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Tips for shear force microscopy fabricated by controlled etching

L. Limanauskas

Kaunas University of Technology, Studentu 65, 51369 Kaunas, Lithuania, E-mail: leopoldas.limanauskas@ktu.lt

1. Introduction

The use of the atomic resolution of the probe type
microscope as a laboratory technique for observing atomic
structures on the surfaces of atomic planes by applying the
commercial cantilever is no longer considered to be out of
ordinary or hardly affordable [1-3]. Nanometre resolution
used in nanolithography, acoustic spectroscopy, nanotri-
bology and the analysis of biological objects in liquids of
varied viscosity is a method of undisputable importance for
the development of modern research areas and technolo-
gies.

Nevertheless, it is a complicated task to research
biological objects and to achieve nanometre resolution in
liquids due to the low mechanical quality of the cantilever
probe vibration in the liquid. Reaching 1000 in a vacuum,
the vibration quality factor can be lower than 10 in a lig-
uid. One way to increase the sensitivity is to apply high
quality quartz resonators.

The dynamic shear force microscope (SFM) was
developed for this purpose. It operates on the basis of a
quartz resonator where cheap commercial quartz tuning-
forks with attached long probes are used as force sensors to
obtain images and to manipulate nanoobjects in liquid me-
dia, while quality of the resonator vibrating in air remains
high.

The problem, however, is tip sharpening technol-
ogy. There exist numerous publications [3-8] covering
research on tungsten tip sharpening with the help electro-
chemical etching. In spite of the results introduced by the
authors, we achieved the desired sharpness of 50 Nm and
less only +by working out an individual technology of
etching and gluing to the fork and by developing appropri-
ate equipment.

2. Electrochemical-etching theory of tungsten tips

Under the influence of a high electrostatic field,
electrons can be emitted from a tungsten tips surface into
electrolyte. This purely quantum mechanical phenomena is
called field emission and it proved to be a tool for the
characterization of our tips, since it allowed us to gain
some useful insight in the sharpness of tungsten tips of our
probe [6].

The electrostatic field at the tip surface increases
at the regions of high curvature. If voltage V' is applied to a
sphere of radius R, the electrostatic field F at its surface is
given by
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The tip is composed of a sphere connected to a
conical shank. The resulting electrostatic field at the apex
surface will be lower than predicted by Eq. (1), since pres-

ence of the shank yields a modification in the field lines
distribution. The surface electrostatic field for a tip-shaped
object can then be approximated by
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where £ is the field reduction factor and R is the tip radius.
From Eq. (2), we can see that for a given applied voltage
and field reduction factor, a smaller tip apex radius will
yield a higher electrostatic field. From the Folver-
Nordheim equations [7] we also know that a higher elec-
trostatic field will produce a higher current density of field
emission 7 (in A/mm?):
1/2
i= 6.2-10'6MF2 X
HtoQ

3/2
xexp| —6.8-10" £— 3
of ss102"] o

for x and ¢ in eV and F in V/mm. There 4 is a Fermi level
and ¢ is a metal’s work function.
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where a has a value comprised between 0 and 1.

If we multiply Eq. (4) by the total field emitting
area o (in mm?) and use Eq. (2) to express the electrostatic
field F, we will obtain the total field emitted current / (in
A) as a function of the tip radius R (in mm)
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Eq. (5) provides us with the explicit description of
the relationship between tip sharpness and field emission
data: for any tip voltage, the smaller the tip apex radius, the
higher the total field emitted current. This principle is the
key element behind our quick tip sharpness test.

The tip radius can be estimated by a direct appli-
cation of the Fowler-Northeim theory on field emission. If
we divide Eq. (5) by /2 and write the natural logarithm on
both sides, we obtain
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mm. Eq. (6) can yield a straight line of anL versus 1/V

will yield a straight line of slope —6.8-10" @**akR . This

particular way of graphing field emission data is called a
Fowler — Northeim plot and simply requires to record the
total field emission current for various applied voltages.
Provided that the values of ¢, a and & are known, it is then
a straight forward matter to evaluate the tip radius from the
slope of a Fowler-Northeim plot [7].

Monitoring the etching current drawn from tung-
sten tips as a function of applied voltage is a convenient
way to characterize the sharpness of tips of our probe. The
experimental setup permitting the acquisition of such field
emission data is quite simple.

3. Technology

In order to perform successfully the etching of the
tip, of special importance is the pretreatment operation [6].
One such operation is blank preparation for etching.

Probes for force sensors are manufactured from
tungsten wire of 200 um diameter, the length of which is
selected in dependence with the object to be researched
and can be in the range of 1-5 mm.

It has been noticed that cutting the wire of the
required length results in its tip assuming the form of a
brush with separate thin threads, which cannot be com-
pletely removed by etching. Furthermore, their formation
continues and they curve under the effect of internal de-
formations and bubbles throughout the rest of the techno-
logical process.

