PROBE DETECTI ON SYSTEM This invention relates to the
field of probe mcroscopy and, in particular, to a
waledoeatisom system used to nonitor the positi onPOf/GB2009/050637
m croscope probe in relation to a sanple surface. The
principle behind the scanning ,@Lobe m croscope (SPM
is to carry out a nechanical scan over a sanple
surface with a nanonetric probe tip in order to
produce an image of the sanple. Features within the
i mage result fromvariations in an interaction between
the tip and the sanpl (U npl e of the
SPMis the atorricfoF?ROB%Be{édﬁéhé in which the
force interaction between the sanple and the sharp tip
of . pr.obe,. | i . . i !
i Eeg iR P R it e FosBaby Phfiah ilbutar, o
SupdBtéctiin $jsterdasedaotnanitdr the@obitipnalf d infcrosss® prébe in
(free%ﬁ)end. When the probe tip is brought into close
pr 6XPHEM {0 RiSEMRIBEUEARYI e, an interaction force
devel ops between sanple and tip. If the tip is in
notion, for exanple oscillating, the interaction force
Swi ITherpsincige bﬁh@dntbeiS@ﬁnnwgﬁﬁgemyrospor)e ePM)ds tacarry out a
statig, i | i SR {] £ -
 nddrplef st §8e sariie SRS bR Mo e g tBop R
st pederttb prbdiideean irmagaof trensdraplse efedturesanithis angireage result
surface will change as the characterjstics of the
suffPaE vanrlipnst iR anHBtesAeinn betweendhgdip a0d RiesamRips
hi gh-resol uti on scanner typically generates relative

notion between the sanpl e and the probe, driving .
ei Phearticular sxappte ahife/SRIM i thbatasiig feice. micrescoPed AFM) in
of the Lni : . . i /

102 vl LY B ietaclon bGiberte Timi8 Srekishafh 1 & probe
colg senibrddheTlse probel of & tygoiekh Adk Ml ugesr avegnsmalkheantilever
strength of the interaction force is held constant

[

Thifiati’g fixeq to aspppertal its aasgansewit theyidie AL Esogpesiie (free)
fe a ' (=T
LB R 0 PRt b5 PAFRZ Wi 8 imple, an
anyntetentigs feweate velopst betweehesaoie mnddimaf teetiefs inanation,
15 Pr S?(gireetxearmrr;l)Ig%C'jsci\flf’illlirlfge,’ thtel?r?te%aeétio%%%e' will modify this motion in some
way. If the tip is static, the force will displace the tip relative to the sample
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During the course of a scan, the strength of the interaction between tip and
sample surface will change as the characteristics of the surface beneath

20 the probe tip change. A three axis high-resolution scanner typically
generates relative motion between the sample and the probe, driving either
the sample and / or probe support. The effect of the interaction force on
either the position and / or motion of the probe tip is monitored during the
course of the scan. In standard AFM operation, the strength of the

25 interaction force is held constant. That is, its effect on the probe is
observed and a feedback system operates to adjust the separation of the
sample and the base of the probe in response to any change so as to



Data associated with this adjustnment (conventionally,
vertical or "z" novenent) is collected and may be used
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its surface. As indicated above, the adjustnments nade

to the base - sanple separati iop are conventional ly

taken to be in the vertical or®_z_direction, the

sanpl e surface being scanned in the x, y plane. This
convention will be followed herein although it is to
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topography generally makes the most significant contribution to the image,

the height of the sample being closely followed by the probe as it scans,
but other characteristics such as surface hydrophobicity and hydrophilicity,

20 visco-elasticity, etc. may also contribute. The probe and microscope may
further be adapted to measure other sample properties, such as magnetic
or electric fields, via suitable interaction forces.

AFMs may be designed to operate in a variety of imaging modes. In
contact mode the probe remains in substantially continuous contact with

25 the sample. In dynamic mode the probe is oscillated making no or
intermittent contact with the sample.

If a static tip is used to probe the surface then its position during the course

of a scan is monitored using the effect that the interaction force has on the



and surface changes, the tip is either pulled towards

or pushed away fromthe surface. This tip novenent is
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whi ch accordingly bends or flexes along its |ength.

The AFMin this arrangenent Lﬁéget to neasure the

defl ection of the cantilever th a sensitive detector

such as an optical |ever systemor other deflection

detector as is well known in the art. Deflection, in

t hbend @endefectioredkethse dantitdver.t Alsttheﬁntaraatippéorcettre‘tween tip

obe ch,is. ed t rovi de
" nandauraRs ShaldestneJiers BER poletEiBiarss Bf flsidwanay rom

Pr ghesiycd eTRs Gip! hat&feMeisidorliMicatelo tﬂ@%anﬂlé@epbart of
its resonant frequencies. Variations in the sanple

pr tiepiaies mdich accandingtyt bends onditdxes aldng He lgngdive TherAFM in
lLi.tude has ant

5§ b aHelosret seR ket b P AR Sl AR Roptgvaryitn =

pr gbAsitivé aBTRIcRorSRRAI R AP BpacH| Ui Gysiend be @EhérQieﬂectlon
mai ntai n constant average interaction. Regardl ess of

t heleteakwars srwelpknawn shiheaimis Dediactian. ia 8uis contsnt.dpfers to the
| TRRSE 2R, 5ty QLATS P y?ro%[ea\"i\‘/h\’&@hqg g‘éﬂ%@l&yus%fd t?%FBvuSé an

ina rang environmen

Tymctt@étloﬁ oftdaeyiled@pbeydpi ezoel ectri c actuators,
optical |lever deflection detectors and very smal |
cantil evers produced using silicon fabrication

10 t eplerrateely, Theprodel ahy essddillatem varidame asat hédrtohenasits
led to their findi n%ﬁgagl ication in diverse fields
|

suéesopant ff@ggﬁ'ﬁ‘?'ﬁﬁ en$ Bnthessample mrebsrinteraction affect
Q’ligngl%% ogr gkﬂJ Ogl#ﬁ?ém&ﬂﬁ?%%?gﬁmo%r tpﬂ'a%e%ﬁgerﬁggnant

caﬁnequéawaof‘ these csbnlenoms Ayl e emooiteregieadd prohe + bample
field, but for the se of this description,

teﬁﬁ@aﬁag'al]ﬂd&%‘#@ "0[% QdRAIEn ﬁ‘?'?sg%'ﬁ {a %g%u'rﬁer@&ﬁon-
if it better suits the context, the probe tlp) refers
to _the 3 di nensi onal often coni cal E@ram

15 st Regerdless phtheirsnpde gf @Qe'éﬁt'of‘héFMSe%arb Uéﬁdtt%é’bta'n images
caghid LXemids @5’? o-lfréedeeR/ér%@%ﬁ?%rﬂg%sgﬁ nbB s e'n'?nrbltnﬁlents

cl osest poi nt I nteracti sur ace und
I n(ar, rlnqgai orovaculing). Typically, they employ piezoelectric actuators,

optical lever deflection detectors and very small cantilevers produced using

silicon fabrication techniques. Their high resolution and versatility has led
20 to their finding application in diverse fields such as industrial inspection,

semiconductor manufacturing, biological research, materials science and

nanolithography.

The terms “probe”, “tip” and “cantilever” are often used interchangeably in
the field, but for the purpose of this description, the terms require more

25 rigorous definition. The tip (or, if it better suits the context, the probe tip)
refers to the 3 dimensional, often conical or pyramidal structure that is
located at the free end of the cantilever beam. The tip tapers to a point that
is its closest point of interaction with a surface under interrogation. The
cantilever is the beam itself, excluding the tip, that supports the tip at one



cantilever is the beamitself, excluding the tip, that

supports the tip at oneend and at the other is held by
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together are referred to as the probe. Figure 1

illustrates the basic conponents of a conventional AFM

10. This prior art AFM 10 conptrises a noveabl e stage

12 on which a sanple 14 to be investigated by a probe

16 is mounted. The probe 16 conprises a cantilever
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20 The feedback signal from the PSD may be processed to extract quantities
such as probe deflection, amplitude, phase or other parameters. For
simplicity, this prior art AFM will be described as operating in contact mode

using feedback based on probe deflection.

The probe 16 is generally (for AFM) fabricated from silicon or silicon nitride.
25 Typically, the cantilever 18 is around 100 — 200 um long, 20 — 50 um wide
and around 0.5 um thick, but this size can of course be varied according to
application. The shape may also be varied: typically it is rectangular or
triangular with, in the latter case, the tip 20 at its apex. The tip 20 is
typically 5 um at its base, 3 — 10 um high and with an end radius of



triangular with, in the latter case, the tip 20 at its
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20 this value is used to identify the deflection set point position.

The tip 20 is now scanned across the surface of the sample 14, usually
following a raster pattern. When the tip 20 encounters a part of the surface
with increased height, the tip 20, which traces the surface, is forced further
upwards. This, in turn, causes the probe 16 to increase its flexion to, for
25 example, position P2. With the probe 16 in this position, the angle of
incidence between light beam L and the surface defined by the back 18b of
the cantilever is varied. Light beam L is accordingly reflected along a
different path D2 and is therefore incident more fully on area A of the

detector than area B. That is, the intensity difference I — Iz between light



the cantilever is varied. Light beamL is accordingly
reflected along a different path D2 and is therefore
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area B. That is, the intensity difference - |IB between
l'ightincident on the two parts6of the detector 28 has
changed fromits previous (set” point) value. It can
therefore be seen that the value of the intensity

di fference provides an indication of the deflection of
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the orientation shown as P1.

In this way, the feedback of the microscope system ensures that the
deflection of the probe 16, as determined by the angle of tilt of the back 18b
of the cantilever above the tip, is held substantially constant during the
course of a scan. This in turn ensures that the interaction force between
probe tip 20 and the sample 14 , which serves to attract or repel the tip to
or from the surface, is also held substantially constant. As the scan
progresses, the vertical position of the mount set by the z-positioning
system is measured in order to provide an indication of the height of the
sample surface. The adjustments made by the z positioning system 24
during the course of a scan are used to construct the image.



or fromthe surface, is also held substantially
constant. As the scan progresses, the vertical
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is nmeasured in order to provide an indication of the

hei ght of the sanple surface. _The adjustnments nade by
the z positioning system 24 Efu7r| ng the course of a

scan are used to construct the inage. Recent advances

in probe mcroscopy have led to nmuch faster scanning
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limit for the first (slowest) regime. In order for accurate information to be

collected, the probe — sample interaction should be constant across all

pixel positions. That is, the probe — sample separation must be adjusted by
the feedback system over a timescale shorter than that taken by the probe
to collect image data corresponding to a single pixel position. That is,

before the raster scan moves the probe to a new pixel position.

As the scanning speed is increased however the AFM enters a second
regime in which the feedback system has insufficient time to return the
probe to its set deflection within a single pixel area. The feedback system
will accordingly lag behind the data collection system and height
information (obtained from the vertical adjustment) will not reflect the true
height of the probe tip (and hence sample height) at the pixel position. The
pixel rate must be reduced either by increasing the size of each pixel,



reginme in which the feedback system has insufficient

time to return the probe to its set deflection within
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accordingly lag behind the data collection system and
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in this node therefore

An alternative approach is to operate the AFM in a mode permitting some
20 variation in the deflection of the cantilever. In this mode cantilever
deflection is measured and data associated with this deflection is collected
and used to construct the image. Operating in this mode therefore
necessitates improved measurement techniques in order to extract useful
information from the probe deflection. As will be explained in more detail
25 below, the prior art detection system as shown in Figure 1 can be adapted
to operate in this mode but such adaptation may result in a loss of
metrology information, which, for many applications, is not satisfactory.

If the scanning speed is increased still further then a third regime is entered
in which the prior art AFM is totally unsuitable for operation. Above a
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r epRBriRes e Mifkrbride®etween the light intensity incident on area A and
that incident on area B. No specific measurement of deflection is made;
the prior art AFM is a nulling system in that it is only required to hold the
deflection constant. Probe height information is obtained from the drivers
that operate the feedback system to ensure constant deflection.

