- 1 - PROBE DETECTI ON SYSTEM This invention relates to the field of probe
m croscopy and, in particular, to a detection systemused to nonitor the
position of a mcroscope probe in relation to a sanple surface. 5 The
princi pl e behind the scanni ng probe m croscope (SPM is to carry out a .
mechani cal scan over a sanple surface with a nanonetric probe tip in order
to produce an imge of the sanple. Features within the inmage result from
variations in an interaction between the t+p and the sanple. A particular
exanple of the SPMis the atom c force mcroscope (AFM in 10 which the
force interaction between the sanple and the sharp tip of a probe is

noni tored. The probe of a typical AFMincludes a very small cantil ever that

is fixed to a support at its ba;ﬁ%@%&%@ at its opposite (free)
end. When the probe tip is brou imty with the sanple, an
interaction force devel ops between sanple and tip. If the tip is in notion, -
15 for exanple i | ‘ |t i 1, aalel] IS notion
in sone way. If %lenlv%zﬁﬁpdnﬂ%iast%gﬁtb?tﬂg{qg&#ﬂg@gbe%\jﬁm{rrﬁfcomgbpg@g)'a}tﬁcg‘ i% relative
to the sanpl e sudétaction Hstemmgsed® monitwahepositiatain Midieswipegmopdinof t he

i nteraction bet nti nd, s | e surface will change as the
characteristi csr\é%ﬁo'f'ﬁ]%g§§w)§c§d%§§eath 20t he probe tip change. A three axis

hi gh-resol uti on scanner typically generates relative notion between the

sanpl e and the HOhe L .b(\;(litaiﬂg e é&%ﬁ{n{gﬂg?ﬁ%?lﬁgérgs%@. (ISPR/Q i?footpa‘?pﬁélﬁﬁort . The

effect of the interaction force on e osition and / or’ notion of
the probe tip irsechomicabsean eieriargpmiie sedaneswitipd nehemsttigprobentigirandar d AFM

operation, the i L,an £ Sy - S . That
is, its effect %ﬁélﬁﬁ%trg?oeeérr@%gsdgﬁée air)1|§' geg {éjg(g%g@r&'n%s%@%%o%gglgt es to
adj ust the sepdram vearat@nstiinen saemictorabeiwiehs tiate aod thehsangrlebe i n response

to any change so as to - 2 -

A particular-example of the SPM is the atomic force microscope (AFM) in
10  which the force interaction between the sample and the sharp tip of a probe
is monitored. The probe of a typical AFM includes a very small cantilever
that is fixed to a support at its base and with the tip at its opposite (free)
end. When the probe tip is brought into close proximity with the sample, an
interaction force develops between sample and tip. If the tip is in motion,
15  for example oscillating, the interaction force will modify this motion in some
way. If the tip is static, the force will displace the tip relative to the sample

surface.

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 s, 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



return the observed paraneter to a predeterm ned value, the set point. Data
associated with this adjustnent (conventionally, vertical or "z" novenent)
is collected and may be used to construct an inmage of the sanple across a
region of its surface. 5 As indicated above, the adjustnents nmade to the
base - sanple separation are conventionally taken to be in the vertical or
_z direction, the sanple surface being scanned in the x, y plane. This
convention will be followed herein althodgh it is to be borne in mnd that
the m croscope may be arranged such that the sanple is not oriented on a
hori zontal surface and 10so the feedback adjustnent is not in-a vertical

direction. Thatretgn tHdGodePVdt pataietet b a prédét@mlﬂﬁewéiaé sthe@et psinfreani ng
si nply perpendicular to the plane of the sanpl e, or eqU|vaIentIy,

per pendi cul ar tleteRssotiated With tisiaciistrentdsapiestisnpa¥etical Acanned.

