PROBE FORAN ATOM C FORCEM CROSCOPE Thi s invention
relates to the field of atom c force m croscopes, to
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nmet hod of operating such m croscopes. In particular,
it relates to an atom c force mcroscope that does not
enpl oy conventi onal f eedback cAtrol of probe hei ght.
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atranslation is apPI ied either to an actuataor i
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bending. Since the cantilever obeys Hooke's Law for small displacements,

the interaction force between the tip and the sample can be deduced.

The AFM is usually operated in one of two modes. In constant force mode,
20 feedback enables a positioning piezoelectric driver to move the sample (or
probe) up or down in response to any change in the interaction force that is
detected. In this way, the interaction force may be held relatively steady
and a fairly faithful topographical image of the sample is obtained.
Alternatively the AFM may be operated in constant height mode. No, or
25  very little, adjustment of the vertical height of the sample or probe is
imparted during the scan. In this context, adjustment of the vertical height
means that a translation is applied either to an actuator connected to the
cantilevered probe or to the sample itself. There remains therefore a
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repulsive. This mode of operatlon is however very difficult to implement in

practice.

20 Recent advances in probe microscopy have led to much faster data
collection times. With faster scan techniques, such as that described in
PCT patent application publication number WO 02/063368, finite probe
responsivity is increasingly becoming a limiting factor in image collection
times. The probe will not respond instantaneously to a change in sample

25 characteristics and so there is an inherent time delay between, for
example, the probe encountering a region of the sample surface with
increased height and the system reacting to it. This disadvantage applies
to both constant force and constant height modes of AFM operation. Itis
less severe in constant height mode, which is therefore the preferred mode

30 of operation for fast scanning techniques, but it is still sufficient to limit



i ncreased height and the systemreacting to it. This
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force developed as the cantilever is bent by the sample surface. That is, as
a high region of the sample surface is scanned, the cantilever is

20 increasingly bent upwards and the energy stored in the spring is increased.
As the height falls away, a restoring force pushes the cantilever back
towards its equilibrium (straight) position, thus maintaining contact with the
surface. If however the scan speed is too fast, the probe will not track the
surface but will effectively be thrown upwards over any protuberance from

25 the surface and may start to resonate, or “ring”. This in turn gives rise to
oscillations in the imaged interaction force. Similarly, when the height falls
away the restoring force might not be sufficiently large to ensure that the
probe tip remains in contact with the surface and information about the

surface in that region of the image will be lost.



the surface and may start to resonate, or "ring". This
inturn gives rise to oscillations in the imged
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either or both of the probe tip and a sanple towards

each other with nmagnitude greater than a restoring
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it probes the sa
microscope or for nanohthography, the probe comprising a force sensing
member connected to a probe tip having a tip radius of 100nm or less
20 characterised in that the probe is adapted such that, when subject to an
externally applied force, a biasing force urges either or both of the probe tip
and a sample towards each other with magnitude greater than a restoring

force arising from a displacement of the probe tip as it probes the sample.

In appreciating the scope of this invention it is helpful to consider the forces
25 involved as a typical cantilevered probe makes contact with a sample
surface in a prior art atomic force microscope. This will therefore now be

explained with reference to Figure 1.

In Figure 1, there is shown a sample 1 that is being scanned by a probe of



In appreciating the scope of this invention it is
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t halpy thehimh, agldinggt inqrasition tracking thessurfasiee js thus proportional to
par}&i(cul arly if the scan is to be fast. On the other

hand,” the greater the force, the nore likely the probe
is to damage

Clearly the responsivity of the probe tip 4 and hence the resolution of the
AFM technique depends on the degree of force kx exerted by the cantilever

20 3 onthe sample 1. The greater the force between probe and surface, the
greater the responsivity to surface variations. This indicates that a high
spring constant k is desirable, particularly if the scan is to be fast. On the
other hand, the greater the force, the more likely the probe is to damage
the sample. Accordingly prior art AFM cantilever probes must make a

25 fundamental compromise between probe responsivity and the likelihood of

damaging the sample.

A probe in accordance with the present invention however is adapted such
that, as a sample is scanned, it experiences a biasing force that is
significantly larger than the restoring force kx exerted by the probe on the



the sanple. Accordingly prior art AFM cantil ever
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of fbce or an electrically-conductive element that is to be connected to one
terminal of a power supply and so enable a voltage potential to be
developed between probe and sample. In both cases the polarity of the
biasing force (magnetic or electrostatic) is such that it urges the probe and
sample towards each other. Furthermore, the magnitude of the biasing
force that is applied to the probe is independent of the degree of its
deflection. in this way, since the probe beam has a very low spring
constant, the bending / deflection restoring force is very small compared to
the biasing force and so the force of the tip on the surface is effectively
deflection-independent.

Prior art AFM probes have been specifically fabricated so as to be
responsive to an external biasing force. EP 872 707, for example,
describes a cantilever probe that includes a piezoelectric element. A

control signal is sent to the piezoelectric element in order to urge the probe



deflection. In this way, since the probe beam has a
very | ow spring constant, the bending / deflection
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force and so the force of the tip on the surface is
effectively deflection-independent. Prior art AFM

probes have been specifi caIIV?Ebri cated so as to be
responsive to an external biasing force. EP 872 707,
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at a constant level. Again this is to be contrasted to an AFM probe in
accordance with the present invention in which it is essential to allow the
20 degree of deflection to vary. Without this freedom of movement, the
contours of the sample surface could not be tracked and interaction force

measured, which runs counter to the whole purpose of this invention.

In an alternative approach, the cantilever beam is designed to have a low
quality (or Q) factor. This, in comparison with high Q factor beams,

25 increases the rate at which mechanical energy is dissipated. If a probe
located on such a beam is knocked away from the surface during a scan,
any consequential mechanical oscillations are reduced and the probe will
return quickly to track the sample surface. In one embodiment, the Q factor
of the cantilever beam is reduced by applying a coating to the beam, the

30 coating being adapted to dissipate energy that would otherwise be



degree of deflection to vary. Wthout this freedom of
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20 by which a force may be applied to a cantilever. US 6,118,124 and
US 6,330,824 both describe coated cantilevers for the detection of
radiation. The coating is therefore affected by the radiation, radiation
intensity being measured by a quantitative change in the properties of the
cantilever. This is to be contrasted with the coating material of the present
25 invention, which is not affected by incident radiation, but absorbs

mechanical energy.

In an alternative aspect the present invention provides an atomic force
microscope for imaging a sample in accordance with an interaction force
between the sample and a probe, the microscope comprising
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a force may be applied to a cantilever. US 6,118, 124
and US 6, 330, 824 both descri be coated cantilevers for
the detection of radiation. The coating is therefore
affected by the radiation, radiation intensity being
nmeasured by a quantitative change in the properties of
the cantilever. This is to be contrasted with the
coating material of the present inventjon
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probe towards the sample or vice versa.