In moving now to the second scanning speed regime, it is clear that the
prior art system could be used to measure the difference between the light
intensity incident on area A and that incident on area B. That is, the AFM
may be operated not as a nulling system but as a system that extracts data
(intensity difference) directly as a result of its interrogation of a sample.
Such data is of course only useful to the extent that information relating the



defl ecti on constant. Probe height information is
obtai ned fromthe drivers that operate the feedback

WGEy®baM4s® ensure constant deflection. |n novi AG/GBR00050637

Si

10

15

20

25

t he second scanni ng speed regine, it is clear that the
prior art systemcould be usgq to neasure the

di fference between the |ight |9tensity i nci dent on

area A and that incident on area B. That is, the AFM

may be operated not as a nulling systembut as a

sy segyt bhﬁte mxbeaaﬂo&edaateier(einneqm'srhtt for éixbfpie treegtage surface,

direc of its i,n rroalon of a sanpl e.
suh’ psrertiacted o hednens et daEE ORI oxt ont ¢ pat
infor matl on reI ating thehei ght of the probe above a

rence pojn for exa e the sta urface,

GUERM Pb?ﬁt thﬁé”tﬁﬁﬁ%gga? %%We%ﬁ‘ Eﬁtt‘éfo parts ot the
ME@ mé?ﬂif Rﬁdqvgjésnér?%'lé iofl fftﬁé @ﬁé@t&gﬁﬁ%ﬁ%réf%ted from

parts tector ear rovi
| nme:haclom8lmbf theecahtﬂ@\cetri drnel ne@bctlorsdirecftloeldnédrrfde:pends on

D b of TH
i TasCarele v ith InSasd bihE i A 4B s, fitdd. Bor small angles,
ba@ﬁfe ehaddeeinapnkidgegeto tih%barigﬁfe tarbtigH wHTEH tHe@ntilever beam 18

H
angles, the change in til |seua$toteangle
t hrs;mga]temﬂrwhlStth@recf,@mtnroeo@pnabt@rfheszhnaggeom heght ahthe tip 20.

| HSI08 AAPRE I Rholiod B, PR Mg e
an@réé&lw éxdggjeratbdn bradritg umgrdveazflgn@rami liry mexgggteaaoes the
in order to inprove clarity and, in situations,

t héapdRYeN *é@ﬂfﬂ 1l§e'§rﬂ01§'9n$f'q5¥6f|y @ﬁ@h?"ﬂqﬁ éhiﬁtsmﬁ”b%lﬁ €and

ﬁﬂ{% p t I

appéP % at t e&gogﬁ(?%ﬁ dgg)%\/\%riﬁéﬂgﬁﬂe déJeStI ec i\lgiﬁ]’cpéhe
nreeleﬂalaetobn |sbraeamﬂed li®a positioheorbihekoadkb! 8if cr)]t the cantilever beam
cantile eam and not t tion t he poi nt 20a

o Bl Fie PERBRR Of 5 pihzal oF e bets tas pats &re

a

20 ARy ph BrioRRIRE RSy gﬂs’CE%S%ﬁ%?tﬁé fip 20.
cofrst amtalldlefleations) éhismandze a$swmed aonstRayauritg@e aiurse of a
these approxi mations, the measurement of the height of

th&%Mp 20 via its deflection has a prejudice in its
support in that it is relatively strai ghtforvvard to

| nﬂe%g?cﬂte'ss lmpthtegg afplprrg%msa 8%” tﬂg rrrl slurpeemletnt o’?the height of the
tip 20 via its deflection has a prejudice in its support in that it is relatively
straightforward to implement. In the first scanning regime it is not
necessary to quantify variation of the probe deflection; it is held constant in
a nulling system. Even in the second scanning regime, scanning probe
microscope operation has, to date, been under conditions for which the

above assumptions are valid.

Despite the apparently universal reliance on probe height measurement via
its deflection, examples of direct height measurement are described in US
5,144,150 (Yoshizumi), EP 1 892 727 (Mitutoyo) and EP 2 017 599
(Mitutoyo). The microscopes described in these documents all make use
of an interferometer to extract information relating to the height of the
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substantially constant deflection. To this extent, this arrangement is similar
20 to the prior art AFM systems that operate in constant interaction mode

described above.

In contrast to the constant interaction AFMs, which simply extract the z
position of the probe from the vertical distance required to move the base
of the cantilever to maintain deflection position, the US 5,144,150

25 microscope directly measures the velocity of the back of the tip using
interferometry. From this velocity information, the height of the probe at a
particular point in the scan can be deduced. The velocity of the probe is
measured by interference of a laser beam reflected from the back of the tip
with a reference beam. The beam undergoes a Doppler frequency shift on

30 reflection from the moving probe. This use of interferometry provides an
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extracting a direct measurement of the height of the probe relative to a
fixed reference point using interferometry. In one embodiment, a beam
reflected from the back of the probe is interfered with a reference beam and
the path difference extracted. This overcomes the problem of motion errors
introduced by the scanners: the z direction motion of the probe tip arises
purely from the shape of the sample surface. Any scanner error will cause

the probe to bend, which cannot affect the direct height measurement.

The system described in EP 1 892 727 does not make use of any feedback
system. That is, there is no adjustment made to prevent excessive bending
of the probe, which is accordingly limited to scanning very flat surfaces.

EP 2 017 599 describes a development of the apparatus described in the

earlier Mitutoyo application in which feedback is implemented. This



fixed reference point using interferonetry. In one

enbodi nent, a beamreflected fromthe back of the
w@emba4i4so i nterfered with a reference beam andr¢heBp@bios0637

di fference extracted. This overcones the probl em of

notion errors introduced by ths scanners: the z

direction notion of the probe ip arises purely from

the shape of the sanple surface. Any scanner error

wi || cause the probe to bend, which cannot affect the

di fesibadokisybte nmesasiopdified in rerarteiDrsmsﬂhemrdeisusliyhmﬂ;c'ribe(EP

Thigedndck A rd2 argh et 2 indla Shass 1 bogf i BRECtBotn the
eX%Sﬁfa'c’t’%r@@(‘l@bBBa@I sbhﬁl)l%rn@*%ﬁspl%érﬁ@nt &e@%ﬁ?bﬂﬂh@%rﬁbe A

limted to scanning véry flat surfaces.
desmllb&;thal tégrefrepuemty oﬁculta’a@na(mtraeranwnmm‘md fodiee prabe as

| nFEah: The PR SRk Bl R RER R o' e
r ebﬁbhgm dfahé tefictivhdodey TRSERéASRIGHR knefdsMred by the

prior art in that a single sensor is used to detect
boiMefe@nieiat aecordinobenas ademdeauengy gpmpeagnt that

di [ f e

i SRTBRECTR tolB sBtie Mgt anb R sudtiBbsed Biheftbn:
pr élequescy tormpanent thherezus iffond theodithidri anverbrae iused to
provides information as to the stren%th of th

10| neePAES Bif Mi eRMPeRRNIg;in &g Sﬁé‘?blﬁ'io §§§H§| Tr‘?@dﬁjgfétoof the
by pb8E of EH@,R%%%%H sté¢F PR h'egég’}ng;]ttﬁeé%@ﬁi’e high-

conponent that corr sponds to t e sa
valfregtiency someonempiosestantt Hhes al_rrghgenaqnbdms cohpommnerdr

L BLpiSH b LB oo bhs st s A oo
Theedinistizh gHly bBDHRRBAY thbBedb i) toriHadsduatbier time to

order to nmaintain the anplitude of t'he hi ghfrequency

15 colmnmdttocaﬂyscmesm syrface Aaghtenbatisel the ditherwaplitude is

P Bl OGsE vk af ihplk (ld Eteciof S tA RALAS be

t heoﬂmd@@c& faytet earelRS irsthef first m@tarkerrgmtpﬂtud@&ﬂ@aghrbment
any changes in surface height. That is, if the dither

aWWW'Wpﬁ'tWMthW|EﬁPnWéme9@ Qyates (5 —10in this
COL SRR RrR08BbaI PALE AN shReOkLEERERR fine to adius

fas t e a ance
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apparatus can therefore also only be operated in the first scanning regime.

In summary, prior art probe microscopes are either unsuitable for operation
outside the first (slow) scanning regime identified above or are limited in

their application to relatively flat samples.

25 The deficiencies inherent in prior art probe microscopes are further
emphasised by considering the additional difficulties encountered in
attempting to scan at the very high speeds of the third scanning regime.
That is, if the speed is sufficient to excite transient motion of the cantilever.
Such a situation occurs if the cantilever response to an impulse, given, for

30 example, on encountering a higher region of the sample surface, is above
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I ntharainad'. it i& méartdhat tfadeedbacdowaaloppoeing, dris would be the
position at which the back 18b is to be held. That is, equivalent to probe
orientation P1 in Figure 1. An incoming light beam L is shown to the right

20 of each figure and, to the left, is an expected reflection direction 42, shown
as a dotted line, for the probe in its nominal position. That is, dotted line 42

corresponds to D1 in Figure 1.

In Figures 2a and 2b the position of the sample surface is indicated by solid
line 44. This surface position 44 is effectively a trough and, for the sake of
25 clarity of this example, the tip 20 follows the surface and is attracted
downwards from its nominal position. Figure 2a illustrates the situation in
which the impulse received from the sample, which causes this movement,
is relatively slow, on a timescale longer than the settle time of the cantilever
18. That is, any transient motion will have decayed in the time the probe
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sanple as the ripple propagates. An instantaneous
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20 results in the contrasting situations shown in Figures 2a and 2b.

In Figures 2¢ and 2d the position of the sample surface has been raised, as
indicated by solid line 54. This surface position 54 is therefore
representative of a peak and the tip 20, following the surface, is raised
upwards from its nominal position. Figure 2c illustrates the situation in

25 which the impulse received from the sample, which causes this movement,
is relatively slow, on a timescale longer than the settle time of the cantilever
18. That is, any transient motion will have decayed in the time the probe
takes to respond to the surface contour. As the tip 20 rises with the surface
54, the cantilever beam 18 is bent upwards and the back of the cantilever

30 18bis tilted to the right of the Figure. Accordingly, the interrogating light
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t he sanme surface position, nst ant aneous
nmeasur enent of probe def | ecti on woul d produce opposite
results in the contrasting situations shown in Figures
2abaach Pls relflectéidgfmreshédaaahd 8baif thdreaptisven anlongfpatrhé6 The

" BB ihG s 6Py oPreRu48 S ShBRUES, §¥ rtcaiSa oy
[ CBF®%258 AbirRarth tRaRSRwARFDR dbPFighre SohIRMAILS drhe

surface, is raised upwards fromits nom nal position.
Fi guampm:of am uﬁaraataeeowmeos;ltlormaf thenpriobvevile when ifee impulse

ul se ceiyed f t,h h t hi .
5 o VRiRTRS 90 18 Sy 1§ cbll UsRse B SHoER T iegrsite tme
t hantHdheariméidrer 8 W@erF/gﬁJP@ZG&hbldréld@ltlpma IST@I@bd Iwith the
any transient notion will have q‘éae@mt he tinme the

pr shdacalavel ¢4, bespisaasient @%"%@inf antilever 14&neans that a

S t
167 PER IR ool B RIS Tackits, SBRaGAR Qo 5 ISHEE Thar
| s id, ithé edck of tHeecamtsIJé\Ierdet\ma réclgabeut tﬁeqomobb pghtact poiat 20a
interro atln It%htbeales reflected fromthe back

10 1 gWithrthe periagait I dIERNEANGRYS FHIRMSH! MAYe B eRMBle tbe as

pa [ t t1 afyl i ; ‘ot
nal1oAR 7B Eetable GRSGINERY, Re Tkl S FaliiicBRtigPe: s ited
2bio tgglefte 1A d¢hisiimdtast, iree Ieg;htebeaerxanq;)rea‘lemtechalong path 60. The

t ant ango osition, of the prob
| nBEATLENERRR R BRboiay ootaeR LS BRI et wie s igpicated
shggtae?,ro\,&ggn the settle tine of the cantilever 18 . As
igure 2c, the probe tip 20a is raised with the
surface | evel 44, but a transient oscillation of the

15 Cal 'alr?\fﬁéaslﬁeﬁﬁ%ﬁf‘éf faadarfle %UHQ!:@P%lltlbn ] |§%§é%@ t%s

transi ént nodes propagate aiong its |engt

t herdrhode adnttaséing aesullsat trandigbt miokibn nsnekmtﬂdouThath@, |f the
probe contac oint, 20a with the surface

P $Bed 2huBith B8 Bhn ¥ sthred iros ke firads Causesi g erobe
I ntd F&p@ﬁéﬁ@'sﬁﬁ%e ’FéﬁUF@ A tmbhﬁarﬁé“fﬂfet@@h@ﬁeﬁ fh@n the settle

cantilever is tilted to the left. his instant, the
| i §me efdamoantievesf | ect ed al ong pat h 60 The

20 The limitation that defines the onset of the third speed regime can be
restated as: the pixel collection period (the average time spent imaging
that part of the surface that corresponds to one pixel in the image)
becomes less than the settle time of the cantilever.