Conventional Iy hbigmds) deohienad @ﬁldmh@/t;eaheroe@tdoﬂ@wu@%nnm@?@@t% by the
cartesi an axes shown |n Figure 1. 15°The interpretation of the inage formed

by the AFM wi | |sagiqieAEross agegien&kiteferfane.t he nature of the surface under
i nvestigation. Surface topogr aphy generally makes the nost significant
contribution to the imge, the height of the saggle bei n Ioselé f ol | owed
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is set to neaswaengléeudadd |e(starm1recbfcmment1amllyltlemes dedigriated ensi ti ve
detector such a ag opti. c& { g\ée h ?{ r1_;tem or Qther d.ﬁf euctl on detector as is
wel | known in tFECHR: spRgicaled oy ine Frtesiary )&gnﬁé))‘f@ qEPd-to the tilt of
an upper surface of the probe, whi ch is generally used to provide an
I ndi cation 1%f Cﬁ{gih{e?b’l%{atgﬁ%q the image formed by the AFM will depend to some

extent on the nature of the surface under investigation. Surface

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



10Al ternatively, the probe may be oscillated vertically at or near one of
its resonant frequencies. Variations in the sanple - probe interaction

af fect the notion of the probe. In particular, the anplitude, phase and
resonant frequency of these oscillations may be nonitored and probe -
sanpl e separation adjusted in order to maintain constant average
interaction. 15 Regardless of their node of operation, ARV's can be used to
obtain imges on an atonm c scale of a wde-variety of sanples in a range of
environments (air, liquid or vacuun). Typically, they enploy piezoelectric
actuators, optical lever deflection detectors and very small cantilevers

produced usi ng pghl 'o?@@ﬂé&@h'o‘?ﬁ{é (%htlte@@hnAQHﬁeSmteTQ@cldn fBicabeteeed i i on and
versatility has |ed 20to their |nd|nglF plication in diverse fields such
e
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cantile
ver and. td gahon%?tcra]ﬁtrllever en%ferred to as the probe.

10  Alternatively, the probe may be oscillated vertically at or near one of its
resonant frequencies. Variations in the sample — probe interaction affect
the motion of the probe. In particular, the amplitude, phase and resonant
frequency of these oscillations may be monitored and probe — sample

separation adjusted in order to maintain constant average interaction.

15  Regardless of their mode of operation, AFMs can be used to obtain images
on an atomic scale of a wide variety of samples in a range of environments
(air, liquid or vacuum). 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



Figure 1 illustrates the basic conponents of a conventional AFM 10. This
prior art AFM 10 conpri ses a noveable stage 12 on which a sanple 14 to 5 be
i nvestigated by a probe 16 is nounted. The probe 16 conprises a cantil ever
beam 18 and a tip 20, which tapers to a fine point 20a, and which is

| ocated towards one end of the cantil ever beam 18. The other end of the
cantilever beam 18 is fixed to a nount 22. A z-positioning system 24,
conprising piezoelectric drivers that aretoperable to nove the stage 12 10
towards and away (z-direction) fromthe probe 16 is connected to the stage
12. Further drivers (not shown) are connected to either the nmount 22, the

stage 12 or botdhsadih artﬁeaﬁférraéﬂ:hadtbg tR& ﬁﬂéregcdp%la?épavaumrh@aamémen the
sanpl e 14 and probe 16 in the plane e sanple. A light source 26

i s arranged to @ tp tegpdgrare weread ‘iosasd%?@é@@i onto an upper surface
15(back) 18b of the cantil ever beam 18 at the position at which the tip 20

is nmounted. Li reflected fromthe back 18b_ of the ca f opagat es
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as follows. sample 14 and probe 16 in the plane (x,y) of the sample. A light source 26

is arranged to emit a beam L which is directed onto an upper surface

15 (back) 18b of the cantilever beam 18 at the position at which the tip 20 is

mounted. Light reflected from the back 18b of the cantilever propagates to

a position sensitive detector (PSD), typically a split photodiode 28, and a

feedback signal is generated. The output of detector 28 is connected via a

feedback controller 30 to the z-positioning system 24.