In a further aspect the present invention provides a method of collecting
image data from a scan area of a sample with nanometric features wherein

the method comprises the steps of:-

20 (a) moving a probe having a supporting beam with a tip having a tip radius
of 100nm or less into close proximity with a sample in order to allow an
interaction force to be established between probe and sample;

(b) causing a force (Farect) to be established between sample and probe
such that the probe is urged to move towards the sample or vice versa;

25  (c) scanning either the probe across the surface of the sample or the
sample beneath the probe whilst providing a relative motion between

the probe and surface such that an arrangement of scan lines covers



(a) nmoving a probe having a supporting beamwth a tip
having a tip radius of 100nmor less into close
w@e@gionsery with a sanple in order to all ow an PCT/GB2004/003065
interaction force to be established between probe and
sanple; (b) causing a force (F? rect) to be
est abl i shed between sanpl e and érobe such that the
probe is urged to nove towards the sanple or vice
versa; (c) scanning either the probe across the
sur f actheo$carhareganpl e or the sanpl e beneath the probe
whil st providing a relative notion between the probe
and surface such that an arrangenent of scan |ines
cov éd)s irtemsairing deflection(abd reegisplaBement beie ;robanghd or
di spl acement of the probe; and (e) processing
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i nvetomie "@'GFQ?CQP@hows a schematic inplenmentation
of an atom c force mcroscope that includes a probe,
which is in accordance with a third enbodi ment of the
10pr eElgHTe 2 shewsiaschamafis imperorbtation of ancatamieforce microscope
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enbprtisephinvention.

Figure 3 shows a schematic implementation of an atomic force microscope
that includes a probe, which is in accordance with a second embodiment of
156  the present invention.

Figure 4 shows a schematic implementation of an atomic force microscope
that includes a probe, which is in accordance with a third embodiment of
the present invention.

Figure 5 shows a schematic implementation of an atomic force microscope
20 that includes a probe, which is in accordance with a fourth embodiment of
the present invention.

Figure 6 shows a schematic implementation of an atomic force microscope

that includes a probe, which is in accordance with a fifth embodiment of the
present invention.



the present invention. Figure 6 shows a schematic
i npl ementation of an atom c force m croscope that
WO pb0ss39 a probe, which is in accordance w t hPEr/GBRG0R/003065

enbodi nent of the present invention.Figure 7 shows a
schematic inplenentati on of an {atorri c force m croscope
that includes a probe, whi ch7i§'™n accordance with a

si xth enbodi nent of the present invention. Figure 8 is

a diagrammatic illustration of the forces involved as
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cry lek8RGinbehad£t hyl ene- oxi de) (PEO) produced using
a probe I'n accordance with the present invention.
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an aspect of the present invention. The AFM apparatus
10 shown conprises a plate 12 adapted to receive a

sa :
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20. The piezoelectric transducer 18 is used to drive
the sanple 14 (together with the plate 12 and fork 16)

i n Figuee10dillustratesnexamipley ofibdspold ¢atilévenglesiéh fbsa probe of
con entiona}I. in the field, the z axis of a Cartesian

cool @i RIEPNINENmi 11 be taken to be that
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Figures 11 and 12 illustrate formation of regions of low and controlled
spring constant in a bespoke cantilever.

15 With reference to Figure 2 there is shown a schematic implementation of
an AFM, indicated generally by 10, that utilises a first embodiment of a
probe constructed in accordance with an aspect of the present invention.
The AFM apparatus 10 shown comprises a plate 12 adapted to receive a
sample 14, and which is mounted on one prong of a tuning fork 16. The

20 tuning fork 16 is connected to a piezoelectric transducer 18 and a coarse
driving means 20. The piezoelectric transducer 18 is used to drive the
sample 14 (together with the plate 12 and fork 16) in three dimensions: x, y
and z directions. As is conventional in the field, the z axis of a Cartesian
coordinate system will be taken to be that perpendicular to a plane

25 occupied by the sample 14. That is, the interaction force is dependent both
on the xy position of a probe 22 over the sample 14 (the pixel it is imaging),

and also on its height above it. A tuning fork control (not shown) is



occupi ed by the sanple 14. That is, the interaction

force i s dependent both on the xy position of a probe
WQ20060a867¢ he sanple 14 (the pixel it is imagi NEOT/GRA@4/003065

also on its height above it. A tuning fork contro

(not shown) isarranged to apply a sinusoidal voltage

to the tuning fork 16 and so~tbcexcite a resonant or

near-resonant vibration within the xy plane.
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cantil'ever probes however, the probe accor

t hi goliepleshby the mweadq@mtpmneebmrsm@&mmmedmd output to a
thedgg qlng beam 22b of the probe. This coating

22c be explained in nore detail |ater, serves

to dissipate energy that woul d ot herw se be
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the supporting beam 22b of the probe. This coating 22¢, as will be

20 explained in more detail later, serves to dissipate energy that would
otherwise be mechanically stored in the probe through the excitation of
oscillatory modes and thereby lowers the Q factor of the supporting beam
for one or more of its vibrating modes in comparison to the same beam
without the presence of the coating 22c.

25 Intaking images using the apparatus 10, the sample 14 is first brought into
contact with the probe 22 using the coarse driving means 20. Fine height
and initial start position adjustments are made with the piezo driver 18
whilst the probe detection mechanism 28 measures the bending of the
probe as a result of the probe 22 — sample 14 interaction force. Once the

30 measured bending reaches a desired level, the sample surface is scanned



contact with the probe 22 using the coarse driving

means 20. Fine height and initial start position
w@djoasossent s are nade with the piezo driver 18P@lriGB2104/003065

t he probe detection nechani sm 28 neasures the bending
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Iators made fromSi and Si N
rraterl als do not have nuch. internal |oss and, as a

' es%é Q PR&r is a dimensionless quantity, which may be used to quantify
the dissipation (or damping) of an oscillator. It has the property that:

_ Energy storedin oscillator
- Energy dissipated per radian

A heavily damped system, in which stored energy is dissipated rapidly, has

20 alow Q, and a lightly damped system has high Q. Oscillators made from
Si and SiN materials do not have much internal loss and, as a result, most
commercially available AFM cantilevers will have high Q, typically of the
order 5 — 500 in air. Moreover, if designed for use in tapping mode, it is
advantageous for a cantilever to have a high Q. In this mode, the

25 cantilever is driven at resonance and the interaction force measured over
many cycles of oscillation. By minimising energy loss over the oscillation
cycles, the high Q therefore acts as a mechanical filter.



commercially avail able AFM cantilevers will have high
Q typically of the order 5 - 500 in air. Mreover, if
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for a cantilever to have a high Q In this node, the
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t heconsequen’cly its better tracking during a scan.

The coating on the probe acts to dissipate mechanical energy that would
20 otherwise be stored in the probe. The probe with the coating will store less
mechanical energy than the probe without the coating, and the motion of
the probe with the coating at a specific time will relate more closely to the
surface under the probe tip at that specific time, than it would do if the

coating was not present.

25 Depending on the sample being imaged and the scan-speed chosen, it
may be that a higher mode than the first or fundamental mode is most likely
to be excited during imaging. In this case the coating is chosen to ensure
that the Q factor of this mode is significantly reduced. By tuning the energy
absorbing and dissipating properties of the coating it is possible to reduce



surface under the probe tip at that specific tine,
than it would do if the coating was not present.

wDegsnoiony on the sanpl e being i maged and t he PCT/GB2004/003065
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the first or fundanental node Lbsjmst likely to be
excited during imaging. In this Case the coating is
chosen to ensure that the Q factor of this node is
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supporting beam has been found to inprove na
t r ABKIONYY erpaBnent iy apramonpbeds @plynwwrtreawﬁttmrautuome

CoPRRK 3008 i htRBhle, SRRk St ot pP
t hesuppppiing beamiearbetin fouad té Enpevatmaketly i edkingcapability
dri I\X/ﬁer? Lfse 2\’? roso%l'l \t/emperature The copolymer was applied by solution
20 casting. That is, a drop of solution containing the polymer is placed on the
supporting beam at high temperature in order to drive off the solvent.
Other thermoplastic elastomers may also be used. Such an arrangement
has been found to permit the probe to track a sample surface even at

resonant oscillation speeds such as described in WO 02/063368.