It is to be understood that the positions of the probe 16 shown in Figures 2b
25 and 2d are instantaneous. Transient modes will propagate along the
cantilever beam 18 and, if undamped, are observed as a rocking of the
back 18b of the cantilever and a consequent rapid oscillation of the
direction of the reflected beam. If the transient modes are damped, for

example by use of a cantilever beam with low Q factor, then the initial tilting



beam exit path is accordingly observed to shift
anticlockw se, as indicated by arrow 62. Again,
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observed to produce contrasting results if transient

notion is excited. That is, |f t he speed at which the

probe is scanned across the su 7ice causes the probe

to respond to surface features in a tinme frane that is

shorter than the settle tinme of the cantilever. The

I i mavaement of e bdek i Besvill bettlemsete quicklije t hird speed

regi me can be restated as: the pixel collection period

(the average tinme spent imaging that part of the

sunlrf rOT ;lbéteht agplm%gnh’d@ 2(?0&0@8@79(%alhyﬁnd tslystemrmgdae' scribed
ones | ess than the settle tine o e cantil ever.
?h%t It Betier akrlade stersyre MR LaRogr iy ?TI WiRveprsamle susgees.

16 [

T Ay oV FleaHoRRPsy, R8T BF ralkifi (R BN e sgmte

beaurfaee mmplemeoteﬂhmﬂ@dnblaammmeraveeieaisoracrfeexﬂdmaw of

the b ck 18b gfei e caniqil ve an a. conseqbégp %EI
os{:nqq 0I5 dhedleclnnie 91 NISIR S UPH DHERKE | £
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a cantilever beamwth low Q factor, then the initial

t i sampigreveperhtallogit ona tiraescal@praqter thestthe ixapcellection rate.

iy bF Bt i BBk BRI AL £ niEbEErBLRRERpY Bvering

rremr;aetsbgnumee%an’hmu@feaunemgn lingareatone foleis height of the
nproved nechani cal systemfor tracking the tip across

t h@p%‘?ﬁ?éh% §3FW&%SW§3¢QTWU§F@Q€%%E$%9@0%$ AgsyreRrdihaten the
f eeg%)l ra°§H r%%@%ﬂ@%hfﬂbé '%(sJ#ﬁ le'ﬁj%f fHS%'t?ne I|m|tat|ons

antsmi1s
vept trtead:leteenm aystem are ndteod 3eecrel Tﬂearrrelaehﬁeoalmeighhe

sanpl.e. su al bei t scal reater th
o %T'at&ﬂ S Heas of RudanrfBRo0 i uEw LB 4¢ e forfhed

adiibHg %c?Jnellﬁ@Q% %éleétr@ﬁub'f@ t%&keéu el B Lsed % adjust
scan Ilnes hin each scan I he, rlatlons of

t heahkisganm lioé ta hdaasepnetmwe fThe marrpdeel meclﬂmealrtrmlkn@
measured. 1t is assu

Sys em is necessary in o torkeep tﬂe t|p in better contact with the
surface as it encounters irregularities. This permits more accurate height
information to be collected within the timescale of each scan line. This
prior art device however, although capable of operating within the second
speed regime, makes no consideration of transient modes of the cantilever.
Although better tracking is provided, which accordingly delays onset of the
third regime, such a microscope remains incapable of obtaining accurate

results if operating within the third regime.

It is an object of the present invention to provide a detection system for use
with a scanning probe microscope that is capable of extracting information
relating to the height of a probe tip as it scans a sample surface at speeds
in excess of the limit set by a feedback system to maintain a feedback
parameter at a predetermined value. In particular, it is an object to provide
a detection system that is capable of extracting meaningful information



scale of a scan line the sanple surface is
sufficiently flat that the limtations of the
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hei ght variations permt an i mage of surface

t opography variations to be fggned al ong each scan

line and the el ectronic feedbatk signals are used to

adj ust each scan line to a baseline |evel. The

i nproved nechani cal tracking systemis necessary in

or eMilst thekwope idisubjept tortrdrsti¢rdmatiort.act with the

surface as it encounters irregularities. This permts
nore accurate height information to be coll ected

W Aecordimgly t thegseséret mer&mnrprsvmiesla' detectldn sysgtemoior asé with

devi ce however, althou a abl e of erating wthin
t hé SS808khg %rsbédrmpecgwge ¥ S| C@B?FQ’ Sig afl SBBSQHrce for
| BERb RO IPER Al IRCBRTL ke bor R SRl i base

of ahtdreenends, tiegfree, ermlusupp@rimg:a ebeqptp, r@hiecm;g means for

inca le of .0 n curaeresult 0
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use vvlthascannlng proemcroscoe is caa
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value. In particular, is an object to provi

de?é&’@?tdcfp@ﬁ@ﬁémﬁt‘meﬁt @f@%ﬁmﬂ%r%@t'r&'{qtﬁétﬂ%ﬁlon Of the upper
meaNiagl Bt il RREREIA0L bt BRcopaRE 1S subl ect to
1 oNn. ngly,

ransi en ccor e present invention
prOV|des a detection systemfor use with a scanning

P3G RGN oL B S AR08l o

a cgsd itd erar aN\dlmbg@%&weawfnbre&wrwwSthrddghoﬁt eﬁtr&eé regimes
supFortlng a sharp ti col l ecting

5 2o Pl Geerag i1gie PerieEtolRis rusTian d@ﬂsstéoww@.t P bae
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viclnrt ect ed t conprises
t V\bermnpdtnmumki mstéadrlse understoshto ihcloevéiiheh tr&nangle of

| EaLian O LNg, JELbee Ll o ol hhe, WRRRL, BHRLASR, 2 or

some other angular measurement derived from the orientation of the
cantilever. This may include a measurement derived from the vertical
separation between its free and base (or indeed other position on its
length) ends. Simply stated the “deflection” of the cantilever should be
understood to be some measure of the shape of the bend induced in the
cantilever as a result of probe interaction with the sample. Monitoring the
deflection of the upper surface of the probe permits feedback to be used to
maintain the average interaction force between probe tip and sample
constant. This has the effect of limiting possible stresses on the sample
and / or probe as a result of an excessively high interaction force being
applied. Meanwhile, the path difference measured by the height detection
system is a direct measurement of probe height. Regardless of the



conponent for transm ssion to a height detection
systemarranged to extract fromthis conponent
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surface of the probe relative to a reference point.

Thi s arrangenent has the adva age that the detection
system may be used to form an mage of the sanple
surface throughout all three regi mes of operation. In
the context of this invention "deflection”™ is not to

be defideticst odtie aantiievet, ettiistmezawerrmm iisn@ tmppadieatiorh of probe

h t d i bed.h I d t b
Bt B TespeeIlp e igas! B¥heiarans Pote AedhfRan
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pr| or art) or sone ot her angu ar rreasurerrent derived
f r oesomneedine of titel feadbéack hystemmoar soen.tlarlshuta/ thayoresence of

5 co AN DR BT (e el aly AR AETeRGEs o ganitever

pO@Utd@%o@@ﬁéétﬁtsJ les1ghth) ends. Sinply stated the
"defl ection" of the cantilever should be understood to

be sone nmeasure of the shape of the bend induced in

t hﬁs@ﬂ%e@\é@hs@@@de@&tthé h@fgfrﬁrwé&ur@mghagémgnndwéhdent of
the sanple. Mnitoring the detlection of the upper

sugpeetiasy, there @n@tr@qpléementstqf@@&o@wkm@m@dgaﬁm wertical (2)

11 Rl Ce kbt BB PSR blifar AR FFEARS By h8ight or e

I | pabé Pmizesaidy i@ erteersegravt dablewitBWHien &nfbrin e image. In
probe as a result of an excessively high interaction

f oPBAdiingcegsianea Witeagesent ”ﬂ‘f‘%‘]t&ﬁ‘ﬁ helimags isrfeemed
neaﬁ%l@ﬂfrﬁ%ﬁ tbp%tj%?f'eg&heflégtﬁ)?% e élsdlﬁ@b\?/h@réjés ifi%he prior

measur rob
t hed&héermmumgrm‘ls tmdrmagtsy*stevmrespdmsmlerﬁﬂmnmlng the vertical

rggtglhg |)§C§H]% agﬁ rq;??fgr%iigga tsgyg,gtapns,&ggf%?be}g%t zé‘nttained,
”E?r%ffé‘?éTﬁBtsu'c:ﬁ daﬂgrea‘?l%ﬂcf'@GU|ré’rfr1eH€ﬁﬂl tﬁé&ir ntlifveriioRot

i nfl uenced by the response tine of eedback system
nor, potenti aIIy, by the presence of transient notion,

"‘h'ld:é%lllgver q%élugﬁ‘ﬂ dd(;&la&tYorﬁ%#s%m |H§IUGE§ 'aﬁ%fe?%s&%e@?%rranlged to

codemmme:pawfdlﬂe@?i%telt;tw:g;MSemﬁ cdrapagent of reflected light

| ”deﬁ%”ﬁ'&gﬁt r%ﬁ‘erence beam. Such an interferometer is capable of
producing accurate measurements of this optical path difference and hence
of the relative height of the probe. Preferably, the interferometer is a
homodyne interferometer that includes a means for generating a pair of
phase quadrature interferograms, which may be subject to accurate fringe
counting techniques over multiple fringes. This improves the accuracy of
the height detection system and increases the range of cantilever
movement that may be detected. The phase quadrature interferograms

may be generated by a beamsplitter with phase-splitting coating.