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



Using the z-positioning system 24, the tip 20 is first noved towards the
5sanple 14 until the cantilever 18 deflects to a predetermned |level. This
predet erm ned degree of cantilever 18 deflection, for exanple that
indicated in Figure 1 by probe outline Pl, is the set point for the

f eedback controller 30. The deflection of the cantilever 18 is nonitored
using the |ight beam L and 10the detector 28. The detector 28 is split
across its length into independent deteetr areas A and B. The out put
signal fromthe detector is the difference between the intensity of |ight
illumnating area Ato that illumnating area B. The intensity difference

out put from t he, deligelgrolheg ﬁfrprlﬁ LREOERE hti20dizt 8ld &y &fths apbD! ever
defl ection. The detector 28 is i5positioned such that when the cantil ever

18 is bent to posriented tepyards e sapPigoi nt), |ight beam L incident on the
back 18b of the cantilever, is reflected along path D1 and is incident
substantially equally on areas A and

I A d
I B represent  t HB @kREARIT§ILET e FRIAIS, Itfﬂﬁrpﬁ%ftqrh@}:@r@a%oe/&atgﬁé’s%\%“’% o

respectively. Thgn@¥rCI-p¥S |élﬁn?‘§yété¥n'24| eCRN2OR R HEVRodarisAAE hi s val ue
is used to identify the deflection set point position. The tip_20 is now

scanned acr &ss S@HM%Gf’fﬂiﬁébthéfcaf‘HSV%rzﬂrﬁpfﬂ%ﬂe@@ to@RIGAIGMipes JﬁMehgTrEiS raster
pattern. Wen y?gdétbaﬂggﬂ%@g%‘érﬁf%ﬁtn@v&afgd&’fecﬁ&? fér%iaﬁ%e Wat h increased

hei ght, the ti aces the surface, is forced further upwards.
This, in turn, iediogies in friguse diby prebe eutiing Péaisdhe et Haintierghe fegdbpel
25exarrp| e, pOS|CtO|n P“g%o Wth the probe 16 in this position, the angle of
inci dence between I'ight beam L and the surface defined by the back 18b of
the cantilever is varied. Light beamL is accordingl y reflected along a

different path g @é’f@chéw 6%@%%@@% idedniteRsuditg the IRt BéAA LAaref the
detector than area B. That is, the intensity difference 1A - |B between
| i ght 10 the detector 28 The detector 28 is split across its length into independent

detector areas A and B. The output signal from the detector is the

difference between the intensity of light illuminating area A to that

-illuminating area B. The intensity difference output from the detector

therefore provides an indication of cantilever deflection. The detector 28 is

15  positioned such that when the cantilever 18 is bent to position P1 (the set

point), light beam L incident on the back 18b of the cantilever, is reflected

along path D1 and is incident substantially equally on areas A and B. That

is Ia - I ~ 0, where laand Ig represent the intensity of light illuminating

areas A and B respectively. The exact value of Ix — Iz can be adjusted and-

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 ié 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 Ia — I between light



incident on the two parts of 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 the cantilever and,
inmportantly, an indication as to how far it has been deflected fromits set
5point. The feedback controller 30 is set to adjust the vertical position
of the probe nount 22 to nove it away fromthe sanple 14 and so to return
the deflection signal received fromthe~detector 28 to its set point (IA -
IB- 0 in the exanple given). The probe 20 is accordingly maintained in the
orientation shown as P1. 10 Conversely, when the tip 20 encounters a part

of the surface .Ht.asntdﬁpﬂheqws%ahgbgme détéh@or@@ﬁa@éhéﬂg@d(%m itd Sredloubeam 18
that results fromits set-p0| nt bend |n§(;3 pushes the tip 20 downwards. The
e

probe 16 will t(setRraiah ¥algdliceanitherefare @@eaﬁwté@%mluaﬁf BeiigpaE on such as
that indicat ed@%@% E\’&vﬁhetshdnsmgﬁél?m th@aeﬂééﬂ@n%@meecamnew@r%r%ence bet ween

of light beam back 18 e cantilever 1s such that the beamL
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adj usts the vertical posi e probe nou war ds the
sanpl e 14 and spobe mminhRAitcmioke itdefdydsint tre sargpiall4andisodo setturmibient . The

