflection of the cantilever is directly used a3 nich could produce contamination problems in some cases.

the feedback signal, in DSFM the tip is oscillated at its reSONso, if the cantilever is very small the force applied by the

nance frequency and the reduction of the oscillation ampli-

tude, phase change or frequency shift is used as the feedba{cl:]?ggm’}tIC field |§ too weak and th|§ method cannot b.e used.
inally, magnetically covered cantilevers are expensive and

difficult to purchase. In the present work we would like to
dAuthor to whom correspondence should be addressed; electronic mailhtroduce jumping modéJM) as a suitable technique with
fernando.moreno@uam.es . . e .

PAlso at: Dpto. Fsica, Facultad de Qmiica, Campus Espinardo, Univer- which to image soft samples in liquids but without the tech-

sidad de Murcia, E-3100 Murcia, Spain. nical problems related to tapping mode.
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TABLE I. Summary of the relevant parameters of dynamic scanning force microscopy and jumping mode.

DSFM JM
Liquid Air Liquid Air
Force constantN/m) 0.75 N/m 0.75 N/m 0.06 N/m 0.75 N/m
Resonance frequency 25 kHz 80 kHz Does not Does not
(kHz) apply apply
Q 10 100 Does not Does not
apply apply

Amplitude (nm) 10 nm 10 nm 10 nm 100 nm
Contact Probably yes Depending on Yes Yes

condition$
Contact time(ms) Not clear Depending on 0.5 ms 1.3 ms

condition§
Force appliednN) Not clear Depending on 0.1 nN 5nN

condition§
Lateral displacement Not clear Not clear Yes Yes
out of contact
Time/point(ms) 2ms 2ms 3 ms 6 ms
Taps/point 50 150 1 1
Image time(s) 120 s 120 s 180 s >360s
Additional Yes Yes No No

experimental setdp

#Best images obtained without contact.
PMore sophisticated than in air.
‘With respect to contact mode.

JM,*® which in its working principle is very similar to excursions are enough to separate the tip and sample, allow-
pulsed force microscopy (PFM), was originally developed ing one to use a much faster scanning speed. In fact, the tip
as a scanning mode to minimize shear forces. The differencexcursion used for JM is similar to the oscillation amplitude
between PFM and JM is that PFM is implemented electroniapplied in tapping modéof the order of 10 nrh Moreover,
cally whereas JM is just a software method running in digitalsince the force versus distance plots are continuous and
signal processor memory. However, the presence of high acdgmooth it is possible to work using extremely low loading
hesion forces in air ambient conditions~6—100nN), forces by selecting low force constant cantilevers. Operation
mainly caused by van der Waals and capillary forces mayn liquids therefore improves for JM and becomes less favor-
produce irreversible damage of soft samples and hence whilgble for DSFM compared with the operation in air. Table |
it is less intrusive than contact mode it is more intrusive tharsummarizes several relevant parameters of both scanning
DSFM!® JM mode operation can be described as a cyclenodes. An important feature of JM that we would like to
repeated at each image point with the following stefps: stress here is that the hardware requirements for this mode
tip—sample separatiortii) lateral tip motion at the furthest are the same as for regular contact mode and thus, it is much
tip—sample distance(iii) tip—sample approach, angv) easier to implement than DSFM.
feedback, which is generally performed on the cantilever de-  In light of this, we have carried out experiments to com-
flection. From this cycle one of the most relevant features opare both modes, JM and DSFM. The experimental setup
JM is that lateral motion always occurs when the tip is not inincludes a commercial SFM from Nanotec Electronica™
contact with the sample in order to avoid shear forces. Stepsith a liquid cell. For DSFM a force modulation unit and a
(i) and(iii) determine the scanning speed. In ambient condihomemade coil are used. The coil, attached to the micro-
tions largez displacements> 200 nm) are needed to with- scope head, drives the cantilever oscillation. DSFM experi-
draw the tip and sample due to high adhesion force. Therements were carried out with Olympus type cantilevers with a
fore the tip—sample separation and approach step take reominal force constant of 0.75 N/m. In order to respond to
relatively long time and require a rather low scanning speedthe magnetic field these cantilevers were covered with co-
For all these reasons DSFM is the best choice to image soltalt. JM experiments were carried out with both Olympus
samples in air ambient. As pointed out before, in liquidstype (0.05 N/m and Nanosensors cantileve(®.06 N/m).
attractive and adhesion forces are very weak, hence small tiphe system was controlled with WWaM; this software al-

FIG. 1. Sequence of SFM images of DNA molecules in
water imaged using jumping moddM) (a), contact
mode (CM) (b) and jumping modec) scanned on the
same area. JM images are reproducible and good qual-
ity images whereas CM ones present poor quality and
distortion of the molecules. This effect is clear when the
same area is scanned again in @iown by arrows
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We have obtained JM and tapping mode images in liquid
on microtubule samples, with similar findings. This molecule
has a nominal height of 25 nm and JM images give this
height value. Again DSFM vyields a significantly smaller
value?!

In summary, both theoretical considerations as well as
experimental images support that JM is a suitable technique
by which to image soft samples in liquids, with the results
comparable to those obtained with DSFM. Several clear ad-
vantages of JM versus DSFM should be noted: The maxi-
mum normal force in jumping mode is known, lateral motion
is always performed out of contact and, finally, from a tech-
nical point of view, JM is much easier to implement than
DSFM.