25 Considerations as to the polymer material and application method adopted
narrow the available choice to some extent. The basic idea is to coat the
supporting beam with an energy-absorbing material that, ideally, does not
unduly affect other properties of the probe such as mass, sharpness of tip,
etc. Solution casting the supporting beam with the above-described

30 copolymer has been found to enhance energy dissipation with an
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br obecl'r\mmcal energy stored in the probe and also reduces the likelihood of
any coating material contaminating the sample when the probe makes

20 contact.

Ideally the polymer material used for the coating 22¢ will have a peak in its
energy loss spectrum at the temperature of the probe’s anticipated use and
in the frequency range of the principal resonant modes of the supporting
beam. Typically, it should therefore be a rubbery polymer. Alternatively a

25  copolymer or other composite with a high component of rubbery polymer
may also be used.

The energy dissipation of a polymer coating may be increased if it is
applied to span gaps in the cantilever. That is, if a thin polymer film bridges
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t nett T/5 15k BB EFBHERT PerBen Thre kel Eaptleer
(a Sigswh irsFigule!2hoMe®€r, the probe 22 according to this embodiment of
the invention additionally has a magnetic element 24 (a bead is illustrated
20  in Figure 3) mounted above the tip 22a. Also a magnet 26 is incorporated
within the AFM, for example below the plate 12, to provide a magnetic field
of sufficient strength to exert a force on the magnetic bead 24. The force
may be via a magnetic torque applied to the probe or through a magnetic
gradient. The probe detection mechanism 28 is arranged to measure the
25  bending of the probe 22, as for the apparatus 10 shown in Figure 2. Data
collected by the probe detection mechanism 28 is analysed and output to a
display 30.

In taking images using the apparatus 10, the contact mechanism to
establish an interaction force and scanning technique are substantially as
30 described in relation to the apparatus 10 of Figure 2. Once the desired



in Figure 3) nounted above the tip 22a. Al so a nmagnet
26 is incorporated within the AFM for exanpl e bel ow
WO b@spbssre 12, to provide a nmagnetic field of PCT/GB2004/003065
sufficient strength to exert a force on the magnetic
bead 24. The force may be vi a% magneti c torque
applied to the probe or throlg¥¥ a magnetic gradient.
The probe detection mechanism 28 is arranged to
neasure the bending of the probe 22, as for the
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1thel samplecsiagelandseanneddeneath thelarobg 22handithecitput signal
act | ' netic force. Wth the nagnetic field
B oh%%ﬁgée(ig%\‘gﬁgﬁguﬁace is oscillated (at gt he
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S C hipifaited Qﬁlﬁélﬁﬂf By A0i, thas utlfisefuribien alribodirdéMs.of a probe

a
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illustrated in Figures 2 and 3, in Figures 4, 5, 6 and 7 the probe 22 is
mounted on one prong of the tuning fork 16 and control of the approach

20 and both coarse and fine positioning of the probe relative to the sample is
controlled by transducers 18, 20, such as piezo transducers, which control
movement of the probe 22 and tuning fork 16 rather than the plate 12. This
arrangement allows the probe to be scanned using the resonant scanning
method above the sample, rather than the sample being scanned below the

25 stationary probe. With respect to Figure 4 the resonator 16 and probe 22
are scanned in the x-axis using the x-y-z piezo transducer 18 while in
Figures 5 and 6 control of relative probe / sample movement in the scan
direction (x direction) during a scan is provided by means of a transducer
70 connected to the plate 12. Thus the sample can either be scanned in

30 both axes while the probe is stationary, or the probe can be scanned in

both axes while the sample is stationary, or one or other of the probe or



illustrated in Figures 2 and 3, in Figures 4, 5 6 and
7 the probe 22 is nounted on one prong of the tuning
wo oook/0a87and control of the approach and bot h POHGB2004/003065
and fine positioning of the probe relative to the
sanple is controlled by transducers 18, 20, such as
pi ezo transducers, which contr B! ~nmovenent of the pr obe
22 and tuning fork 16 rather than the plate 12. This
arrangenent allows the probe to be scanned using the
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| n atd ua\eiigseq@ieed.r ed. This highlights an additional
advant age of the very fast scan rates that are

obt ai nabl e using the described invention in
conjruFighire®y V8 Ad 7itRe pRSISEAH 204 i SawjeLied tﬂ%tfa%é urbit®y the tip
re

image rate is higher than common f uenci es
nechéhiuardsdhe samplei1hi hnthe expapple Figweéﬁheuf@rcesm n

147 AR eRoBe FORCL YRS iled g BB
pr epuorbledrp Weand texplate 121 Mendectheprobatip2a am:umel p&ate 12
e S narlb G ot oot Sk Euiah n orer
sang) éstddilishl the iR 83 RitPactivei b iy otthebAthd BrdbR ti22a and
the plate 12, the probe is provided with an electrically conductive coating
20 50 in addition to the damping coating 22c¢ to ensure the probe has a low Q
factor. In the case of Figure 6 the sample 14 and probe tip 22a are
positioned within a sealed viscous environment 80, such as a liquid
environment. In this embodiment the power supply 60 is connected across
the conductive coating 50 and a second plate 90 located beneath the
25 sample plate 12 outside of the viscous environment. By immersing the
probe in a liquid (which in the case of biological samples may be desirable)
the damping coating 22¢c may be omitted from the probe as the exposure of
the probe to the liquid environment results in the probe having a low Q
factor approximating 1.

30 In order to appreciate the features that are necessary to this invention it is



attractive and arises froma biasing vol tage being

appl i ed between the probe tip 22a and the plate 12.
woewsop86rhe probe tip 22a and the plate 12 ar ePCT/GB2004/003065

connected in series across the termnals of a power

supply 60. In order to establ igh the necessary

attractive force between the~gﬁobe tip 22a and the

plate 12, the probe is provided with an electrically

conductive coating 50 in addition to the danping
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t heto=p8e thdd sarhplesaupisiceat e end 2 via its nounting to
the AFM noving the probe tip 4 into contact with the

sanple 1. In order to maintain contact for the
dur i fhereveht thas egitobé besibped én Beodrdante ivdthghe present irvention

t halts dre%%lé'lterdefgom tﬁg IS%I/mtp?e gLrlrlfance tfor example by encounter with a

20 raised portion, two factors assist in restoring it back towards contact. This
enables better tracking of the surface to be achieved, even at high scan
speeds. First, as is seen most clearly in the embodiments shown in
Figures 3-7, a second force Fgiect acting to accelerate the probe towards
the sample, can be tuned so as to reduce to a minimum the time it takes to

25  bring the probe back into contact with the surface. This force, which is
largely independent of topography, acts to reduce the response time of the
probe. Secondly, the probe is coated with an energy absorbing material (or
immersed in liquid) which reduces the mechanical energy stored in the
probe and so reduces the effect that previous impulses have on its motion,

30 ensuring that it rapidly obtains a stable state in contact with the surface.



tip 4 into contact with the sanple 1. As a result the
supporting beam 3 is bent upwards fromits rest
w@emsissm wi th Fdirect present, 5, as the sanptBGB2004/003065

scanned. As before, a force proportional to kx is
generated as a result of the supporting beam bendi ng

and directs the probe tip 4~d®Wiwar ds towar ds t he

sanpl e surface. In the event that a probe designed in
accordance with the present invention is deflected
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a bead or a magnetic coating.