probe 20 is ac a

this way, the fcgeégﬁpcgkg'gggtrgégﬁhegosg%ggél%g?? 5%1%%%%@9& &RP\M]? h% Eef | ection
of the probe 1Ghea@sateteagivén)ed heyprotee2@isgdceoafindly htairdinetié thack 18b of the
cantil ever above.t p% tiﬁﬁg}, S 4 d substantially constant during the course
of a scan. Thi LTENGIAPFONLAES t hat the interaction force between 25probe
tip 20 and the sanple 14 , Which serves to attract or repel the tip to or

from the Suq aoConledrdl hdehd B RBEARI Y SRR RN S vihe scar

progresses, the vert| posi Ke "2 posi tioning
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therefore reduce its flexion and adopt an orlentatlon such as that indicated
by PO. With this orientation, the angle of incidence between of light beam L

15 on the back 18b of the cantilever is such that the beam L is reflected along
path DO. Area B of the detector is accordingly illuminated more fully than
area A. The feedback controller 30 again adjusts the vertical position of the
probe mount 22 to move it towards the sample 14 and so to maintain the
deflection signal at its set point. The probe 20 is accordingly maintained in

20 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
25 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

30 during the course of a scan are used to construct the image.



- 7 - Recent advances in probe mcroscopy have led to nuch faster scanning
techniques with nore rapid data collection tinmes. Wth this new generation
of m croscope, such as that described in PCT patent applications WO

02/ 063368 and WD 20041005844, it is however becom ng increasingly 5
apparent that constraints inposed by the AFM conponents thenselves are
limting imge collection times. Wth reference to the capabilities of the
prior art AFM descri bed above, as the sednning speed is increased, three

di stinct regi nes of AFM operation can be identified. 10ln the prior art AFM
descri bed above, the tip 20 is noved continuously across the sanple surface

to cover a set mét!@heéd@a‘nc@swbr%b@%c@@éw%av@a@@ td Ruen fabedrlseahhing i s
nonitored and the feedback system nmakes continual adjustments to the

vertical separ deFynauss Witbmereo@pithdeta gpfpddion Aimes. (W@fép“‘st BEWEPRREIAN t he
probe 16 at 'tSofPﬁlgl%%oﬂée%gcr%bﬁﬂatt@[ek&ﬂbemn PBTepa]téﬁ ficaMohl whi ch a change

in deflection can be detected and then vertical separ atl on adjusted in

response essentWél (D%/O@@t@ aﬂﬂewﬁbw/wm hip RQyevgr beeanning dicrearngly r st
(sl ovest) r : r?t tﬂ{aq%nétﬁ%r&t‘? J‘ﬁgéééoeo PEHAR LR oﬁé’nt? R&i&d, the

probe - sanp e eraction s e cornstant acro pi xe% positions.
That is, the priobéng insegeptodestapdimagd.on must be adj usted by 20 the feedback
system over a tinescale shorter than that taken by the probe to collect

i mge data corresponding to a single pixel position. That is, before the
raster scan mow¥h referepeeietherapa @W?%@fxt@? ppesat AGM dessribed aBever@Sng speed

I's increased houe\eindiliPspidd €M EEsed, BFELBRtinct regimes of AFM operation

can be identified.

10  In the prior art AFM described above, the tip 20 is moved continuously
across the sample surface to cover a set number of pixels per second.
Cantilever deflection is monitored and the feedback system makes
continual adjustments to the vertical separation of probe 20 and sample 14
in order to maintain the probe 16 at its preset bend orientation P1. The

15  speed with which a change in deflection can be detected and then vertical
separation adjusted in response essentially sets the upper scanning speed
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

20 the feedback system over a timescale shorter than that taken by the probe
to collect image data corresponding to a single pixel position. That s,

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

25 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,



regime in which the feedback system has insufficient time to return the
25probe to its set deflection within a single pixel area. The feedback
systemw || accordingly |lag behind the data coll ection system and hei ght
information (obtained fromthe vertical adjustnment) will not reflect the
true height of the probe tip (and hence sanple height) at the pixel
position. The pixel rate nust be reduced either by increasing the size of
each pixel, - 8 - which reduces inage #&seolution, or by slow ng the scan
with a consequent increase in data collection time. In order to reduce the
effect of this limtation, current research is being concentrated on