Thread formation can be avoided by lopping off
the tip of the wire. The result, however, are internal defor-
mations remaining in the probe’s blank along with the
highly credible bending of the tip during the final stage of
etching.

The suggestion found in literature to anneal the
wire in vacuum is nonpractical as annealed tungsten has
higher plasticity and lower elasticity. This may harm the
measurement process as the tip of the wire can be crushed
more easily during contact with the measured object.
Moreover, such a crushing may be more difficult to detect
than the bending of the stiff tip.

Also, annealed wire is more difficult to etch elec-
trochemically, which makes control of the sharpening
process more problematic. The factors mentioned above
may be responsible for imprecise results obtained at meas-
urement.

To eliminate these effects, the cutting of tungsten
wire is performed by the method of electrochemical etch-
ing. For this purpose, the same sharpening equipment is
used except that the bath is changed by a platinum two-
thread ring of the diameter of 3.5 mm (Fig. 1).
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Fig. 1 Technological equipment for tungsten wire cutting
by the method of electrochemical etching

This technology reduces errors of probe etching
by 70 per cent. We believe that the remaining 30 per cent
of errors are caused by the internal material stretches oc-
curring during tungsten wire manufacture process and its
straightening before the cutting operation (tungsten wire is
transported in coils and acquires a spiral shape after uncoil-

ing).

Fig. 2 Technological set-up for the tungsten wire tip sharp-
ening operation: / — etching manipulator; 2 — DC
source B5-46; 3 — parameter control device B7-35;
4 — microscope MBC-9

The most complicated, expertise-requiring opera-
tion is tip sharpening. It is performed by the method of
electrochemical etching using a specially constructed rig
(Fig. 2), which consists of three main blocks: etching ma-
nipulator /, DC source B5-46 of max 10V, 5A 2, parame-
ter control device 3 and microscope MBC-9 used for ob-
servation 4.

In this case, the voltage selected depends on the
way the process of electrochemical etching takes place, i.e.
it should grant smooth emission of hydrogen and prevent
spray of the electrolyte drop from the ring. Thus the volt-
age should be 2.5-3 V.

The tests were performed using one-, two- and
five-mole alkali [6]; however two-mole alkali proved to
work better

Cathode: 6H,0+6e” —3H,(g)+60H"



Anode: W(s)+80H —WO; +4H,0+6e

W (s)+80H™ +2H,0 — WO +3H,(g)

The product of electrochemical etching anion
W~ dissolves in the electrolyte while hydrogen gas H, is

removed from the electrolyte in the form of bubbles. Ris-
ing to the surface, the bubbles stick to the etched wire in
the electrolyte and partly above it.

d

Fig. 3 Commonly occurring sharpening effects on tungsten
wire tips caused by electrochemical etching: a — hy-
drogen bubble effect on the form of probe spike;
b — influence of uncontrolled voltage on geometrical
form of tip’s cone during etching; ¢ — effect of tung-
sten wire strains and electrolyte flush on spike;
d —tungsten wire spike received by attaching a
weight that is too heavy

Observing the process through the microscope, a
conclusion was drawn that hydrogen bubbles sticking to
the probe during the etching process have an effect on its
geometrical form, i.e. the probe is not uniformly etched
(Fig. 3, a) as a result of the free movement of anions and
cations in the electrolyte.

Fig. 4 The tip sharpening bath protected from hydrogen
bubbles

Of marked effect are also bubbles that merge into
larger ones. The etched probe is thus protected from this
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inevitable chemical process by isolating the bubbles from
the electrolyte bath, i.e. protecting it with the help of an
additional cylinder-shaped shell (Fig. 4).

The electrochemical etching process relies on the
voltage applied [9, 10] — the higher the voltage, the faster
is the process of probe etching. In a bath of the dimensions
selected by us, with the voltage raised up to 6 V, the elec-
trochemical etching reaction is so intense that hydrogen
precipitates spray the electrolyte and make the etching
process chaotic: the tungsten tip acquires the form of an
irregular cone (Fig. 3, b) with micro threads of tungsten
protruding and “knobs” of irregular shape bulging out. The
result is still worse when such a knob forms close to the
end of the probe’s tip.

Experimental research has defined three stages of
optimal etching. The first stage lasts for 1-2 seconds and
the voltage is raised up to 2-3 V. Here tungsten oxides and
other dirt are etched off and removed thus reducing resis-
tance of the etched surface to a minimum. This stage en-
sures a uniform process of electrochemical etching along
the entire surface of tungsten wire in electrolyte.
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Fig. 5 Shape of spike that is close to standard

The second stage is mainly formation of the wire
tip. A supply of 1.5 V voltages is kept for 10-15 seconds;
then it is reduced to 1 V and the etching process lasts for 5
minutes. The process has to be periodically observed
through the microscope to prevent processes causing the
speeding up or slowing down of etching, deformation of
the tip, or formation of undesirable ‘“knobs” and micro
threads.