15 In the embodiment depicted in Figure 2, the additional force Fgjrect is still
contributing to the tracking performance of the probe, but its origin is more
subtle. As the probe and sample are brought into close proximity a
capillary neck is generally believed to form, connecting the two. This
capillary neck is thought to arise from fluid that will inevitably be present in

20 the sample environment when it is imaged in air, which condenses about
the probe — sample contact. In normal operation, it is found that the direct
force Fyirect arising from the capillary neck is sufficiently large that it quickly
forms the dominant restoring force on the low-Q probe i.e. Fgirect > kx. This
is particularly true for hydrophilic surfaces. By choosing a probe that has a

25 hydrophilic surface, for instance silicon nitride, it is possible to ensure that a
capillary neck is formed between the probe and the sample.

Regardless of the origin of the additional direct force Fyirect, the low Q of the



Clearly therefore the positioning of the magnet within

the AFMis not critical, it nerely has to be arranged
wgeomk/o0dsae there is a downward force conmponentP@IGBRGG/003065

the probe tip 4 into the sanple 1. In the subsequent

enbodi ments the additional fqrce Fdirect is an

el ectrostatic force. In the odi ment depicted in

Figure 2, the additional force Fdirect is still

contributing to the tracking performance of the probe,
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that vertical position. Therefor % tai q
us V¥pllaston prism may be used to monitor the posn n oft e end of the
20 probe relative to another point, or an interference microscope may be used
to monitor the position of the end of the probe, in which case the optical
intensity at a position in the field of view of the microscope that
corresponds with the end of the probe will vary depending on its vertical
position. Whichever method is used, an image can now be obtained that
25  will correspond to the topography of the surface, with particular application

for metrology.

In order to assist in achieving Fyiect > kX, the probe should be further

designed with a relatively low spring constant. Typically this should be less

than 1 Nm™', which can be achieved by using a suitably shaped probe. In
30 the present invention, the cantilever deflection is useful only to define the



a nmethod based on the reflection of a laser fromthe

back of the probe onto a split photodi ode will not
wa@orsmessend to the topography of the surface, BCI/GB2004/003065

rather to a conbination of the topography and the

gradient. To obtain inmges thét do correspond to

t opogr aphy, the displacenent™ £ T he probe can be

nonitored for exanple using an interferonetric nethod.
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between 0.01 and 0.06 Nm'l. An acceptable range is

dependent on the height of features to be inmged. For
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restoring force of between 0.5 nN and 3 nN. The direct

15 orthe candileves fasppin sample trarking feAresests Arigriticary imerayement
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i g%rréees Fairect, and the force due to the immediate bending of the probe by the

surface, with the direct force Fgirect being the dominant force. This applies

20 regardless of whether the direct force is a “natural” force, generated by

means of the capillary neck, or an additional, external force, such as that
applied via a magnetic bead. In either case, the restoring force has a
magnitude that is substantially independent of the position of the probe. By
way of contrast, the magnitude of the prior art restoring force kx depends

25  on the displacement x of the cantilever from its rest position. Thus high

restoring forces are generated at particularly high regions of the sample.

It is very difficult to ensure consistently that samples are not damaged if the
restoring force is permitted to vary in this manner. A restoring mechanism
implemented in accordance with this invention has a magnitude that is

30 largely independent of sample height.



4, 5 and 7. The size of the electrostatic force can be
controlled to optimse the inage. This is set so that
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tip velocity, the highest force possible is supplied

to the tip, which does not dagﬁge or disrupt the

surface under investigation e ability to exploit a
direct restoring force Fdirect s opposed to relying on
the cantilever force in sanple tracking represents a
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20 Figures 9a and 9d are images produced using the probe of the present

invention whereas Figures 9b and 9e are images produced using a
conventional AFM monitoring changes in probe height and Figures 9¢ and
of are images produced using a conventional AFM monitoring deflection
changes. To produce the images of Figures 9a and 9d a Veeco Dimension

25 3100™ AFM with Nanoscope™ IV controller was used with commercially
available cantilevers coated in a thin polymer film. The sample was
mounted on a micro resonant scanner constructed from a quartz crystal
resonator and 5 micron piezo stack (P-802 and E-505, Physik Instrument,
Germany). To collect the data in Figures 9a and 9d the Resonant

30 Scanning Controller of Infinitesima Ltd was used.



possible to inplenment this invention with a | owQ
cantilever that relies only on the capillary neck for

wo b@ssassrce of Fdirect , it is preferred that BCT/GB2004/003065
def | ecti oni ndependent external force is also applied.
A probe that is subject to QLiétrostatic or magnetic
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herein, is nore controllable and provi des nore options
for formng the highest quality imges. Figures 9a to

of Fiberssl 9a Ahd atwerbeonbirutter frone BEtRS X 1128 gixXed smayover a
of the probe of the present inventiqQn over

corRatiad &frnly A& msptesrase tinielpcty o she genismaf sachyineage
al '%ér;lg&g?%c?ﬁs‘{gﬁd% nﬁﬂfe@pscﬁwew.on and Figures 9d,

9e are simlarly all Tnages of another surface
region. In all cases the scale bar represents 1 mcron

an e ' . ; ' [

cry DT bRissttinvaucHtm s G yiaof Bagl tffone can be
5l %@daﬁé@tﬁ mki)lﬁsedfaingﬁ etk somvehtiddabAEM w&gmsinmgeohmledﬁon

usi ng the probe of_ the present invention whereas .

Fi gr@axéa‘%uawar@eofa?r%ﬁagés %ﬁheagt! E'ae [dsirgted embodiments
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Cong0%S ST (IS0UES S kg ronty
c oner@ployed avithAdnventionalrAlig rdisfdssopy dihesinbedimentsare

b1 AR ORI U DRy AT 51 Bl G B¢ A PEOING pon the
10F ONgyetirleRs ofdise SamBlanufacedipEicddalihexaess b850.0 cms™ can be
cantilevers coated in a thin pol étmer film _The sanp

| e
wasachievadsdFonexampler with adimyslocibeaidiaf corshsan argaef 4.4 X
fro t t 5, Ml [ ; :
ot b o Caf Y hbed FERS SIS pRY A BB G R 18 jcrons in
To 83 mecMdrbevetadven at thisgpeed, Peagesdwitll betier tRaadifamh lateral
Scanning Controller of |Infinjtesj Ltd S
15 6N JuR d8ri53) ERplJien ale achisvebia e d SRpalumes suace.
128 pixel array over a period of only 14.3 ns, the
robe tip velocity in the centre of each i e bein
152 bias fartarchern ehsrivad fhal bitiesedrgbe FRusIaRtas hRsample
pre S Y BBULANSIERRBIETh AR Mant IGHedgdeass Mthe
be %’?ﬁ(;gdadggadslgrﬁé%]ﬂ 'S ggr?gs unl ke cgnvent [ onF‘z;tt.:'Ir AFM
whepmbiertippsperals! less time at each point, the sample is subject to less
deformation and is therefore less likely to reach a point at which it starts to
deform plastically. With the present invention the surface of the sample
20 can be subjected to shear rates of around 10® ms™, which is a rate at which
many polymers, for example, exhibit glass characteristics. In general, it
has been found that higher frequencies can push a visco-elastic liquid
down through the glass transition temperature and therefore change the
properties of the surface that the probe 'sees’ resulting in less damage to
25 the sample.