I mproving the %ﬁg&irst cé@ﬁn{i&r@?@lﬁﬁoﬁﬁ%@@oﬁn thd %an5ﬁ/ftifx%cddn\é8bl)’erﬁ><t endi ng

the range of the regi roach nmekes use of two actuators to
provi de novenerifcredsa lméjaé@ﬁ@llelcé%?mﬁn the z direction. A first actuator
drives the probe assenbly, with consequent limted feedback response. A
second actuator is however provided that is |nte r al vmtg% robe and ‘so
can be oper at ed"NCHQ 2GR Y] RIS 0HHES limtiatiRe Cyr: %fée%qar {fg?ﬁé'ﬁ)ﬂ provi ded

by this Second%o\’]c?\%é{@(ﬁ 8h uhéro%l?ﬁﬁ'th@‘spéé@@fth@@éeo@fa@ws dmb¥tnaths, first but,
as it is used to affect onl probe, its response ime is faster. In

this way, a® i rﬁf&epa\relxa@ada@(ﬂlnﬁme !te@gﬁoﬁth@efirgmegm Q@e@ﬁa@a\(?hm‘wé f ast
actuator with g3l QWes ac u@f&@foh&‘al/ﬂdétn%nérmo'f%%tlleﬂeﬂfﬁ%é(}urSe This use

of nested feedback systens i nt egral secondar% 15act uat or has however
met with |im t etiresiior el dirst paivatarsiriee thel propaessernlyt Wieh eeseosant y

the hel ght of I eE Bo KRGO R & Tpn stk e nalR e B e T or
ot her sanpl e chategct wnthsmé plobezmdato dae tzecoparated| tg noviegntethe probe.
10  The range of movement provided by this secondary actuator is smaller than
that provided by the first but, as it is used to affect only the probe, its
response time is faster. In this way, an initial adjustment to tip height may
be made via the fast actuator with a slower, larger adjustment following in
due course. This use of nested feedback systems with integral secondary
15  actuator has however met with limited success. This is due, in part, to the
difficulty interpreting the response of the feedback systems.and thus in
determining the height of the tip. Without this information, surface

topography (or other sample characteristic) cannot be accurately inferred.

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



An alternative approach is to operate the AFMin a node permtting sone
20variation in the deflection of the cantilever. In this node cantil ever
defl ection is neasured and data associated with this deflection is

coll ected and used to construct the imge. Operating in this node therefore
necessitates inproved neasurenent techniques in order to extract useful
information fromthe probe deflection. As will be explained in nore detai
25 below, the prior art detection systemSas shown in Figure | can be
adapted to operate in this node but such adaptation may result in a | oss of
metrol ogy i nformation, which, for many applications, is not satisfactory.
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i ndi cation of the height of the sanple.
Turning now back to the prior art system shown in Figure 1, it is clear that
as the probe tip 20 traces the surface of the sample 14, its vertical position
at each point in the scan line provides a direct indication of the topography
15  of the sample 14. Strictly therefore, measurement of the height of the point
20a of the tip above a reference level, for example the surface of the stage

12, would give a true indication of the height of the sample.

In the first scanning speed regime, the prior art system of Figure 1 simply
monitors the difference between the light intensity incident on area A and
20 thatincident 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

25  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



In the first scanning speed regine, the prior art systemof Figure 1 sinply
nonitors the difference between the light intensity incident on area A and
20 that incident on area B. No specific neasurenent of deflection is made;
the prior art AFMis a nulling systemin that it is only required to hold
the deflection constant. Probe height information is obtained fromthe
drivers that operate the feedback systemto ensure constant deflection. In
novi ng now to the second scanni ng speed~r@gine; it is clear that the
25prior art systemcould be used to neasure the difference between the
light intensity ihcident on area A and that incident on area B. That is,
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that information rel atlng the - 10 - height of the probe above a reference
point, for exanple the stage surface, can be extracted fromthe neasured
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scan. deflection is measured is a position on the back 18b of the cantilever beam

and not the position of the point 20a of the tip. These two points are

15  separated by an amount equal to the perpendicular height of the tip 20.
For small deflections, this can be assumed constant during the course of a

scan.