The third stage is the final stage, which involves
polishing of the cone surface and sharpening of the tung-
sten tip. The voltage is reduced to 0.5-0.7 V if the intensity
of electrochemical reaction is too high. The etching proc-
ess is observed continuously to be able to cut off the volt-
age and remove the probe from electrolyte when the mo-
ment separation of the tip occurs. This is crucial for the
sharpness of the tip: the longer the probe stays in electro-
lyte, the more of the tip will be etched causing an increase
in the radius of its spherical surface.

The problem of tungsten wire tip deformation
(Fig. 3, c) has been efficiently solved by attaching a weight
to the end of the wire that will drop off. In this way, the
stirring power of electrolyte liquid is overcome and inter-
nal stretch of the tip thread prevented. The heavier the
weight, the more effective is the prevention of internal
stretch. However, the resulting effect is a blunter tip of the



probe (Fig. 3, d), as heavy weight can tear off a tungsten
thread of larger diameter.
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Fig. 7 Probe tip of proper quality

Experimental testing has helped us to determine
the optimal mass of the weight to be used for obtaining a
tungsten tip sphere of the smallest diameter with the probe
retaining its quality parameters (Fig. 6).

Fig. 8 Technological equipment for the gluing of the probe
to quartz resonator

The use of such a technology of electrochemical
etching has enabled us to achieve the sharpness of the
tungsten tip where the sphere diameter is smaller than
50 um (Fig. 7).

Fig. 9 Two types sensors used for shear force microscope:
a — probe is parallel to quartz fork; b — probe is per-
pendicular to quartz fork

The force sensor for shear force microscope has
been produced by gluing a sharpened probe to a quartz
fork or a resonator of some other type [2]. The gluing qual-
ity is ensured by the usage of a specially constructed x, y, z
coordinate manipulator (Fig. 8) placed in the observation
zone of MBC-9 microscope. The sensors of the two types
are shown in Fig. 9.

4. Experimental set-up for testing

The performance of the system is first character-
ized by imaging the shear force of various specimens in-
cluding semiconductor and biological cells. The experi-
mental set-up, which uses an electrochemically etched
tungsten tip, is described in Fig. 10. The tip (diameter =
=120 um) was glued at 90° at the end of the tuning-fork
(Fig. 9, b). The long part of the tip is stuck onto quartz
tuning-fork arm, and its free oscillating part was 1 to 5 mm
long. We investigated the possibility to use long probes to
get image in liquids. The topography image of the grating
immersed in a liquid are presented in Fig. 11. Our experi-
ments demonstrate that the etched tip quality is good
enough to perform measurements in liquids with a resolu-
tion less than 50 nm. The possibility to apply our system to
biological samples imaging of the rat lever hepatoma cells
were investigated. Shear force topographic images of the
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Fig. 10 Sketch of experimental set-up
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Fig. 11 Grating image obtained with etched tip using tun-
ing fork vibrating sensor

hepatoma cells were obtained and typical result are shown
in Fig. 12, taken at the set point of 0.95 and line scan fre-
quency 0.1 Hz. The cells for imaging were treated by stan-
dard fixation procedures. The existence of distinct domains
in the sub-micrometer range in the plasma membrane is
seen on the image of the cell (Fig. 12). Although it is not
sure that those structures could be attributed to domains
existing in the plasma membrane of the cell for the present
experiment, our system would provide an alternative way
for further study of structures in the cell membrane in
nanometer scale. The edge resolution, defined as the lateral
displacement with a change from 10% to 90% of the verti-
cal variation, is estimated to be smaller than 50 nm for the
topographic image. These results suggest that the etched
tungsten tips would be a promising tool in for biological
applications of shear-force and atomic force microscopy
with nanopositioning systems [11, 12] and can provide
valuable information for understanding some biological
problems.

(20 x 20)i m

Fig.12 Image of hepatoma cell
5. Conclusions

1. The mathematical background of the electro-
chemical etching of the tips is presented.

2. Optimum voltage and current schedules of
electrochemical etching are determined for the technologi-
cal equipment designed.
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3. The parameters of the weight, which prevents
tungsten wire tip deformations without affecting sharpness
of the probe during the etching process, have been experi-
mentally estimated.