The probe of the present invention is selected to have a low Q, ideally such
that any induced oscillation is critically damped. As described herein, the
most preferred arrangement, and one which is sufficiently effective to

enable improved tracking by means of the natural restoring force due to the



may take upwards of 30 seconds. Although the
illustrated enbodi nents can be operated wi th scanni ng
WO 2@s5%ese0Ti ti es equi val ent to those currently POPGBY@A/003065

wi th conventional AFM m croscopy, the enbodi nents are
capable of tip velocities upmaﬁgs of 0.1 cns 1 and
dependi ng upon the evenness o0f4“?RAe sanple surface tip
speeds in excess of 50.0 cnms 1 can be achi eved. For
exanple, with a tip velocity of 22.4 cns 1 an area of

4. Acapiflady méak; (5o ot ohe orhagesides of thedsiifpctify BBaRf GRhe
of 1. 5bx 1.5 mcrons in 8 3 ns. Mreover even at this
spelfPbe Wi &8 enargy sbserding materiah swehlas 2 palymardiln. vn

ver i, ; [ r ' : j A ner
sur peatlie kol FefafElhBURRLE (3 HaFedgbndlEioteE s
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usGept,i o . danmage n at | ower speeds. A e
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| 1B SPeR  ViSoo eI ShIFOrASroink e, 2 B,
plhagtter@altivq is Walterteﬂiptmnwgmthé prtfrpmﬁmot the sfuppbﬁttngdbéam of
t he n ubj ect to shear rates.of aroun
103 RaD08, i BBty BT B Spreeig arg s e fomar
exameliesasibitbi-redPonsveGhatenialselhichicah:bd éldc%eﬁédi{o proVide a
has been found that higher frequencies can push a

1Qj slayeesieffective Q 1§61 down through the glass transition
tenperature and therefore change the properties of the

surface that the probe 'sees' resulting in | ess damage
t o fhe syapeItiag beam,grebe tipfandranymdgditional icompoenenhsich as the

sel : [ I uch t hat. an
el ot Kfe fick oo FESS: ik iulelR intbses e

her acceleration wb e thy bhek tetheasurtarg dorA Giverds®imigWBiceand so
i's u‘g‘{i ciently effective to enable inproved tracking

by ﬁ% §'@E"Q9né‘er9.ff39?§?tr?6|§fhﬁ$lﬂféa%rce due to
thecapillary neck, is to coat one or both sides of the

upporting beam of the probe with an energy absorbing
15at B SHPPQIBG bRaM:mMay|tenelbasppke desios sasamta prasnote the ideal

o SBHhSE, 1yad sl ATRESR T S PPN T8 o
j udtesult of bendiagtasdhe girolpe trheksthepEample and to damp the

oscillation response should the probe leave the surface (low Q factor).
Although often referred to as a cantilever design herein, this is simply

20  because use is being made of adapting prior art AFMs to this new purpose.
Prior art AFMs make use of a cantilever probe. All that is required for the
present invention is that the probe tip must have a definable lateral position
(x, y plane) relative to the sample and free movement in the z direction. A
prior art AFM cantilever probe can readily perform this function, but it does

25 not represent the only solution.

Returning to the embodiment that includes a supporting beam for the probe
tip, Figure 10 illustrates various possible design features of more
sophisticated beams, viewed from above, that contribute to reducing the

restoring force and lowering the Q factor. A polymer coating, as described



Another alternative is sinply to provide a |l ow Q

factor by immersing the probe in a viscous / liquid
wernwsoassnent during the scan. A further alter netT/G82003/003065

to alter electronically the properties of the

supporting beam of the probe, for exanple where the

supporting beamis forned fr3@7oT i ncl udes

el ectro-responsive materials which can be addressed to

provide a | ower effective Q factor. The supporting
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t he nmagnetic bead are i deal Iy of | ow nass.
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nse shoul d the probe | eave the
surface (low Q factor). Although often referred to as
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movenen ction. rior art
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but it d Ret
b onpeoEai oS ATt Lot et ™
forthe probet|p Figure 10 illustrates various

i bl at f h t
e A S T S A
r est MdaRtbrital re8oReMt feRitRhtieg. the Q factor. A pol ymer

coat1 ng, as describedherein, may be used in
conjunction with each deS|gn to tailor the response

é ur R"é@fon 3 i&ﬂl‘l’éeoé’%r% ei{&#’"%vﬁl&]? BRA®s tHetP {0 MB%é upemea down,
but FiI gures (b depict alternative
pos someotlnletlae bleamsatorthel dpirgaionRdiecsiying ganstant of this region
is selected so that the resonant frequency of the tip is higher than the
response time of the probe, i.e. greater than the bandwidth of the
mechanical feedback loop. This region should also be polymer coated in
20 order to provide damping in air. If imaging in liquid however the need for a
coating is largely overcome by the energy-dissipating properties of the

liquid environment.

Region 4 is the tip region. The probe tip is attached to or forms part of its
lower surface. The region’s area must be large enough for its position to

25 be determined by the position detection system, which, for the optical lever
and other far field optical systems, essentially amounts to a lateral

dimension greater than a few microns.



are highlighted, each region being designed with
particul ar properties. Each diagram(a) to (c)
WO R00s086a2 es one or nore supporting beans ext epdi/G§2004/003065
forward of the substrate. Region 1 in all cases is the
pi vot point. That is, the regi on about which the
cantil ever beam swings in an "%~ Region 1 therefore
has a very |ow spring constant along the z axis
(ideally < 0.01 Nni'1) and a very high spring constant

i N iM;eemBodihits inTWRichairesabrP airbtgor is EApplidd B tl"ﬁe probe

thus defined relative to the substrate position but
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bendi ng region, which permits the tip to nove up and
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1@V EXANBRMs sIRRGH @Fi?;ukéﬁ*‘iﬁ &r?@rl 1?)?9:1@% Pﬂgﬁr@a oo Eﬁggmer

Is attached to or ms part o
r egtoating. afleat isnctrvesh Sqaapﬁeouemtbegbhapnd holss affect differendly the

[ n b It ction stem. whi ch
£ or Ve PSPl e RoRieel e e S, ihich 1h
Sy shffedts ties damipir propaffiigrdfiné eantilbader al dl nensi on
greater than a few mcrons.In the enbodi nents in which

an external direct force is applied to the probe in

or d¥he tadvah@geidf proWding & Eé's%okérd‘e@% o CPTSbé's@BB&‘tlng beam is
reS{)onswetothlsforcemﬂ | ocated on the ti

1% egthah itenables sepasaticsyeidhe st@pt resiuirements @rmseﬂlegmﬂ e
hovgXGbindHd tdducfion BF etk tebbRdent restoring force. In

particular, it can be designed such that only a dominant mode is excited as

a high region of a sample surface is encountered. It is therefore only

necessary to ensure that the beam, for example by its coating, has a low Q
20 factor with respect to this mode, as opposed to the multi mode requirement

of the prior art cantilever beam.