FIG. 2. SFM image of DNA molecules in water imaged using tapping mode

(TM) AlthOUgh JM and TM images are of comparable quallty, the helght of The authors acknowledge Support from the Comunldad

the DNA molecules is lower when imaged using TM than using JM, sug- . -

gesting that JM is a less intrusive technique than TM. de Madrid thr_ough a Ph.D. fellowship for one of_ the a_uthors
(F.M.-H.). This work was supported by the Ministerio de
Educacim y Cultura through DGESIC Project Nos.

lows one to perform images in both jumping and DSFM BEM2001-0150 and MAT2001-0664.
scanning modes.
In order to test the performance of these two scanning
modes we have chosen DNA adsorbed on a mica substrate,
which can be considered standard soft biological material.
The sample preparati(_)n is as fo_IIows: mica substrates wereg ginnig, C. F. Quate, and C. Gerber, Phys. Rev. L5£.930 (1986.
pretreated with 3-aminopropyltriethoxysilandPTES by 2F. J. Giessibl, Science67, 68 (1995.
immersing them in a 0.1 Vol % of APTES for 15 min. Then, 20- Marti, B. Drake, and P. K. Hansma, Appl. Phys. Létt, 484 (1987.
; ; _ S. Kitamura and M. Iwatsuki, Jpn. Appl. Phys., Par3£ L145 (1995.
Lh.eydwgl;? r.msed Wlthb2 propanol anddu_ltrahpure water anq5J. J. Sanz, N. Garca, P. Griter, E. Meyer, H. Heinzelmann, R. Wiesen-
_“e with nitrogen. Substrates preparg 'r_] this way are posi- danger, L. Rosenthaler, H. R. Hidber, and H. Jn@erodt, J. Appl. Phys.
tively charged. A drop of DNA solution is placed on the 62 4293(1987.
treated mica and allowed to bind for 1 h. Then the sample is’P. J. de Pablo, C. Goez-Navarro, J. Colchero, P. A. Serena, Jm@e-
again rinsed with water and never allowed to dry. ,Herrero, and A. M. BaroPhys. Rev. Lett88, 036804(2002.
. . . . C. Bustamante, C. Rivetti, and D. J. Keller, Curr. Opin. Struct. Bipr.09
Figure Xa) shows a 25& 256 point topographical image (1997,
taken in JM of A-DNA molecules adsorbed on mica in a 8g onhesorge and G. Binnig, Scier®80, 1451 (1993.
water environment. The acquisition time for the image was®A. J. Putman, K. O. van der Werf, B. de Grooth, N. F. van Hulst, and J.
about 3 min, and the typical jumping conditions are given in  Greve, Appl. Phys. Lett72, 1911(1994.

0 )
. . P. K. Hansma, J. P. Cleveland, M. Radmacher, D. A. Walters, P. E. Hillner,
Table I. From the images a DNA molecule height of 1.4 M. Bezanilla, M. Fritz, D. Vie, H. G. Hansma, C. B. Prater, J. Massie, L.

*0.3 nm is obtained. Figure(d) shows a subsequent image Fukunaga, J. Gurley, and V. Elings, Appl. Phys. L6, 1738(1994).

of the same region but now in contact mode with the samé'in this context, we would like to clarify that we use the term TM for

force set point_ Figure (ﬁ:) was again taken in JM in the contact DSFM. DSFM is therefore more general than TM, since it in-
- - ludes contact as well as noncontact modes.

_Same .re_glon. Two cl_ear featu_res Can be seen in the contag . Veyana, M. Ohta, Y. Sugawara, and S. Morita, Jpn. J. Appl. Phys., Part

image: f|_rst, the_quallty of the image is poor and, second, the 5 34 1 1086 (1995.

sample is modified due to the shear for¢shown by ar- *v. Sugawara, M. Ohta, H. Veyana, and S. Morita, Scieft6, 1646

rows). Consecutive JM images of this region show good re—14(1995- ) ) )

peatability with no further modification. Figure 2 is a 256 3,'22"’}5”0"’53”* D. Humphris, R. J. Owen, and M. J. Miles, Biophy81).

X256 point DSFM image of the same sample but in a dif-15y Han and . M. Lindsay, Appl. Phys. Le@9, 4111(1996.

ferent region(note that we use cantilevers with different °p. J. de Pablo, J. Colchero, J.iGez-Herrero, and A. M. Bard\ppl. Phys.

force constants for DSFM and jumping mogleand the ac- Lett 73, 3300(1998. _ _ _

quisition time for this image was about 3 min, the same as in %530(31"’;5_;'56' E. Weilandt, S. Hild, and O. Marti, Meas. Sci. Tectol.

JM. The h@ght of the molecules is ®D.3nm, a “ttle_ ~ 18F. Moreno-Herrero, P. J. de Pablo, J. Colchero, InéoHerrero, and A.

lower than in the case of JM. The two values agree within M. Baro, Surf. Sci.453 152(2000.

experimental error and with the height typically reported bylgf- H. Tholfgsggb ;1';25665' B. Smith, H. G. Hansma, and P. K. Hansma,

H ,20 H H angmuir 1z, .
other authors us_mg DS_FM' The slightly h_lgher r_nean, 20F. Moreno-Herrero, J. Colchero, and A. M. Beunpublisheil
value measured in JM might suggest that JM is less intrusiveic. . kacher, I. M. Weiss, R. J. Stewart, C. F. Schmidt, P. K. Hansma, M.

that DSFM. Radmacher, and M. Fritz, Eur. Biophys.28B, 611 (2000.
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