The first component may also be transmitted to the interferometer, the
interferometer being further arranged to detect an optical path difference
between the first component of reflected light and a deflection reference



defl ection, there is no requirenent to have any
know edge of the vertical (z) height of the base of

WO bmopsTabe. I n prior art AFM systens, the hei ghtT/GB200b®50637
base is nmeasured in order to extract data with which
to formthe image. In an AFM'?§~accordance with the
present invention, the inage fornmed directly from
the interferoneter output. Accordingly, whereas in the
prior art the input signals to driving system
r eppamswhich gropagates ratdrig ag optieal\path mewise hengthtis fejined by a
t he base t be.calibrated agaj nst actual
wt PaPEE ON PieaniEVRD erlote e o e SOy S PraHably atits
theape %ﬁﬁnfhér@dyﬁﬁde‘fd"ln ﬁrﬁSﬁﬁéﬂ’on s tﬂf‘éf tﬂétc%%'hléi’/@r That

syst em i ncludes an int er eronet er arrange to detect
t hés, pathis ilistdnges the diecioarmeasuresanids obtaitatkinomdhe vertical

51 heioh BliaeRe patieed. BEIRE oA bEE G AT an Sedha
rreeéym@ﬁ%rlts@ s |énlgrtr$ éRicticd aomtebsdﬂe‘éfafseé\@a?@ﬁ|th¢mqs
of the relative height of the probe. Preferab t he

i nEgrIosivHaBRE e lrgeréer@mﬁf@'yﬁ@ylbﬂ esgckiooeretast bpﬂhhe@ht and
| n<a ft?bnalnfg?ﬁﬁlpfwo%hﬂ:%r}%ﬁa%gﬁheanlﬁ’rﬂb%r 8 c u@ﬁ@élﬁeqtg required.

qua rature i1 nterrerograns e’s
accurate fringe counting techniques over multiple

et BeFsivel) e L R PobegL B60 HEEh ko 3e Cietionc,
10 Nodersdidr, tm@emlohﬁdsﬂ@ét@ﬁb@ﬂg a'FI‘HSngwétéq)rdwaértlﬁé idication of
|nterferog%rams may be generated by beansplitter with

th@% eigq Ipn.quh%yapehgurfaqeeofrm%xro%nabﬁ leglign alosgl may
tﬁér?fb?@b‘étc?&a@%dtd% ?%)ﬁﬁgﬁécﬁf&t&étgct{og?a n from the prior

I nterrerometer er arrange YEct
opertcal pat h dlfference bet ween the first corrponent of
reflected light and a deflection referencebeam which
propagates al ong an optical path whose length is

deSp@emchry ahpaeflection detetior neanbe Ia@eebndemet-fercfmemr the
its end, and preferably at its base t her by

15 pr §9P%F‘qw @tfP'ifﬁré?F"r?&?" lBeing Srian'gerdo getect g QFH@GI path diffefence
ca
o SetEine thPborBoned diPeleo A GREfd bRIERloR b Rbce
di beemewbiehlpropegaies ladorfg ae opticalgfath M@osanemgtbvsdeﬁmd by a

2 oSBT P P oo Bpple o e ShASHd BdidraBly at it
base end. Alternatively, the deflection detector may be a split photodiode
20 oriented such that the first component of reflected light is incident on two
parts of the diode with relative intensity determined by the angle of
orientation of the upper surface of the probe.

The system may also include a beamsplitter arranged to separate the

reflected light into the first and second components referenced above.

25 The probe preferably comprises a tip mounted near the free end of the
cantilever, the cantilever being supported at its base end, and wherein the
upper surface of the probe that is illuminated by the beam is above the tip.



enbodi nment, the interferoneter nmay be used to extract
bot h hei ght and defl ection information, which reduces
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first conponent may be transnmitted to a deflection
detector, the deflection det e&ior bei ng arranged to
provi de the i ndi cation of the“deflection of the upper
surface of the probe. The deflection signal my
therefore be obtained using any defl ection detector
kndiwe drobenmdealpoiinclude an agpeatof ihadid gperable uberhbeethe)probe
de be.a s nd interfero t he s cond
| ntiBr 1 POREYRROHIRIRE ThF MaigReIapgetSs by ChaRg B neamale of
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| ected light and a deflection referencé beam which
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ori en ron of per sur ce o
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cant Il ever he cantilever pporte I'ts base
endny deet bvaokragtumatohes dmpmer. surface of the probe t hat
is illumnated by the beamis above the tip. The probe
may al so include an actuator that is operable to nove
t hdn prseloend! iapped:uthermewmm&er&nh grovislesmysdamnaghpbed
Changl ng t he ag%ee of orjientation of the .uPeper.
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al so rrake use of such an integral
The driving means preferably comprises an xy scanner arranged to provide
relative motion between the probe and the sample surface in a plane
substantially parallel to the sample surface and a z driver arranged to
provide relative motion in a direction perpendicular to the sample surface.
In such an arrangement, the indication of the deflection of the upper
surface of the probe obtained from the probe detection system may be
included in a feedback system incorporating the z driver, wherein the z
driver is arranged to return the deflection of the probe to a set level. The z
driver may include a base driver arranged to move the base of the probe
and / or an actuator that is integral with the probe and arranged to move
the probe tip.

Unlike in prior art AFMs, the feedback system may operate on a timescale



actuator, suffer fromthe di sadvantage that

interpretation of the feedback | oops and therefore
waledoenwisn@t i on of the probe hei ght is sonewhatPCT/GB2009/050637

conplicated. This enbodi ment of the present invention

avoi ds this as the height of gge probe i s neasured

directly, regardless of the P6Sition to which any

feedback actuator is driven. In a second aspect the

present invention provides a scanning probe nicroscope
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li%SESb%?fhlé MeRfighe and the sanple surface and a
probe detection system as described herein. The

driving neans preferably conprises an xy scanner
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to rprovi de relative notion in a direction
pef5aHENS i ar to the sanmple surface. In such an
arrangemsnt the indication of the deflection of the

er surface g&?the robe obt ai ne fromthg@%o
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arranged to nove the base. of t an
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to sﬁﬁ?p% sheady 8HE atprbbe detddtioni sﬂlsf&m %Fraﬂpbd%'}ﬂﬁow@@ an
f eedback system nmay operate on ti mescal el onger than
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The Xy svaprode qoreprigeddd yactilepen wis base @pdrirgeoends, the free
arranged to osci|late either the probe plus support or

15 saﬁﬁfjéuﬁpgg'”@@)%@ﬁp B or near its resonant frequency.
the driving means comprises an xy scanner arranged to provide

relative motion between the probe and the sample surface in a plane
substantially parallel to the sample surface, the scanner including at least
one resonator arranged to oscillate either the probe or sample plus support
20 ator near its resonant frequency, and a z driver arranged to provide
relative motion in the direction substantially perpendicular to the sample
surface; and
the probe detection system comprises a light source for generating a
beam to illuminate the probe, collecting means for collecting light reflected
25 from the probe wherein the beam illuminates an upper surface of the probe
in the vicinity of its tip, and a height detection system arranged to extract
from light reflected from the probe information relating to the position of the

upper surface of the probe relative to a reference point.

The height detection system ideally includes an interferometer arranged to



In a third aspect the present invention provides a
scanni ng probe m croscope for imaging a sanple in
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a probe, the mcroscope conprising driving neans

arranged to provide relative gption between the probe

and the sanple surface and a gBGbe detection system
arranged to provide an indication of a position of the
probe relative to a reference point in a direction
substenh i Edth differepes betvdear lighd réthected fmoiretreupriobeegnd a height
wherein the probe conprises a cantilever with base and

f r CICENSE %@ free end supporting a sharp tip; the
driving means conprises an Xy scanner arranged to

provide rel ative notion between the probe and the L
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upmu@gm@@eﬁg oft:he probe relative to a reference
poi nt. The height detection systemideally includes an
interferometer arranged todetect a path difference

g anebﬂ.r@wﬁgﬁtfafdt@meeeipéé@nﬁa% probe and a hei ght
reference beam 1n a fourth aspect the present

|nvent|on provi des a nethod of detecting |ight

gﬂ»e%% ﬂatﬁr?gﬁﬁeﬁ?hoﬁ@%ou%ﬂé ftlg ® & t@cf?a‘?@'éﬂh@%n@'if@?the upper

g the step of directing a
beam surfaé@ upper surface at a point directly

(c) monitoring the output of the height detector;

(d) changing the position of the point on the upper surface at which the
light is incident; and

(e) repeating steps (c¢) and (d) until variations apparent in the output of the
height detector as a result of tilting the probe are minimised.

This provides a convenient technique with which to minimise the effects of

transients on image quality.

The probe preferably comprises a cantilever held at its base end and
supporting the tip at or near its free end, the upper surface of the probe that

is illuminated by the beam being at or near the cantilever free end.



above a probe tip, collecting light reflected fromthe
upper surface and directing it to a hei ght detector
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the probe tip above a reference level. Ideally, the
above nethod is preceded by a,step of |ocating the

poi nt on the upper surface tT]g%T’TS directly above the
probe tip. This step preferably includes the steps of:
(a) directing light onto the upper surface; (b)

os alltetredtivety, theestepaifdocdimgt thetpoirttign e w|xpear sucthae geay
t he zrmoglg1 of, the_upper surface; (c) nonitoring the
oulMHHIGNE $EPRE ght det ector: (d) changing t he
position of the point on the upper surface at which
the light is_ incident; and (e) repeating, steps (c) and
(d abﬁﬂ??“%'ﬂgfﬁtqrg?@%%%ﬁr N fﬁ@esagmverﬁf t he
hei ght detector as a result of tilting the probe are

m nimsed. This provides a convenjent technique with
whilkh maying Hienpase ehbesentiever M?rtﬁﬁ@hﬁﬁhé%@awﬁ'ﬂmg@e tip in

hel d at i ase en porti the near
its freetilengr; the upper surface of the probe that is
i1lum nated by the beam being at or near the
cantilever free end. Alternatively, the step of

| o¢eit mhitohiagtioe butpan of tree higight detecforce may i ncl ude
the steps of: (a) directing Iight onto the upper
surface of the cantilever (b) noving the base of the

caqd) craeginyené positib oMtid pbintBh Mh@uppBOslifecd atowhighahe
fixed position so as to change the angl e of

ori entightigin@denthandant il ever; (c) nonitoring the

out put of the height detector; (d) changing the

position of the point on the upper surface at which

t hée) reprating steps tmnd (dhyntil variations apparent in the output of the

height detector as a result of moving the base of the probe are

minimised.

In embodiments for which a feedback signal is obtained from an indication
of probe orientation, the feedback signal being such as to cause an
adjustment of base height such that the probe is returned to a pre-set
orientation, then the step of moving the base of the cantilever vertically may
be achieved by varying the pre-set orientation.

Alternatively, the step of locating the point on the upper surface may
include the steps of:

(a) directing light onto the upper surface;

(b) displacing the probe tip by a known distance, and preferably scanning
the probe across a sample of known height variation;

(c) monitoring the output of the height detector;



(e) repeating steps (c) and (d) until variations
apparent in the output of the height detector as a

wo ewalis746d novi ng t he base of the probe are nm PTGB2@WI/050637
In enbodi nents for which a feedback signal is obtained
froman indication of probe 95'§qnt ation, the feedback
signal being such as to cause“an adj ustnent of base
hei ght such that the probe is returned to a pre-set
orientation, then the step of noving the base of the
calfd) ckamegingdne positiby afittye peindohitles edpéyswéaga atgvhick the
pre-set arientation., Alternatively, the step of
| ocat ('Yt BHEISNENSn t he upper surface may incl ude
the steps of: (a) directing light onto the upper

surface; (b) displacin he probe tip b kn

o L e Rl Pt ) SEHRRR Ry BT i e R Aetecter
sanpl j i et diQn; j ' t he
ot pufCBp KRR BpRknctitq ir Bknbfih IRAL GRS
position of the point on the upper surface at which

th ] LSl BG : )nff €peating steps (c) and
> ( d;a[ rjnu%?Htel{rﬁgk/g@tlﬁﬁpagftﬁ%]gteebﬁeolf'ght det ect or
corresponds to that expected for the known

G 8 3L R By bAGE gL et U, he st eps

onto the’ upper surface;
scanning the probe at a speed sufficient to excite

transi . ' er.eof . mi Lng. t :
 nioheb PG L BidRea oot RuffEsnt RELRT e PRaelfbng
poi nt thatebhie upper surface at which the light is
incident; and (e) repeating steps (c) and (d) until
vari ati ons apparent in the output of the height

de{@chfini@fing thedutgut of the BEighedétedR)ri on are
mnimsed. In a fifth aspect the present invention

provi des a nethod of collecting data
10 (d) changing the position of the point on the upper surface at which the

light is incident; and

(e) repeating steps (c¢) and (d) until variations apparent in the output of the

height detector as a result of transient motion are minimised.