It is to be noted that the apparatus shown in Figures 2 through 7 are merely
illustrative of exemplary AFMs. There are numerous different embodiments
of AFM with which this invention may be implemented all of which omit

25 conventional feedback control of probe height as the principle method for
obtaining an image. For example, mounting on a resonator such as a
tuning fork is not necessary. This arrangement is simply used in these
embodiments in order to illustrate the applicability of this invention to fast

scanning techniques that make use of a resonant oscillation. It is equally



Figures 11 and 12 illustrate exanples of the formation
of I ow and controlled spring constant in a beam

wEs®wenesezd | y, as shown in Figure 11, this invoP@EEB2004/003065
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formng holes at the required | ocation in the
supporting beam The designs shown in Figures 11(Db)
and (c) provide increased | At Al stabili ty in
conmparison with that of Figure 11(a). Hol e shapes may
be varied, for exanple as shown in Figure 12, in order
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of exenpl ary . r|1ere are nunerou eren
enprrsiie fe exisactrelitopograpbic data of thevsamplersuriageliom

[ . f j m nventional feedb

cdAPPETRIRENT alEn Beilioh o3 BblifRdon f§RPGHe probe
ohis aespargliny) is regeseritativesbidgthehe IEREI6HNES 1P sample surface
resqc;ﬂ tor such as _a tuning fork is not necessary. This

ar?HntRARNCY o spafigl fpatwes AIBo; ABRUAsdiseelriezaslectric
or &l&fiatbfs fdr'cHﬁfrBlaéﬁhé %\%‘ﬁﬁ’éﬁt‘iﬁ%é bé%pﬁ}pl?@ n/;;?(robe are
C a e use  of

I nvention to ast scanni ng te ni ques
a prefasresh otheradilatoisonyolvingifer exprapleythpphalcaipaesion of a
scanni ng et hods. The probe 22 may

|
Zﬁ?Og\?frﬁéf? @F?egé'sag% 1lated in place of the sanple 14.

Wth this alternative enbodinment it is envisaged that

m/fl{h%u%%tcgo%?rlol E)F t%%r& (Fauc‘?gr gfr tﬁeeprllgkl)g %Sg btegn IE%@EEI lg)éd itnht%rms of
providing an energy absorbing coating to the supporting beam of the probe,
other means for controlling the Q factor of the probe are envisaged
including electronic control.

In order to image surface areas larger than the scan area of the probe,
separate sequential images of different, usually adjacent, regions can be
generated and then combined to construct an image over that larger area.
Stepper motors or other actuators may be used to move the probe and / or
sample plate between the separate images before the fine positional
adjustment for each individual image. Ideally the individual scan areas are
selected to overlap so that visual confirmation of alignment of the individual
images is possible.



di spl acenent of the probe, the imging beamis broad

enough to enconpass the fast scan axis. Probe
wa@ledosmedsron / di spl acenment may be nmeasured by PEEGB2004/003065

other than the optical Iever technique. Alternative

techni ques known in the art include interferonetry and

pi ezoel ectrically coated probd8-as well as detection

of thermal variations in the radiant output of a

heat ed probe. By enploying interferonetry for
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of compariehite deyigagadid aignitof omesmteraoﬁbnbes itdracties irglicators

to provide desi red freguency of
etween prgbe and sample. gxamp?/es of other interactions may include

optical, capacitative, magnetic, shear force or thermal interactions. Other
indicators include oscillation amplitude, either tapping or shear force,

20 capacitance or induced electric currents. These various modes of
operation of general probe microscopes are described, for example, in UK
patent application number 0310344.7.

The interaction of the probe with the sample surface that is exploited in
AFM also makes it possible to affect the properties of the surface and so

25 deliberately to “write” information to the sample. This technique is known
as nanolithography, and AFMs are widely used for this purpose. For
example, by application of a voltage to a conductive cantilever a region of a
metallic layer of a sample wafer can be oxidised. Another example
exploiting two-photon absorption and polymerisation of a photoresist is

30 described in “Near-field two-photon nanolithography using an apertureless



oscillation. A suitable exanple is a quartz crystal
fork wwth resonant frequency of 32 kHz. A tuning fork

w0 2008008675 Ui ted to this application as it is JdeST/GBe@4/003065
wi th highly ani sotropic nechanical properties. Its
resonances are therefore independent and can be
i ndi vidually excited and so M¥ted to only that (or
those) in the plane of the sanple. Inportantly, the
fork 16 can be resonated in one direction and scanned
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in UK patent application nunber 0310344.7. The
interaction of the probe with the sanple surface that
Is exploited in AFM al so makes it possible to affect
the properties of the surface and so deliberately to
"wite" information to the sanple. This technique is
known as nanolithography, and AFMs are wi dely used for
this purpose. For exanple, by application of a voltage
to a conductive cantilever a region of a netallic
| ayer of a sanple wafer can be oxidi sed. Another
exanpl e expl oi ti ng two-photon absorption and
pol yneri sation of a photoresist is



described in "Near-field two-photon nanolithography
using an aperturelessO | optical probe"” by Xi aobo Yin

w@eooatoossrn Appl. Phys. Lett. 81.(19) 3663 (20020T/GBR004/003065

bot h exanples the very small size of the probe enabl es
information to be witten to an extrenely high
density. The AFM and cantilevéﬁ’probe of this

i nvention can al so be adapted for use in
nanol i t hography. The ability to inprove surface
tracking wth this invention not only offers the
potgntial for faster witing tines than previously
achk , but also offers the potential for increased
i mage resolution i.e. wite density. To render it nore

ada ted for use in nanolithography the probe tip my
| &t Prokea(22) frgigupanaiomie forgg “?J@f%"é%? Of Bm ed in
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conpr ighied iPrdsPofSive 86 8l SibstBTiRAY déﬁéctﬁﬁﬂﬂ@éb@ﬁ’dérﬂ eternally

probe tip (4) having a tip radius of Onm or | ess
char acappiied darcierfor heging Bigherarthsth néthmygba tipi (43 iang a sample

subst AMPES PALAPEEL  on'i ndependent et ernal 1y
applied force for urging either or both of the probe
4 2. JA :
(253 A ety (o2d ATt e S driEsd i i 08 BRsing

b' asi NdeMeABohpASEPA | elicreanehi @48 r&spitisiviedd)an externally
responsive to an externa Iy applled nagnetlc force. 3.

A pr otRPRied ¢nagnatie foreeel ai m 2 characterised in that
the magnetic element (24) is nmounted on the force
sensi ng nenber (3) adjacent the tip (4). 4. Ap

(223. o5 peoke awelaimed nraclmm ma@te@secééuthahtmagﬂh@

bi asi "ement (24) is mounted on the force sensing member (3) adjacent the
tip (4).

4. A probe (22) as claimed in claim 1 characterised in that the biasing
element comprises an electrically conductive member (50) adapted for
connection to one terminal of a power supply (60) for applying a
voltage potential between the probe (22) and the sample.

5. A probe (22) as claimed in any one of the preceding claims
characterised in that the biasing element is provided adjacent the probe

tip (4).