4. The application directed towards biological
cells is demonstrated.

5. Positive results of testing measurement with the
made sensors for shear force microscopy shows, that the
following sensors can be used for shear force microscopy
with the resolution less than 50 nm.
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L. Limanauskas

KONTROLIUOJAMU ESDINIMU PAGAMINTI
ZONDAI SKERSINES JEGOS MIKROSKOPIJAI

Reziumé

Straipsnyje aptarti skersinés jégos mikroskopo
(SJM) jutiklio, susidedancio i§ kvarcinés Sakutés su prikli-
juotu zondu, gamybos technologijos ypatumai. Zondas
gaminamas i§ volframinés vielutés su elektrocheminiu és-
dinimu maziau kaip iki 50 nm nusmailintu galiuku.

ApraSytas matematinis teorinis vielutés elektro-
cheminio ésdinimo pagrindimas, kuriuo remiantis praktis-
kai parinkti j{tampy ir sroviy rezimai bei kiti technologiniai
parametrai, uztikrinantys reikiamo smailumo zondy gamy-
ba. Su Sitaip pagamintais zondiniais jutikliais atlikta kele-
tas eksperimentiniy matavimy, kurie irodo, kad jutikliy
zondy technologija parinkta tinkamai.

Teigiami technologinio tyrimo rezultatai rodo,
kad SIM jutiklius galima gaminti, o jie savo ruoztu praple-
Cia eksperimentinés bazés galimybes nanotribologijos,
nanolitografijos, nanometrinés akustinés spektroskopijos
bei biologiniy objekty tyrimo srityse.

L. Limanauskas

TIPS FOR SHEAR FORCE MICROSCOPY
FABRICATED BY CONTROLLED ETCHING

Summary

The article presents specific aspects of a technol-
ogy designed to produce sensors for shear force micros-
copy (SFM). The sensor consists of a quartz plug with an
agglutinated probe made from tungsten wire, the tip of
which has been sharpened by electrochemical etching up to
50 nm and less.

The presentation includes a theoretical mathe-
matical background for electrochemical etching of the
wire, which served as a basis for the selection of volt-
age/current regimes and other technological parameters

61

that allow obtaining appropriate sharpness of the probe.

The use of the sensors in experimental measure-
ments carried out for the evaluation of their reliability at-
test to the efficiency of the developed technology.

The positive results of our experimental research
are valuable in the production of SFM sensors; on the other
hand, they contribute to the expansion of experimental
potential in such areas of research as nanotribology, nano-
lithography, nanometric acoustic spectroscopy and analysis
of biological objects in liquids.

JI. JIumanayckac

30H/1bI JIJII MUKPOCKOITUH TTOITEPEYHOIM
CHWJIbIL, PABPABOTAHHBIE METOJIOM
KOHTPOJIMPYEMOI'O TPABJIEHU A

Pe3zmowMme

B crarbe mpeacrTaBiieHbl OCOOEHHOCTH TEXHOJIO-
UM TPOM3BOJICTBA JATYMKOB IS MHUKPOCKOIA IOTepey-
Hoi cunbl (MIIC). [laTunk cOCTOMT M3 KBAapIIEBOIl BIIIKU C
MPUKPETUICHHBIM 30HI0M, KOTOPBIH SBIISETCST BOJIb(pamMo-
BOI1 IPOBOJIOKOM, 3a0CTPeHHON HE Oosee yeMm 50 HM MeTo-
JIOM DJICKTPOXUMHUECKOTO TPABJICHUS.

Onucana MaTeMaTHKO-TEOPUTHIECKOE 000CHOBA-
HHUE 3JICKTPOXHUMHUYCCKOTO TPABJICHHUS MPOBOJIOKU M OIIH-
pasch Ha TONTYYCHHBIC JTaHHBIC MOMOOPAHBI PEKUMBI Ha-
MPSDKEHAS. W TOKA, a TAaKXKE JPYTHe TEXHOJOTHUYCSCKHUE IT1a-
paMeTphl, 00ECIeUYNBAIONINE MPOU3BOJICTBO 30HIOB TpE-
Oyemoii octpoTsl. CHemaHo HECKONBKO SKCIEPUMEHTANb-
HBIX M3MEPEHHH, TOKA3bIBAIOIINX MMPABUILHOCTH MOA00pa
TEXHOJIOTUH JATYNKOB C BHIPAOOTaHHBIMHU 30H/IAMH.

[MosnoxxuTe bHBIE PE3yNbTaThl TEXHOJIOTHYECKOTO
HCCIIEIOBAaHMS MO3BOJLIIOT Mpou3BoauTh datunku MIIC,
KOTOPBIE PACIIUPSIOT BO3MOXKHOCTH 3KCIIEPUMEHTAIHHOMN
0a3pl HCCICMOBATEIBCKUX 00JacTell HaHOTPHOOJIOTHH,
HAHOJIHUTOTPa(UU, HAHOMETPUIECKON aKyCTHYCCKOMN CIIeK-
TPOCKOTIHY ¥ OMOJIOTHYECKIX 0OBEKTOB.
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