In a fifth aspect the present invention provides a method of collecting data
15 using a scanning probe microscope, the method comprising the steps of:

(a) moving a probe comprising a cantilever with base and free ends, the
free end supporting a sharp tip, into close proximity with a sample
surface;

(b) directing a light beam on an upper surface of the probe at a point
20 directly above the tip; and

(c) scanning the probe across the sample surface whilst collecting and
analysing light reflected from the upper surface of the probe, a z driver



usi ng a scanni ng probe m croscope, the nethod
conprising the steps of: (a) noving a probe conpri sing
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supporting a sharp tip, into close proximty with a

sanpl e surface; (b) directing 8 light beam on an upper
surface of the probe at a pmﬁ directly above the

tip; and (c) scanning the probe across the sanple
surface whilst collecting and anal ysing |ight

refl ebehmj; dpeavativerto dlmxpeam&smas‘eem:fdhefprobe vertichly iraresponse to

dri th f th

cer  FdprBa e ShEba B SRS ol B3R e AL e
by an@bu’édtéd \AghtafrBh’f%lcﬁqm@Héd ah jhdeaten b\eﬁeed’eﬂectlon of
light, from I'S obtained an indication of

def | ethe oppeyfsurfasegifiee psold ane wiereihea @etmml @mdponent of

wher ein ond npan of ¢9 [lecte

tr ansipt e ERGS TRAREPR! shen IRetPRien offhard g petect the
the pahth dlﬁéfe?fc%ftf&wb@h\m@'to?ﬁbcﬁw&@@’ﬁé'éerﬁélgﬁﬂ@fékence beam
hei ght reference beam and arranged to form an i mage

i ndi cand\asrangedre foran gRtimegetindicatshef ‘tthieph%ﬂ%t\)ﬂl%c tlae probe tip
f
<1 onafore aeran O REL Yol ERReTR o e e onal s

mul ti pler & nmmrmm@ﬁcaleammhbﬂ iaciieidn nﬁumméumgtespixﬁls are
the invention will now be described by way of exanple
only SREEGBEh reference to the accompanying draw ngs.
Figure 1 is a schematic illustration of the conponents
of a prl or art atomc force m croscope show ng

t y Fineadigentseelt thenvrsttion: wib moyy/ke descrireslipy wgy, Qi example
I I

or Poffcart wi FR et AESR BN IR IR oo bl ow
((a) and (c)) and above ((b) and (d)) a threshold at
wh h . , .

b P83 §erBId M0Pdic 8 FERbIRAER & BRET e
of f@rneanmoms@obe shewing 4 moaiﬂieﬂebtbmdemtidﬁtsygtbmn
systemin accordance with the present invention.

Figure 2 is a series of examples of possible tip and cantilever orientations
when imaging at scan frequencies below ((a) and (c)) and above ((b) and
(d)) a threshold at which transient motion of the cantilever is observed.

Figure 3 is a schematic illustration of the components of an atomic force
microscope with probe detection system in accordance with the present

invention.

Figure 4 is a schematic illustration of the probe detection system in
accordance with the present invention incorporated in a high speed

scanning probe microscope.

Figure 5 is a schematic illustration of an interferometric height detection

system for use with the present invention.

Figure 6 is a schematic illustration of the effect of varying the point on the



Figure 4 is a schematic illustration of the probe
detection systemin accordance with the present

WO pwen#i4em i ncorporated in a high speed scanni gI/gB®e/050637

m croscope. Figure 5 is a schematic illustration of an

i nterferonethc hei ght det ectiaz system for use with

the present invention. Figure“67s a schematic
illustration of the effect of varying the point on

t heback of the cantilever at which height is neasured.

Fi tgaclk ofthescantbeezrahtwhich héight isanheasurefl. appar at us used

to align the detection system of the present invention

in preparation for carrying out a scan of a sanple
SuFiqee.7 |Wet Rhmarelhuaratmn%@mré?tushﬁed tosaligh the detection

schemati c an i nplenentation of a i ndi cat ed
geR¥PEM 9 tﬁﬁ Present{aYenHan indssraratiep ?r %%\6@9 REhf s6pn &f a
detg sG9A& ructed in accordance with an aspect of

the p esent i nvention. Elenments common to the prior
art AFM descri bed previously with refer ence to Figure
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apparat us shown conprises a OV eab
adapterd\RM, indwateccgensratip by 7D4Iha/tllmmee$arﬂfet<mnb®dlmenbef a

Lg\égchg%at e b#epglﬁr one yle?r]c&Tvgl &%ts)gﬁcl:t? OJEE? §reeseer§ invention.
POIEEméEna. ccﬁ\%omg @t'ﬂel_ Bot 95 2P JeSWAEEE pRVRLRINAWRA réfefence

canti | ever beam 1 e ot her end of the canti’l ever
beemﬂwreé aegien e sama rﬁfemncezszgnsmécoordmm theiARM

h le 14
L bR spdh ARk DoYRaHly ' Fads 1¥ poafe @ ReEe s
S U@Brﬂdl'@tl 41 WRYsE 8irfHee W@Wﬂvé@ﬂ ted @yteppt%@@m 63t Tigs probe
in three di mensions: X, and z directions. is

coﬁ@@qmm’ms a pantiever; t@ann 18randza QRIZQ liglle: @@ﬁf%iﬂ apoint

co%gg %I cuI % %ﬁ%bltowgr&a&? wgeﬁ}%%tllever befm 18. The

pef ARBGECUp &

Th@thersendtdsfehetceeﬂlet/br béammhis isrsupipacted @y 4 arot@t B2t ween
probe 16 and sanple 14 is dependent both on the xy
position of the tip 20 over the sanple 14 (the pixe

i t Orie Bk @live Afslod! (72, ABt sHswmeirghisedo\Rivetthe sample 14
(together with the stage 12) and / or the probe 16 such that they can be
scanned relative to each other 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 occupied by the sample 14.
That is, the strength of the interaction force between probe 16 and sample
14 is dependent both on the xy position of the tip 20 over the sample 14
(the pixel it is imaging), and also on its height above it.

Of the various drive motors, a z-positioning system 72 is the most important
for the purposes of this invention. The z-positioning system 72 comprises
piezoelectric drivers that are operable to move the tip 20 towards and away
from (z-direction) the sample 14. In this embodiment, the z-positioning
system is connected to the probe mount 22. Alternatively, it may be

connected to the sample stage 12 (as shown in Figure 1) and it may



O the various drive notors, a z-positioning system 72
is the nost inportant for the purposes of this
WO pwensi4sem. The z-positioning system 72 conpr i BEEGB2009/050637
pi ezoel ectric drivers that are operable to nove the
tip 20 towards and away from& direction) the sanple
14. In this enbodi nent, the é03| tioning systemis
connected to the probe nount 22. Alternatively, it nmay
be connected to the sanple stage 12 (as shown in
Fi gompri$¢ reomepiezoehagiricrgrivirkemechapisesorlobcds a vonbei odilrary

h I h | _bi nor ph
ac AT DR U of 4 GpEMolprRcre Santecien REITEipe
rmmsurﬁ%z Hiestebade dototh AnBUrb opRfatié fo PRVIDHdakive

provide relativeé notion between the sanple 14 and tip
20 rmo’tlommetwleanéhe sayplof4end tiaddirethesplane (g} ot the sanpple,

5 canpf NG fo e Sraniichider fenBro gt neswaq%é%&§F B
magaimptd wge both the stage (or nount) driver,

descri bed above, and an additional actuator that i s
integral with the probe itself. This integral actuator

Mayh BRe epshdieflt iheez-pbsitioning Sydrin ﬂﬁ?éy |ﬂBIu‘ﬁ'et6btﬁ the stage (or
faster feedback response than possiblé

as swunt)ydriveryas deserdogst @m/emndsaraadcdiuprﬁmgmttmim hedlise

pedigd A8 B B¥at 1l RABIARYID AP e iR drve
10 detigs piobe deflRaoh sWith/! fasiéyi fedadk rexponse ltttampdssible with the
nore detail below, is arranged to obtain an indication

of 2BSRMPHEIVES t i cal (z) displacenent of a point 18b
at the back of the cantilever above the tip 20 and its
deflection (tilt). Data relating to the verti cal

d| Jpearehens is @ Iawamg%é\FMerqhﬁ P, dusing aisea, & ipsection

o M 5 B A0ABY RO B 1920 Bob e i sHghLS R Boe
f eelétmﬁ@nmetthaﬂ@mﬁ@%hlmhh/mfbé eprlarriedi is m@ermanedem is
e drive nechanismof the z-posjtionin

th
15 r\bfaéraﬂasﬁl (O PHIEC GRVBACEIREOT PHE e SBRIGH (D RonerTEal of 2
§ Ipam?' 'SBdatiige BBk F}f‘tHé“?érﬁfFe\iEr%rb%%‘?H@tu >2‘bta% fts deflection

ect ear from previous co
(tilt). Data relatlng to the vertical dlsplacement is analysed and output to a

display (not shown). Information relating to the tilt / deflection of the back
18b of the cantilever is input to a feedback controller 30, which in turn is

20 connected to the drive mechanism of the z-positioning system 72.

Note that, for convenience, the description “vertical” is applied to motion in
the microscope system z direction. As is clear from previous comments
this is not intended to limit to situations in which the microscope z axis is
aligned vertically. The microscope can be placed in any convenient

25 orientation, as suits the purpose.

The probe 16 is generally (for AFM) fabricated from silicon or silicon nitride
and formed to a shape and size as described previously in relation to the

prior art.



this is not intended to limt to situations in which
the mcroscope z axis is aligned vertically. The
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orientation, as suits the purpose. The probe 16 is
generally (for AFM fabri cat~e§ fromsilicon or silicon
nitride and forned to a shape gnd si ze as descri bed
previously in relation to the prior art.In taking an

i mage of the sanple, the AFM 70 operates as foll ows.
Usimtakirieaz ipege of e samples temAFR1 20 dpkratesas fdll‘dwsar Bsing
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to beln contact wth the sanple 14 when the atomc
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CaFéOPdIQVereéﬁwe aOnt&ené pfde PaRikekcamddiavith the datnple
hel osition bé the mount 22 and so the cantil ever
e

18SU§a%ﬁheé|p 2kis|t lteélgrame@@pwd%_T@@rh@mfdhmcantllever
o8, 55564 Rl SRR A DEGBELE e g 2 o

sagpltiee tantiievért 18 eb@airidefieetedagvhaieaciseis c@nventlonal and
predeterm ned level. This predeterm ned |evel is th

sePSSESRIbed N talRliGnEedhE (KIoF 8 ! MeKNE32 islowered S’E‘QM'”Q the

Su??%tieé?ﬁgemé%@%\}ge%aﬂ%l@?!%tlt@ves t ﬂe (E%Z'reegg# t| |t
[ spodsdﬂtgledinedkhevm él'lhi&prsedtatmwsme;h@vef sdheset peint for the

fe dback con 30 and the z-positioning system 72
?%ﬁﬂ%f'ﬂ( ﬂE base of the probe is adjusted in

response to feedback then the foll ow ng considerations
ap%lﬁytgeAs the tip noves with a velocity v across the
I

SF?”M%%F@S?%“%&'R& MONE$ HPaNshdoWR a8 saFpie spFace
Suhéyﬁvﬁﬁéflhhs\{%b%é QRE dRrek bﬁt‘ilﬁlsfdrfaff‘@'éd Wit s the

prop tional to v Tr ansi en nmotion w | eeXC|te
t helgmhfed iovibe feediback aedmiiens0 sedithe ztpomtlamng'bgstem 72 is

r eSB ééggr&e%g%ésghes %% %kIS %&Jus?end |]nS’ret's,Bc(?n§ei {33 fete%lt()ggk
then the following considerations apply. As the tip moves with a velocity v
across the sample, it tracks the sample surface and so encounters surface
height variations at a rate fyac, Which is proportional to v. Transient motion
will be excited in the cantilever with a decay or settle time t. The response
time of the feedback system is the time taken by the feedback system to
detect a change in the feedback parameter and adjust probe base height
accordingly.