6. A probe (22) for use in an atomic force microscope or for
nanolithography, the probe comprising a force sensing member (3)
connected to a probe tip (4) having a tip radius of 100nm or less
characterised in that the probe is adapted such that, when subject to an
externally applied force, a biasing force urges either or both of the



el enent conprises an electrically conductive nenber
(50) adapted for connection to one term nal of a power

wWaE applogss(s0) for applying a voltage potential PEL/aB2IV4/003065
the probe (22) and the sanple. 5. A probe (22) as
claimed in any one of the preceding clains
characterised in that the bi asP8qg el ement is provi ded
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a | ow faserfeyonger sroresiibratieg orodesraf the forae isegsingdrember
of the )orce sensing nenber (3). 8. A probe (22) as
clained/in claim7 characterised by the force sensing
menber (3) including a danping el enent (22c) adapted

to di sai e . d-otherw se .
e Ban P BPE (E4EaME IOl 7 raidb gL g foroe sensing
t hr ougmeswtsart(3} inefuddig amraNingrelemarqRbe PddiiptedBsigBsipate
9. A probe (22% as clainmed in claim@8 characterised in
that tfee@Xipahwoddatbevisebe yedianically stared dathenfgres

a nechagy 2 r R : ' .

S de o pRAMERIAREH eREUdRLFOARLr ARrE bscaRly e
(22) according to claim9 characterised in that the

enenay : Lo . A _

ot obe 13562129 dFCEmdl i dafh B3hiEierisedTh thd iR damping

t he poelgmEnt (22¢) comprises a coating of a mechanical-energy absorbing
material on at least one side of the force sensing element (3).

10. A probe (22) according to claim 9 characterised in that the energy-
absorbing material is a polymer film.

11. A probe (22) according to claim 10 characterised in that the polymer
film is formed of a copolymer with majority component that is an
amorphous rubber and a minority crystalline or glassy component.

12. A probe (22) according to claims 10 or 11 characterised in that the
force sensing member (3) is coated with polymer by solution casting.

13. A probe (22) according to claim 8 characterised in that the damping
element (22c) is provided by a region (Region 3) of the force sensing
member (3) having controlled spring constant.

14. An atomic force microscope (10) for imaging a sample in accordance



filmis formed of a copolyner with majority conponent
that is an anorphous rubber and a mnority crystalline
wW@eooghasssy conponent. 12. A probe (22) accor di Pgr/G82004/003065
clainms 10 or 11 characterised in that the force
sensing nenber (3) is coated with polynmer by sol ution
casting. 13. A probe (22) acé"o$43|i“ng to claim8
characterised in that the danping element (22c) is
provi ded by a region (Region 3) of the force sensing
nmenber witR)anigidragticroforéedbeiepithe RangHE aha ™ probé-(22Y) the
atomc force mcroscope (10) for inmaging a sanple in
accor dayressense €h9)icamarigid on force between the sanple
and a probe (22), the mcroscope (10) conprising
driving neans (16, 18, 20, 70) arranged to provide
rel at i deving ansarsg( 1601 8020, 70) seeimgetdo provide (S1alivéscanning

the sanpl e surface and capabl e of bringing the sanple
and pr BN BEIWERR Brebisbe (GabRnatns Sarsale surtase artbpapable of

0, St ST 3 02 B S SRR o

and a pro arrange

measur deidefdbde interactionl td beestiidiphed betvaervthereanar obe
(22); characterised in that, the m croscope (10)

i ncludes the probe (22) of any one of clains 1 to 13.

15.  Anagjr6te efcRfi6 R nBcHaPRw® P28 )3t gild B dnéds ik Yebéton and
characterised by further conpri'sing a resonant

osci | | kedisplacement af theg probel(@2);t o ei t her the probe
(22) or a sanple stage for causing relative
oscillatory novenent between the probe (22) and the

sanpl echdractefiBedtim that, thermierascopegtopaciuties theprobe (22) of
i magi ng a sanple in accordance with an interaction

force BRYRBRRTERRIMEARIB-and a probe (22), the

m croscope (10) conprising driving neans (16, 18, 20,
70) arranged to provide relative scanning notion

bet U\Eeﬁnﬁ%@mtﬁf@&? ucrPseane aselaaeshineclaim f14chaganierised by

capabl &by QBW&E@# F%oz\%pﬂp%rilﬂggr MeBRENiEAHRY cdUbid to either

cl ose proxim
the probe (22) or a sample stage for causing relative oscillatory

movement between the probe (22) and the sample.

16. An atomic force microscope (10) for imaging a sample in accordance
with an interaction force between the sample and a probe (22), the
microscope (10) comprising

driving means (16, 18, 20, 70) arranged to provide relative scanning
motion between the probe (22) and the sample surface and capable of
bringing the sample and probe (22) into close proximity, sufficient for a
detectable interaction to be established between them; and

a probe detection mechanism (28) arranged to measure deflection and
/ or displacement of the probe (22);

characterised in that, the microscope (10) includes force (Firect)



detectable interaction to be established between them

and a probe detection nechanism (28) arranged to
wore@sess7def | ecti on and / or displacenment of tPET/OBRIDE/003065

(22); characterised in that, the m croscope (10)

i ncludes force (Fdirect)generating neans (24, 26; 50,

60) arranged such that, in opetalion, a force

(Fdireot)is applied to either or both of the sanple

and the probe (22) or between the sanple and the probe

(22), dérerbmigmeahdi(24.26; )5096091 grréhg@@b&@h f#ataim dperation, a
urge the probe (22) t owards the |l e or vice versa.

17. ﬁ fares Qfswbés mk@ddpregtheboebgﬁhrﬁfibe sAmPiR 2ad theprobe
t
subst 462 9T PSR ETaLb s ifie BB ) 68 (hikRl Pty being

of t hedipgotddsé 28)to ute the probed22ptoavards thiedsamgplecorclieé wersa.
17 characterised in that the probe (22) has spring
constant k and the probe (22) properties and the

appi 7.eAl nhiefoseop&dctareling ® daine 6 eflarotdrisdidh thattthbéaﬁ:‘e
wWthin a predetermned tinescale, the acg,gl ed force

(Fdir e(ﬁd.)ectb bag adnagnitudedhat isesubstantially, fidepeadentof the degree
provid é?Péc et Cﬁﬂoﬁ@ (%20 f the probe (22) as it

scans the su ace of e ‘'sanple. 19. A m croscope
according to claim 18 characterised in that the probe

( 22) %h,f\‘ﬁmﬁmsce e %Q&fdﬂﬁ tokcl.%nin‘?ﬁ z cﬁal‘éac?ér §é@ﬁﬂ tﬂaﬁ% Jprobe (22)

M Croscopé acc gre ot
19 c hahas springseshstantthand tHEprfod»ec(ézI Enhpeetcets)and the apphed

%SSEL? oL Famen 814 SApCleRIcAdNah dblaast MBI Brdetgryined
AilbSeAe Ctﬁ@ea@%@ WJCQQF&F“)QQ )gré’étér fPfan%é'r@’étoﬂiﬁg ¥&rce kx

19 characterlsed I'n orce direc

gener aprovigleddyns deﬂaqztrqrs)egf theaprobe ) B0if seans thepsuyiacg of
an attractiv blasing vol t age between the probe tip

(4) aﬁ@ nple. 22. A m croscope according to any
claim 16 characterised in that the force (Fdirect)

geng? é 2! migro %%8833 aceom n'gsf%sclé'i‘imS ?g%ll'lgraecrt]éll} se%nlﬁt%ﬁat th p?'obe (22)
has spring constant k that is less than 1 Nm™.

20. A microscope according to any one of claims 16 to 19 characterised in
that the force (Fairect) generating means comprises a magnet (26) and a
magnetic element (24) incorporated in the probe (22).

21. A microscope according to any one of claims 16 to 19 characterised in
that the force (Fairect) generating means comprises means (50, 60) for
applying an attractive biasing voltage between the probe tip (4) and the

sample.