Regardless of these approximations, the measurement of the height of the
tip 20 via its deflection has a prejudice in its support in that it is relatively
20 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.

25 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



Regar dl ess of these approximtions, the neasurenent of the height of the
tip 20 via its deflection has a prejudice in its support in that it is
relatively 20straightforward to inplenent. In the first scanning regine it
is not necessary to quantify variation of the probe deflection; it is held
constant in a nulling system Even in the second scanning regine,-scanning
probe m croscope operation has, to date, been under conditions for which

t he above assunptions are valid. 25 Despilte the apparently universal
reliance on probe height neasurenent via its deflection, exanples of direct
hei ght neasurenent are described in US 5,144,150 (Yoshizum), EP 1 892 727
(M tutoyo) and&EEbg 017 599 (Mtutoyo). The m croscopes described in these
docunents al l e use of an interferoneter to extract information relating
to the height of the probe. US 5, 144,150 descri bes use of a contact probe
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the tip to its oc point and so to preserve the tip — optical probe
15  separation. Through the connection between the optical probe and the
base of the cantilever, this so-called “autofocus system” in turn ensures
that the cantilever returns to its original bend configuration. In other words,
an optical feedback system is used to maintain the cantilever at
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 microséope 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



In contrast to the constant interaction AFMs, which sinply extract the z
position of the probe fromthe vertical distance required to nove the base
of the cantilever to nmaintain deflection position, the US 5, 144, 150

25m croscope directly measures the velocity of the back of the tip using
interferonetry. Fromthis velocity information, the height of the probe at
a particular point in the scan can be deduced. The velocity of the probe is
nmeasured by interference of a | aser beampeflected fromthe back of the tip
with a reference beam The beam undergoes a Doppl er frequency shift on
30reflection fromthe noving probe. This use of interferonetry provides an
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noting that this prior art system includes a second feedback system that
10  ensures the laser beam of the interferometric system is reflected from the
probe back along its incident path, regardless of the inclination of the
probe. That is, the scanning speed is limited by the response time of the

slower of these two systems.

The two Mitutoyo applications, EP 1 892 727 and EP 2 017 599, are

15  concerned with improving the accuracy with which probe microscopes can
be operated and hence resolution of the image. This is achieved by
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

20 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
25 system. That s, 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



15 concerned with inproving the accuracy with which probe m croscopes can
be operated and hence resolution of the imge. This is achi eved by
extracting a direct nmeasurenent of the height of the probe relative to a
fixed reference point using interferometry. In one enbodi nent, a beam
reflected fromthe back of the probe is interfered with a reference beam
and 20 the path difference extracted. This overcones the problem of notion
errors introduced by the scanners: the-~z13irection notion of the probe tip
arises purely fromthe shape of the sanple surface. Any scanner error wll
cause the probe to bend, which cannot affect the direct height nmeasurenent.
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10  separate the two components in the signal processing. The height of the
base of the probe is adjusted in order to maintain the amplitude of the high-
frequency component constant. This arrangement does not however
overcome any of the limitations placed on scanning speed. Accurate data
results can only be obtained if the feedback system has sufficient time to
15  respond to any changes in surface height. That is, if the dither amplitude is
held constant between image data collection points. Data cannot be
collected at a faster rate as, in the first instance, amplitude measurement
requires monitoring the oscillation over a number of cycles (5 — 10 in this
instance) and, secondly, the z driving system must be given time to adjust
20  the probe position in order to restore the amplitude to its set value. This

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



10separate the two conponents in the signal processing. The height of the
base of the probe is adjusted in order to maintain the anplitude of the

hi gh- frequency conponent constant. This arrangenent does not however
overconme any of the limtations placed on scanning speed. Accurate data
results can only be obtained if the feedback system has sufficient tine to
15respond to any changes in surface height. That is, if the dither
anplitude is held constant between imgeid4lata coll ection points. Data
cannot be collected at a faster rate as, in the first instance, anplitude
nmeasurenent requires nonitoring the oscillation over a nunber of cycles (5-
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in attenpting ttoFfgean2at the very high speeds of the third scanning regine.
That is, if the speed is sufficient to excite transient notion of the
cantilever. Such a situation occurs if the cantilever response to an

i npul se, gi ven NdtethasOvepassible caotieesranesitesidahglateshidiietne éymen bsf t he
sanpl e surf ace’cohgtraqud@y conté with a sample surface or it may be free. Cantilever
resonance conditions in these states are termed constrained and

10  unconstrained resonances respectively.