Three scanning speed regimes can be identified:

e |f the response time of the feedback system is less than the time
interval between data collection points then the feedback system
has sufficient time to adjust probe height whilst the probe gathers

data relating to surface height at a single image point. That is, for



detect a change in the feedback paraneter and adjust
probe base hei ght accordingly. Three scanni ng speed
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the feedback systemis less than the tine interval

bet ween data col |l ecti on poi nlg then the feedback
system has sufficient tinme to Qd]' ust probe hei ght
whi | st the probe gathers data relating to surface

hei ght at a single inage point. That is, forall inmage
poi nts, thénagebpeinisrihberoomsacdeadnsadied & be @ sbastant

defl ecti d h the, int ti f bet
def oot 0o B Monr Lhey L BLackion, (oLee, belueen
is the f‘séﬁlbléé‘&?glsgggé H@nsidér*ea'dbn‘é‘tbllcrﬁ.h TR 8"th&kitst speed

systens using feedback are capable of extracting
accur at eregimeagéthimivbichenriosiart Siiséerap pisingt figedbaick aiescapable

i nvention,h vve\{er diffetrs fg{om.t]he EP or ﬁrt in tthatfth'
i nf or mat PhFFYATIRG; AU deSEragE RMaHoT 1 dNG ARparatys of this
obt ai nedirfliehash hpweyek Offeeetront therpriy Hreitifdt infdrmatiba
response tinme of the feedback systemis %reater t han

the ti merelating imihedwiokicd taaPsokeisi @dained diwicly Hyithen

feedbackdggc}ﬁoﬁ%&&%% Ly maintain a constant average
deflection.” I'n this second regine, tip velocity is

such that surface variations are tracked at a hi gher

e S NG O
t her ef or gyt&§aMBaERAth 'cefi&ttibrbyoihftethBh F8EdbIkHIy serves
detection system The feedback signal is used to

mai nt ai ntcowataina ao@tagbawm@@ke%@ﬁtjommirbﬂai&ﬁeqwdtr@gime,

net t. . : . g P .y
e rengt nIPRRRY s, SHAE LR SGlge THtARIRCA R kA S higher
or bot h. frehoehd\ethiahi dath Is€ aocommodaedBy tHhespehsé eme of the
time of the cantilever is greater than the tinme

| nt er val 12840RELISYBIET 268 BHER VB AR FUS! Hietelaf be measured
transi enHirg@W B tHXSioBhdight e ) t4A! Hd feeBBhck signal

have decay
is used to maintain constant average deflection, which mitigates
against the probe experiencing extremes of interaction strength,

which may cause damage to the probe, sample or both.

¢ In the third scanning regime, the settle time of the cantilever is
greater than the time interval between data collection points and
any transient motion excited in the cantilever will not have decayed
before the probe moves on to image subsequent areas of the
sample. The height detection system of the present invention is
however capable of extracting a measurement of probe height in
the presence of such motion. This in turn gives an indication of
sample height, providing that the tip maintains contact with the

sample.

These regimes are given broad definitions, and the onset of each clearly

depends on the particular operating conditions and parameters of the



bef ore the probe noves on to i mage subsequent areas of
the sanple. The hei ght detection system of the present
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measur enent of probe height in the presence of such
motion. This in turn gives an |1nd| cation of sanple

hei ght, providing that the t7 a mai ntai ns contact with
the sanple. These regines are given broad definitions,
and the onset of each clearly depends on the

panticrostape apdrsampig uadedinvestigateomd par anet er s of

t hem croscope and sanpl e under investigation. The
operation of the detection system 74 in accordance
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beam fol'l ows path 80b. If however, the can ever back

18refiected.| télde peahensragin{aieccat e sebfeerback gositonithe

o FofaEpRERTLfOM el 40, Biols™ P e legeE et B
C| m%%wdgg\tlarg? (ﬁr]derf;\)e?tﬁgh;églggré) tg{?ﬁeﬂﬁﬁédti b@&ll&f 8(DaSW|II be

an@@ﬂ@@tec‘ antiglockyiserantha r\g@fw@r@lﬁéﬂ W,@Qﬁﬂpgt @@ﬁ@ﬁ@@tég beam
togpcle t . Aé?ﬁ{‘gsgﬁ%?%ﬂﬁ calified rf§|oc-5lf?c§ ? Sr n@aar the
| t o

Ietvvar e cantil ever produ cesa
I aifcmfaabomit splthecienms M8, ah drigelarefdriatioe th tresareflaotbddbeam is

PRIV 19 ¢ kel iSpLasaina BEIG 505. THEL I 2 [wards tt of
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hr oug stanti al
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thheesétrfaeeagétthSI{:onponent 86a, b, c is input to an

The beamsplitter 82 is arranged such that it reflects through 90°
substantially half 84a, b, c the light incident on it and transmits the other
half 86a, b, c. The transmitted component 86a, b, ¢ is input to an
interferometer 88. The operation of this interferometer will be described in
more detail with reference to Figure 5. In summary though, the reflected
beam 864, b, c is interfered with a reference beam reflected from the upper
surface of the stage 12. Alternatively, another fixed point with known
relationship to the stage surface may be used. This provides a measure of
the path difference between the two beams and hence an indication of the
height of the back 18b of the cantilever above the stage surface. Variations

of this measured height are extracted to form an image.

The components 84a, b, ¢ reflected from the beamsplitter 82 are
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refl ected beam86a, b, c is interfered with a

reference beamreflected from,phe upper surface of the

stage 12 . Alternatively, anotfier fixed point with

known rel ationship to the stage surface nay be used.

This provides a nmeasure of the path difference between
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It is important that the light 76 of the detection system is focused on the
back 18b of the cantilever. For this reason, the z-positioning system is also
connected to the objective lens 78 and arranged such that if the probe 16 is
raised or lowered, the lens 78 is raised or lowered by an equal amount. In
an alternative embodiment, the objective lens 78 is selected to have a
depth of focus greater than the range of movement expected from the tip.
There is accordingly no need to adjust the position of the objective with

respect to the tip 20.

It is to be noted that although this invention is described in relation to



constant level. It is inportant that the light 76 of

the detection systemis focused on the back 18b of the
wa@2mvilhaser. For this reason, the z-positioni NECEHEGBR@HN50637

is al so connected to the objective I ens 78 and

arranged such that if the progg 16 is raised or

| onered, the lens 78 is raisetd”or |owered by an equal

anount. In an alternative enbodi nent, the objective

lens 78 is selected to have a depth of focus greater
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the specifics of the

The light source used with this embodiment is a laser source, but
alternative sources are available. For interferometric detection the light
should be coherent, to a degree required by the specifics of the

interferometer.

20 Transient motion of the cantilever provides a fundamental limitation to the
speed at which feedback can be implemented. The cantilever must be
permitted to settle during the time taken by the feedback system to
measure and adjust deflection. Otherwise, transient motion will produce
incorrect deflection information. Different methods of measuring deflection

25 accordingly place slightly different limitations on the feedback control
system. When measuring deflection using cantilever angle, the response
time of the feedback control system must be greater than the settle time of

the constrained cantilever. If using a height detection system (such as the



interferoneter. Transient notion of the cantilever

provides a fundanental limtation to the speed at
wokioghdsfaeedback can be inpl enmented. The canti | BBEGBROUISHS0637

be permtted to settle during the tinme taken by the

f eedback systemto neasure awg adj ust deflection.

O herw se, transient notion fr- produce i ncorrect

defl ection information. Different nethods of neasuring

defl ection accordingly place slightly different
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Igure n conmponents are

r ecenporedts dfitobidetectionasylsesr74s AL rrﬂorbmbussrrgepés tcobr)rnon
a second 102 beam SFﬁl itter into the incident beam

15 angomnoperisHedikeagiarenged. Thight fleMmye rsen sqHices! Q%'S Sp“t by a
Fogusse W?Z tb@‘.?rr’rP%}r)IFff‘e"r M8 th& ik é(}rt;%a k%1‘?\8‘% Pé??re% e beam
the cantilever reflection from e cantiever,

t héOBedmedAcident beam 76 is focused by the objectrve lens 78 on the back
18b of the cantilever. After reflection from the cantilever, the beam 80 is
split by the first 82 beam splitter. As described previously, the first

20 component 84 is directed to the deflection detector 90, 28, 92 and the

second component 86 to the interferometer 88.

Inside the interferometer, the beam 86 that has been reflected from the
cantilever 18b is split by a beam splitter 106. The reference beam 104 is
directed onto a suitably positioned retroreflector 108 and thereafter to the
25 beam splitter 106. The retroreflector 108 is aligned such that it provides a
fixed optical path length relative to the vertical (z) position of the sample.
The beamsplitter 106 has an energy absorbing coating and splits both
incident 86 and reference 104 beams to produce first and second
interferograms with a relative phase shift of ~ 90°. The two interferograms



split by the first 82 beamsplitter. As described
previously, the first conponent 84 is directed to the
waledobaeuson detector 90, 28, 92 and the secondPCT/GB2009/050637
conmponent 86 to the interferoneter 88. Inside the
interferoneter, the bean186'ggsyﬂhas been refl ected
fromthe cantilever 18b is spFrt by a beamsplitter
106. The reference beam 104 is directed onto a
suitably positioned retroreflector 108 and thereafter
t o atdndeteetad sgsipettieely A06rst TH2 anett semoetl] telet pirotdO&tectors.
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tangent of the signals,
permits an improvement in the accuracy to the nanometre scale or less.

Interferometric methods of extracting the path difference between two
20 coherent beams are well known in the art and so will not be described in

any further detail.

In the embodiment described above, the reference beam is arranged to
have a fixed optical path length relative to the z position of the sample. It
could accordingly be reflected from the surface of the stage on which the
25 sample is mounted or from a retroreflector whose position is linked to that
of the stage, as described above. Alternatively, the relationship between
reflector and sample z position does not have to be fixed. In such an
embodiment the reference beam may be reflected from a fixed point, the



permts an inprovenent in the accuracy to the

nanonetre scale or less. Interferonethc nethods of
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beans are well known in the art and so will not be

described in any further det aéja In the enbodi nent

descri bed above, the referenc8°beamis arranged to

have a fixed optical path length relative to the z

position of the sanple. It could accordingly be
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It is clear that the above-described AFM is capable of operating in the
20 second scanning speed regime. The height information extracted by the
detection system represents the true height of the probe and hence of
sample surface topography. This is independent of the position of the base
of the probe relative to the tip i.e. of the deflection. Accordingly, although
the deflection is permitted to vary about its average value during the course
25 of a scan, this is separate to the height measurement by interferometry.

When moving to the third scanning speed regime however, an additional
step must be included when preparing the AFM of this invention for
operation. It has already been shown with reference to Figure 2 that if
transient motion is excited in the cantilever then this is manifest as a



above referenced US 5 144 150. It is clear that the
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at a shallower angle in situation (b). Conversely, if the beam is aligned to
position C, the measured change C2 — C1 is less than the true step height.
A true measure of step height can only be obtained if the laser beam is
accurately aligned to position B: above the closest point of contact
between tip 20 and sample 14. That is, it is important to align the

interferometer accurately with the probe geometry.

Both the true height issue and that of the effect of transients can be
addressed by the same methods, as they are essentially overcome by
positioning the incident beam directly above the point of the tip. Itis to be
noted that the true height issue applies to both the second and third
scanning speed regimes; it arises as a consequence of permitting the tilt /
deflection of the cantilever to vary as interferometric height information is



position A, to the right of the probe tip 20, then it

is clear that the neasured height change A2 - A1l is
w@ematiensd han the step height, as the defl ectiPCr/GB2@b/050637

a shallower angle in situati on (b). Conversely, if the

beamis aligned to position t he neasured change C2

- Clis less than the true s?gp hei ght. A true
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a periodic variation in this output signal is
are minimised in the height detection signal.