22. A microscope according to any claim 16 characterised in that the force
(Fairect) generating means comprises a sample environment which
encourages the formation of a capillary neck between the probe (22)
and the sample, the capillary neck providing said applied force (Fairect)-



encourages the formation of a capillary neck between

the probe (22) and the sanple, the capillary neck
w@e@sioalony sai d applied force (Fdirect)-23. A PCT/GB2004/003065

m croscope according to claim22 characterised in that

the force (Fdirect) generating neans further conprises

a hydrophilic surface on sai d9%obe (22). 24. A

m croscope according to any one of clainms 16 to 23

characterised in that the probe (22) has a low quality

face®ra rraéroséogé atosdimgetoadisinr 22 ehatazteriseidnin2hat the force
characterised by further conprisin

8 f
i mer siFagcd BeNgaEHRE nMeans fﬁﬁﬂeémpgsg;gg‘§ﬂ§%%|@ %&fﬁcﬁg?n

oper atj m croscope. 26. A microscope
accordélér?lgp%b%{%)'m 24 characterised in that the force

sensing elenent (3) of the probe (22) includes a

wourh BoeEiERke sECaR AR olS of GRERE TR BRYHRYadtoRted n
sensi ngaethenpobe(32) has algh qaalitytfattoon of one or nore
oscillatory nodes. 27. A mcroscope according to claim

26 characterised in that the danmpi ng el enent conprises

a cpgtAmgicRiscaps acromling toehies Ralchariterisyd by furthest

one side of the force sensing el enment éggyz?rz)SrE{fAn ,
at oni cCaBPEENgIReaNS(SPS fordmaersingdhe prehs (27@ngksample in a
cl ai sy . t en ther conprising a
resona'r'1 %ggpﬁ;gﬁgr%%c ghéﬁg?%cé%%pl ed to either the
probe (22) or a sanple stage for causing relative

0SChkl r : 4 :

sanpPeh 131oRBHE FRBr A AR 2f cReRforece)inagt fietorce
scan ase&ming ekensartB pofthe probe (2B tincludéeatdanssingletareent
the nefho onpr,ises the steps of:- ving,a probe
(22) h .ggéggg e 'wépﬁ@e&yeﬁaLWOPgiomﬁﬁw'sé%B (4)
havi ngm%chéﬁcﬁﬁ&défé?ed)fn thE9orBeYensRiSele et (3)aRMUGh excitation
proximty with a sa e in order to allow an

i nt er acf oromof moce oscillateneriodesi shed bet ween probe (22)
and sanpl e; (b) causing a substantially

defl ection-independent force (Fc rect)to be _
27. A microscope according to claim 26 characterised in that the damping

element comprises a coating of a polymeric material (22c) on at least
one side of the force sensing element (3).

28. An atomic force microscope as claimed in any one of claims 16 to 27
characterised by further comprising a resonant oscillator mechanically
coupled to either the probe (22) or a sample stage for causing relative

oscillatory movement between the probe (22) and the sample.

29. A method of collecting image data from a scan area of a sample with
nanometric features wherein the method comprises the steps of:-

(a) moving a probe (22) having a force sensing element (3) with a tip
(4) having a tip radius of 100nm or less into close proximity with a
sample in order to allow an interaction force to be established

between probe (22) and sample;



est abl i shed between sanple and probe (22) such that
the probe (22) is urged to nove towards the sanple
W@ 1eb5/0e8657%i ce versa; (c) scanning either the prOEBL®2)03065

across the surface of the sanple or the sanpl e beneath
the probe (22) whilst providing a relative notion

bet ween the probe (22) and san®l & surface such that an
arrangenent of scan lines covers the scan area; (d)
nmeasuri ng deflection and / or displacenent of the

pr obe g@%au a(ﬁpos&rrmawaéﬁ&tpmﬁaéﬁon rﬁfél@ggpd;r{ac to be

step ( In order to extract rmat rel at
t he nanonestablished betiveea saimpla @ndgrpbe (230such that ﬂinecprobe
as cl ai maééan cl a| 29 ch;e\racterl sed b

{1 rt her ,

conpri si ngF<dd? PFﬂge PdpoYe V&S‘?"Q&“&%\F?WQ% 14D QU Vi varse:

ot herwi se woul d be st ored in the force sensing el ement

ﬁgz hgg@gg%fﬁﬁlgéél tgp?p{q og, &é!q%}ggsg,thgr dqg%:ce o]f the sample or
h t {

b obe. (22 o Pieiiectiyhe Foph (37) Ao NaINKES RN

provi ded tptianhetweeamthegrobel (22pand 3ample serface surch that an
probe mcroscog information to a

0,
sanpl e by2{85% mggwfl%?sq%lg\ﬁ%é{ovg% e kBB BRe sanpl e

and an AFM cantil ever probe (22), the m croscope

conpri si,ng drivin ns (1 1 20 70 ran

o ov; ol hedshind SelEithaAnt otisnagament ofibeiahe (22) and
(22) and the sanple surface and capabl e of brlnglng

th I d prob I

s B S aeRE e ke G B S okl 18 e
intermtt Fh'ﬂéﬂrﬂaho‘h%@la@nﬁb'td tia! nénéﬂn@ﬁﬁﬁéthﬁ:t&’@%fttﬁé shiiple.

one scan line, the stréength of the interaction between
the probe and the sanple and so to change

i ntgp ”Atrhéﬂ‘bhyasaé]éﬁrﬁ&f inVcl&in b8 %héﬁ%@ér‘f’seﬂﬁf @%eL BofnPRising

locality of t robe; characterised int
m cr osduiirg $tBD)(CB)dlSISlMBBg feoetgy WFkthrOébeDNI@%weuht bangtored in

means (§) arr ed such.t hat
oo i BiTorde seriing, SRmde | STBRAH SRtk of bRgiliatory modes.
force (Fdirect) is applied to either or

31. A method as claimed in either claims 29 or 30 characterised in that the

relative motion between the probe (22) and the sample surface under
step (c) is provided by a resonant oscillator.

32. A scanning probe microscope (10) for writing information to a sample
by means of an interaction between the sample and an AFM cantilever

probe (22), the microscope comprising

driving means (16, 18, 20, 70) arranged to provide relative scanning
motion between the probe (22) and the sample surface and capable of
bringing the sample and probe (22) into close proximity; and

a probe writing mechanism arranged to vary intermittently, typically on
a timescale shorter than one scan line, the strength of the interaction
between the probe and the sample and so to change intermittently a



both of the sanple and the probe (22) or between the

sanpl e and the probe (22), the force (Fdirect) being
wWa@20sooss® so as to urge the probe (22) towar dsPE€TIEB2004/003065

sanple or wee versa. 33. A mcroscope as clained in

claim 32 characterised in that the relative notion

bet ween t he probe (22) and t'h@ss'"arrpl e surface is

provi ded by a resonant oscillator.

property of the sample surface in the locality of the probe;

characterised in that, the microscope (10) includes force (Firect)
generating means (24, 26; 50, 60) arranged such that, in operation, a
substantially deflection-independent force (Fgirect) is applied to either or
both of the sample and the probe (22) or between the sample and the
probe (22), the force (Fairect) being directed so as to urge the probe (22)
towards the sample or vice versa.

33. A microscope as claimed in claim 32 characterised in that the relative
motion between the probe (22) and the sample surface is provided by a
resonant oscillator.