20 In the embodiment of Figure 7, the driver 124 is shown connected to the
height detection system 88 and accordingly is operable to move the
alignment of the light, as indicated by arrows 126, incident on the back 18b
of the cantilever such that the detection point is shifted. Alternatively, the
driver or drivers 124 are connected to the probe itself, and arranged to

25 move the probe laterally under direction from the control system 122 and
so to shift the detection point in this manner. That is, the detection point is
adjusted either by moving the probe or the alignment of light incident on the

probe.

Oscillations of the cantilever 18, and hence the rocking of its back 18b, are



observed as the cantilever oscillates, then the
control system 122 sends a signal to one or nore
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bl Tk S ede T meted Has e edyAhtus of i dRRaGostRrof
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hei ght may be adj usted riety of mechanisns
one advant ageous techni que is to vary t he feedback set

po%%rthgpbﬁer‘f‘fﬁ ile FA5S @sélg‘ée\fﬁé fl?%@ hé@zﬁ’fﬁﬂ@x’ércﬂ(} QRE&‘@H”

base o e cantl er and e to

untetticahdistesnges &ir gxamyle by scanning a sample with a known height
variation such as a standard step sample. The position of the detection
point on the back 18b of the cantilever is then adjusted until the height

detection signal indicates the correct displacement or height variation.

It is generally preferred to locate the position of the back 18b of the
cantilever directly above the point 20a of the tip empirically, rather than
geometrically from the probe itself. This is because there is always some
uncertainty in tip position using current probe fabrication methods. Of
course, once tip position for a particular probe has been located by an
empirical technique, such as those described above, it is possible to record
it and so avoid the need for repeated empirical determinations for

subsequent uses of the same probe.



val ue is achieved. This nethod has the advantage of
all owi ng control of the maxi mum and m ni num force
wappbiledsbet ween sanple and tip. A further alteernaBRAe/050637

is to displace the tip of the cantilever by a known
vertical distance, for exanpli by scanning a sanple

with a known hei ght variation Quch as a standard step
sanpl e. The position of the detection point on the

back 18b of the cantilever is then adjusted until the
heilyig fed@ire af ithmirs/iegtiam ig paliticalaey suited touse atith resonant

| acenment or ht vari ati

di |
. R TEE T aRseRss St B Actd Sfsesioectl VGO Rlndag4s i
t Qi@ Ibﬁgteénéjbérﬁﬁbhénta&‘%é rhd\er §é‘érms @é?ﬁe@'bu? Iﬁ)léllypby

enpirically, rather than geonetrically fromthe probe
| t Qecﬁlatlnlghthe probbdon eswiviatently, semplevand stageg at resonance.

STieh A ftstrind hofed SRbRE B BELC baRsisBE REfign ¢'gpe
a @anﬁeceﬂ AhidH eBaldGssdues thé m@g@dolmct@mbymbr bRaletection

t echni que, such as those described above,

poS¥$BMS.-to record it and so avoid the need for
repeated enpirical determ nations for subsequent uses
of the same probe. This feature of the invention is
particularly suited to use with resonant scanning

m croscopes such as those described in WO 2004/ 005844
in which at | east one conponent of the raster scan is
carried out rapidly by oscillating the probe (or,

equi valently, sanple and stage) at resonance. Such a
scanning speed is highly likely to excite transient
noti on of the cantilever, which would obscure the

i mage col l ected by prior art detection systens. CLAl M5
1. A detection systemfor use with a scanni ng probe
m croscope, the systemconprising a |light source for
generating a beamto illunm nate a probe conprising a
cantil ever with base and free ends, the free end
supporting a sharp tip, collecting neans for
collecting light reflected fromthe probe wherein the
beam il |l um nates an upper surface of the probe in the
vicinity of its tip, and the reflected |ight conprises
two



conponents: a first conmponent from which an indication
of the deflection of the upper surface of the probe is
w@bioaiteme and a second conponent for transn sSPONGBR008/050637
hei ght detection systemarranged to extract fromthis
conponent information rel atipg to the position of the
upper surface of the probe re aﬂ ve to a reference
point. 2 . A detection systemaccording to claiml
wherei n the hei ght detection system conprises an
interferoneter arranged to detect the path difference
be t he second conponent of reflected light and a
he%eference beam 3 . A detection system
according to claim2 wherein the interferoneter

qudar A as Bt SPseigP RE vt 4 oty brdls, MG BSeope. e
accor distgnt corapasing3 Ngreseurce foe geystatimgi nbéardes illuminate a

fringe counting apparatus arranged to produce an

out puPRR&ERMABHEING @ GAMHIAMSE Wity 0359 Al egands: e faee end
each | : ' - j

to el STSEERLEAD b, cofbdPhhbafivortel ERL Rl fefibrec
i ncl utrem fhrai probeswtiatein tthiertpaap plndhaes dh upgerdetraceiaithe

the! e P JhinRuet s, T 2 heupieRsd 6R Somat s o
| nt er CeRPBHBAE: | SfikPeBAMBhERE REMWARHRIMBEICERbA bF tH

coating. 7 . A detection systemaccording to any one
of cl deflectpnt of tbewppeesurfaceof ihesproberipobi@ined andilassecond

transmited to the interferoneter he.interferaoneter
bei ng CPUEHERC e FERg B e R B feliioR sk franged to
di ff eeraét RsrhWeistohioridnt fifofeamamRIMatiref tof kI RktRe of the
light and a deflection reference beam whi ch propagates

al onguRReLPIface ofdaeprope selativeta & referends prigt-by a
position on the cantilever renote fromits free end,
thereby providing information as to the defl ection of

t hd. c &deteetin system according to claim 1 wherein the height detection

system comprises an interferometer arranged to detect the path
difference between the second component of reflected light and a
height reference beam.

3. A detection system according to claim 2 wherein the interferometer
includes a means for generating a pair of phase quadrature

interferograms.

4. A detection system according to claim 3 wherein the system includes
fringe counting apparatus arranged to produce an output dependent on

a number of fringes detected at each interferogram.

5. A detection system according to claim 4 wherein the fringe counting
apparatus includes fringe subdividing apparatus.

6. A detection system according to any one of claims 3 to 5 wherein the

means for generating a pair of phase quadrature interferograms is a



8 . A detection systemaccording to claim7 wherein

the position on the cantilever renote fromits free
we@emoilg74sthe cantil ever base end. 9 . A det ect i POT/EB0RNT0637

according to any preceding claimwherein the first

conponent is transmitted to a 2ej|ection detector, the

defl ecti on detector being arré ged to provide the

i ndi cation of the deflection of the upper surface of

the probe. 10 . A detection systemaccording to claim

9 whebeamsphiterdeith phasesplitihgcbating.s a second

interferoneter, the second interferoneter being

arranged to detect an optical path difference between

t h@. f irgdtectiorpsystet adcoreihy o taeg dniegiftclaing 2ito 6 wherein the

defl ection reference beam whi ch propagates al ong an
optic rSt!EfoIPQNF?BE@ @ﬁé‘h @ﬁsqrgttqﬂgiq t&?@d”%ﬂeéof’ﬁetﬁrt' n on
the cafbibRwestef S%ggyﬁﬁé’tﬂér‘ré s%d ﬁﬁd&%@’ﬁn $6tica‘}‘tpﬁéh

detection system ac ing to aim1l erein

posi t doferemcea betwesmnt thedivelrcanepartant fof oefledied figlidearehal i s
the cantilever base end. 12 . A detection syste

acoor SPMERS TefetEnre SRR} BRieh e ur s T oPUEe ath
is a wbldsk Iehsthesiefse®bl anpegticiien thddantli&eerfreffdte from its
conponent of reflected |ight is incident on two parts
of t h&regiange therehy pev\ddingenformetien ag ta e deaieationsf tag
angl ecgétilg{'/%ent ation of the upper surface of the

pr obe. A detection system according to any
preceding claim the systemincluding a beansplitter
arranged .to.separate the reflected, |l ight into the

1 Pt A Quat R Strasshening to By whEdtie 18 Beylfa an the
accor ghftlleVér @MotBFRME s MbeCdritl 1 thB eBAtilRvENBasy BheE.
conprises a tip nounted near the free end of the

cantilever, the cantilever being supported at its base

eng, mie_tée@drs's%syté@ﬁaee&na@hgwahgfp@e@édiﬁ@ela%%rbnﬁme first

is illumnated > beanTis above the tip. 15 . A
det eccomWosgst iSritansouited itrgatdeflaﬁyorpdete@mrngwa:d@‘leﬂtlon

et B QAR ALY B A LMRE 8l et or e

m cr osppeesiirtdce dfBkeRgoBe sanpl e in accordance with

10. A detection system according to claim 9 wherein the deflection detector
is a second interferometer, the second interferometer being arranged to
detect an optical path difference between the first component of
reflected light and a deflection reference beam which propagates along
an optical path whose length is defined by a position on the cantilever

remote from its free end..

11. A detection system according to claim 10 wherein the position on the

cantilever remote from its free end is the cantilever base end.

12. A detection system according to claim 9 wherein the deflection detector
is a split photodiode oriented such that the first component of reflected
light is incident on two parts of the diode with relative intensity
determined by an angle of orientation of the upper surface of the probe.



an interaction between the sanple and a probe, the

m croscope conprising driving neans arranged to
w@e@vildaso el ati ve notion between the probe andPtieB2009/050637

sanpl e surface and a probe detection systemin

accordance wi th any one of clglérﬁrys l1tol5. 17 . A

scanni ng probe m croscope in cordance with claim 16

wherein the driving nmeans conpri ses an Xy scanner

arranged to provide relative notion between the probe

and3t Aedestam}idresmerfrmr&oirding tplbag@recdin@uotdiral the system

Itogf S'r %‘%h@- rbﬁﬁ’@%gﬂtrtgf %l&rﬁfnagl aggp%r@fq g}? reflected’ I|gh£iJ mqo the

per pengit GhbaecbAdidotporEpte surface. 18 . A scanning
probe m croscope in accordance with claim 17 wherein

the indication of the deflection of the upper surface

of 1&“@1 @%r?@;‘ré H\eé’cbcforr 46N p?@@ecﬁ %%%ﬁr‘n%e%ﬁﬂ%@probe

is inc ed I'n yste I ncorporating the z
dri vecomphises IartI[ZI meuntedy ma&rrthﬁrwemg‘éim\etaamla/er rthehe

e Eha0Ry uhS BB F BESH B EnBlulbinhEootP
accor dagfs€e Vf tHe slobBethdBis Wishifbied hethe s es ab6\¢é Htesp.

a base driver that is arranged to nove the base of
t heprobe. 20. A scanning probe m croscope in

acqgr dadrciidri SystbRi 4echbding a6 %'ny ﬂr@@ecﬁn@' ElaYr%rwﬁér%% the probe
i ncludes an actuator that i's integral with the probe,

t he agtdixtes amacthigtardbatibloperablado enaveeits tlrp of the

probe and which is capable of a faster response than

the base driver. 2 1. A scanning probe m croscope in
acdb6r dsstamning prod:)learhicrds&;opeg'oo'rrn@g}ngmaerafhpietiﬁnaccordance with

f eedback s ste m,o eratgs on a t| E 3ﬁr t han

t hat ?HR'&tﬁ ¢eq %%ﬁ@?‘pﬂ%a eorP & tg‘fa ErROREen

i rmgecampﬂlsm d?ranng\n%éﬁgmr%gwqeq)rmnaé%réﬂp@ motion between
according to any one of clains 18 to 2 1 wherein the

Xy sciimpio iheesarapleswibiage endza peolgedetectios gysteat is
el t el L RaRES BiiinUn P bPcBIS 138RBOT ¢ At or near ts

reson

17. A scanning probe microscope in accordance with claim 16 wherein the
driving means comprises an xy scanner arranged to provide relative
motion between the probe and the sample surface in a plane
substantially parallel to the sample surface and a z driver arranged to
provide relative motion in a direction perpendicular to the sample
surface.

18. A scanning probe microscope in accordance with claim 17 wherein the
indication of the deflection of the upper surface of the probe obtained
from the probe detection system is included in a feedback system
incorporating the z driver, wherein the z driver is arranged to return the

indication of the angle of orientation of the probe to a set level.

19. A scanning probe microscope in accordance with claim 18 wherein the
z driver includes a base driver that is arranged to move the base of the



frequency. 23. A scanning probe mcroscope for inaging

a sanple in accordance with an interaction between the
wa200pl1e746nd a probe, the m croscope conpri si ngPAr/GBRIVY/050637

means arranged to provide relative notion between the

probe and the sanple surfaceyizqua probe detection

system arranged to provide an’'rndication of a position

of the probe relative to a reference point in a

direction substantially perpendicular to the sanple

sur f apmbesherei n the probe conprises a cantilever with

base and free ends, the free end supporting a sharp

tip; the driving neans conprises an Xy scanner

ar genﬁmtarming prvjbé?fniroed)s_ﬁdp\eein :rmtbmiangetwmeaﬂ' | a}n:negpmérein the

and the sanp| e surface in a ne. substantja

o al Pl e PlsRdnuigs 8nctsteabe AT HonEENuK e Piahende

at |egg a%%éiﬁi%?@%l{le 8 hRBAAe i T3¢ phoiead Wik is

t he probe or sanplie plus support at or nhear its

r esonaapalleedacinsier respbrsezthdnitive base damged t o provi de

relative notion in the direction substantially

per pendi cul ar to the sanple surface; andthe probe

dePdci smansyrg} probeaniorosepedn lacgbtdasncevatn ¢laim 18, 19 or 20

[ b to ill inate th b Il ecti
e ans WSTEIB AN EeadaaskISyaIA™ PRPTalEs 08 FiBRsedls Itdsahan that
uher Cidkefify IRALY sddrivel RhRedfie {hO8E bEHIAAE e bhELs.

probe In the vicinity of 1ts tip, and a hei ght
detection systemarranged to extract fromli ght

t £ iaf y '
podlt orc s RIbICHE ARGl RicBRiipgRo oy B ddirse® o 21
a ref aihengin theixptscadder gompiisesse ogsonataoardamyed © adcllate
23 wherein th i ght detecti t i ncl.ud

ot er BLFBHEETObS L ABBIR BlsUEPDT A SR oe P er g

bet wegaqlib8dy. reflected fromthe probe and a height
reference beam 25. A nethod of detecting |ight
reflected froman upper surface of a

23. A scanning probe microscope for imaging a sample in accordance with
an interaction between the sample and a probe, the microscope
comprising driving means arranged to provide relative motion between
the probe and the sample surface and a probe detection system
arranged to provide an indication of a position of the probe relative to a
reference point in a direction substantially perpendicular to the sample
surface, wherein

the probe comprises a cantilever with base and free ends, the free
end supporting a sharp tip;

the driving means comprises an xy scanner arranged to provide
relative motion between the probe and the sample surface in a plane
substantially parallel to the sample surface, the scanner including at
least one resonator arranged to oscillate either the probe or sample
plus support at or near its resonant frequency, and a z driver arranged
to provide relative motion in the direction substantially perpendicular to
the sample surface; and



scanni ng probe, the nethod including the step of

directing a light beamon the upper surface at a point
wa@looeasl4y0o above a probe tip, collecting |ight pef/iBeiedsos37

fromthe upper surface and directing it to a height

detector arranged to form an |§age i ndi cative of the

hei ght of the probe tip above reference level. 26. A

nmet hod according to claim25 wherein the nmethod is

preceded by a step of |ocating the point on the upper

surf acethmaltobeedeiécm systemoscenpriteespa bfiet ddupce Bf.gemerating a

met hogﬁaccor n the,s

ot Bra RulyBRaS uie Pigbes pplhtilotPates ot coading it

steps r&’fectécﬁ)roﬁ'l t'h%cﬂrbBS WHéB@ﬁw tAB IR AN AluHIRSEs B e surface
b) oscillating t probe about its tip so as to

changef theeprahglie thﬁ vncrmtywﬁptsrtlps anfl@clkeightyeteotion systam

th t put f th d h ' t he ..
bosi ¢ PhAtBed i EREaf IO lofF iRt frh, A 20T ipSation
the | r@hting fo thechaatiin ofthe Uer sBFa8é bRthesprepe réra)nvém@i a
(d) until variations apparent in the output of the

hei ghfefGEQrtf@tQﬂlnbs aresult of tilting the probe are

m ni msed. 28. A nmethod according to claim26 wherein
the probe conprises a cantilever held at its base end
and4s AppEreseapet arcordipg 40 claimndawherein thebeightidetegtion

peam BEtRAT LB Bes R REB e anded BRAGHEH o3 difrence
met ho@etwaan lyHigeflected &iom &k plobeeirtl 4 height epfetdnce beam.
| ocating the point on the upper surface includes the

steps of: (a) directing light onto the upper surface

of 26h@ watHod evedtedting I I\';%ﬂ'rémedt@@ frofs &n RibpkhSurface of a
cantil ever vertically | st maintaining the ti

in
f i xed SpAI¥NING Hroke the rrﬂQih@qahm@@dlﬂgéh@ﬁ@peofdilrectlng a |l9ht beam
ori enbﬂtthé’ pBIar mac,ceagtté bSW?rchrectly above a probe tip, collecting

light reflected from the upper surface and directing it to a height
detector arranged to form an image indicative of the height of the probe
tip above a reference level.

26. A method according to claim 25 wherein the method is preceded by a
step of locating the point on the upper surface that is directly above the
probe tip.

27. A method according to claim 26 wherein the step of locating the point
on the upper surface includes the steps of:

(a) directing light onto the upper surface;

(b) oscillating the probe about its tip so as to change the angle of the

upper surface;

(c) monitoring the output of the height detector;



(c) monitoring the output of the height detector; (d)

changing the position of the point on the upper
waewobacasat which the light is incident; and (BQT/GB2009/050637

repeating steps (c) and (d) until variations apparent

in the output of the height ggéqptor as a result of

nmovi ng the base of the probe e mnimsed. 30. A

nmet hod according to claim29 wherein a feedback signa

is obtained froman indication of probe orientation,

t he f éddbaakging dmabobiEion@f shecpoiasoh dhe apper surface at which the

adjustnePt aof .base hei ght such that the probe is

ret ur ned' 9/ 18 g e-"g:ef:”n%rientation and wherein the step

of noving thebase of the cantilever vertically is

ﬁgth Ihg e)Se%’céaéi%é_éité‘ﬁs H)]%ﬂﬁ]r(gésﬁaﬁle\f%&{q%g%ggpgg@ﬁd‘ﬂl the output of
locati ngtﬁé“@?iﬁgt &éte%fbr%‘%l‘%al S{E%?Jﬁrofftiﬁfrfgﬂl‘ﬁ% LFrBSé WHeFhikiRfsed.

steps of: ( I recting onto t"he upper surface,;
(b) displacing the probe tip by a known di stance; (c)

mjigt S&%B?}]&o‘“ﬁcé&!ﬂ iﬂg‘to %Iair‘n% \W/ﬁ'bﬂ{iﬁ t%@ﬁcfdeoédméﬁs}es a
changi ng € position of the point on e uppe
sur f acentlevevihelt 4t ite blaisglend and suppbetihg treentp @epr near its free

repeati steps (c). and_(d) unti he out put of th

el ghendetEctier Sotes a6 e iobethal augtiktes Piing feam
known b@lr@pét%"‘ﬂ’%rﬂtthe 8ntilbvémtddngccording to claim3

1 whereinn Step (b) conprises scanning the probe across

a sanple of known hei ght variation. 33. A nethod

acegr di o3 ' ; f ;
porat onelidh dectiding fo M e wheRa ViR s QEERAE Poin
di r ecbirige lupght sofdce inckidepdke stapsfaice; (b) scanning

the probe at a speed sufficient to excite transient

noti on thereof;

(a) directing light onto the upper surface of the cantilever

(b) moving the base of the cantilever vertically whilst maintaining the
tip in a fixed position so as to change the angle of orientation of the

cantilever;
(c) monitoring the output of the height detector;

(d) changing the position of the point on the upper surface at which the
light is incident; and

(e) repeating steps (c) and (d) until variations apparent in the output of
the height detector as a result of moving the base of the probe are

minimised.

30. A method according to claim 29 wherein a feedback signal is obtained
from an indication of probe orientation, the feedback signal being such
as to cause an adjustment of base height such that the probe is
returned to a pre-set orientation and wherein the step of moving the



(c) monitoring the output of the height detector; (d)

changing the position of the point on the upper
waeobaecasat which the [ight is incident; and(elCT/GB2009/050637

repeating steps (c) and (d) until variations apparent

in the output of the height d qutor as a result of

transient notion are mnimsed. 34. A nethod of

detecting light according to any one of clainms 25 to

33 wherein the probe is part of a scanning probe

m cr obaspef theatantiewervertidadly i$ behideee oy ivanyisg sheprestet

clains .1 t? 15 . 35. A nethod of collecting data using

a scaRAPAGUBPobe ni croscope, the method conprising the

steps of: (a) Moving a probe conprising a cantil ever

Wi t ase _and free ends, the free end supporting a ,

shé?p ﬁnsthqdrﬁqszoeq?'as 40 G1ahi 4R W{ie(}ﬁ“ﬂ &%S@Qrﬁﬂ'@c@%}gﬁﬁééomt

(b) dj [ |, b i r surface of the

probebgﬁﬁ%uggﬁﬂ?uﬁggipgly ag§3gﬁi e tip; and (c)

scanni ng the probe across the sanple surface whil st

col | egty | ys [ ected fromthe

upper%%Lp?%@ﬂﬁkﬁﬂ?ﬁ%ﬁ%Pg%%éééf%y¢§%%Ver bei ng operative

to drive the base of the probe vertically in response

e ! L of fi
compolZhe R o BB LA H b ARRRGE: O T
obtai ned an indication of the deflection of the upper

f . L; d t of
col 1 olPe i afnS EeBuERE ol PELA B uRERYE: Fer oot or
arranged to detect the path difference between this
£SO B8 e ARhoR S AER:BF 3R BReFRLAREEE Mon e
tip abovggi is Hcdemcand evel ; wherein the response to

the feedback signal is over a |longer tinescale than
that in which multiple imge pixels are coll ected.

(e) repeating steps (c) and (d) until the output of the height detector
corresponds to that expected for the known displacement.

32. A method according to claim 31 wherein Step (b) comprises scanning

the probe across a sample of known height variation.

33. A method according to claim 26 wherein the step of locating the point

on the upper surface includes the steps of:
(a) directing light onto the upper surface;

(b) scanning the probe at a speed sufficient to excite transient motion

thereof;
(c) monitoring the output of the height detector;

(d) changing the position of the point on the upper surface at which the

light is incident; and
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(e) repeating steps (c) and (d) until variations apparent in the output of

the height detector as a result of transient motion are minimised.

34. A method of detecting light according to any one of claims 25 to 33

wherein the probe is part of a scanning probe microscope that

incorporates the detection system of claims 1 to 15.

35. A method of collecting data using a scanning probe microscope, the

method comprising the steps of:

(@)

(b)

(c)

Moving a probe comprising a cantilever with base and free ends,
the free end supporting a sharp tip, into close proximity with a
sample surface;

directing a light beam on an upper surface of the probe at a point
directly above the tip; and

scanning the probe across the sample surface whilst collecting and
analysing light reflected from the upper surface of the probe, a z
driver being operative to drive the base of the probe vertically in
response to a feedback signal obtained by analysis of a first
component of the collected light, from which is obtained an
indication of the deflection of the upper surface of the probe and
wherein a second component of collected light is transmitted to an
interferometer arranged to detect the path difference between this
component and a height reference beam and arranged to form an
image indicative of the height of the probe tip above a reference
level; wherein the response to the feedback signal is over a longer
timescale than that in which multiple image pixels are collected.