Figures 2a, b, ¢, d illustrate various situations in which the probe tip 20 has
received an impulse from the sample 14 surface. As before, the probe 16
comprises a tip 20 connected to a cantilever beam 18. The point 20a of the
probe closest to the sample and the back of the cantilever 18b that is used
15 for deflection measurement are indicated. A steady state, nominal position
of the back 18b of the cantilever is indicated by dotted line 40. By
“nominal” it is meant that, if feedback was operating, this 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



the frequency of its first constrained resonance. Under these circunstances
then, not only will the cantilever tilt at its tip probably be of a
different nmagnitude to its steady-state (set-point) tilt, but it nmay also
be in an opposite direction. The transient notion will vary the angle of
the 5cantilever wth position and tine. The problemis illustrated with
reference to Figure 2. Note that two possible cantil ever nechani cal states
exist: the tip my be constrained by conttdet with a sanple surface or it
may be free. Cantil ever resonance conditions in these states are terned
constrai ned and 10unconstrai ned resonances respectively. Figures 2a, b, c,
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the cantilever 18b will rock about the probe contact point 20a with the
sample as the ripple propagates. An instantaneous position at which the
15  back 18b of the cantilever is tilted to the right is shown in Figure 2b. In this
instant, the light beam L is reflected along path 50. The beam exit path is

accordingly observed to shift clockwise, as indicated by arrow 52.

Thus it can be seen that despite tracing the same surface position, an
instantaneous measurement of probe deflection would produce opposite

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 18b is tilted to the right of the Figure. Accordingly, the interrogating light



takes to respond to the surface contour. As the tip 20 lowers to contact
the surface 44, the cantilever beam 18 is bent downwards and the back of
the cantilever 18b is tilted to the left of the Figure. Accordingly, the
measuring light beamL is reflected fromthe back 18b of the cantil ever

al ong path 46. 5The beamexit path is accordingly detected as shifting
anticl ockwi se, as shown by arrow 48. By way of contrast, Figure 2b
illustrates an exanpl e of an instantaneeus ~position of the probe 16 when
the impul se received fromthe sanple 14 is on a tinescale shorter than the
settle time of the cantilever 18. As before, the tip 20 is attracted
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Lo PesBog aflted RaRIREGatiel S £Bmebdd hdndIRAaliz st 911 Deam

Lis reflected’ am exi 'S accor served to
shift clockw sef trascamitbveat! 8d Asyin &iguow262he probihtirs 204 |saarsebwltgébe1 t hat

despite tracing the sa rfaepostlo nstan nment of
pr obe. def | act | o ABRISE Bttt A Reat ettt RE M R e
situations showppigwifibgusteerda mrﬁmntlmmdasgmw@amamng |t2¢brtgue mau tion of
the sanpl e surface has S JndIC i d I| Thi s

been raij sed
surface positi dh B2 DAEK @fhtgpéﬁaplgv?r @@ﬁ?‘é{‘t ey%ro Ezﬂ?mﬁ'ﬁ p‘?”ilu % p 20,
fol l owi ng tibe suiHfREBurfhde.’ A &@tbmmudsan@mmam ma%/ ﬁ@mwpl@(lﬁ ad on. Figure
2c illustrates the situation in 25 whic n‘q F fqu@gacthe
sanpl e, which &R0¥8s It m%emﬁ@ﬁﬁgur%wéhatbﬁ% ng mcaBH'e&ert' al e
longer than the, gl fehie 14 iBirRfark hﬁeq%éﬁ'ttbéa‘?r\’ﬁﬁs FefectEB@ldriy pAARBOL TABSI ent
motion will have decayed in the time the probe takes to respond to the

surface cont ourbeasm @*1 chps aecardisgly (WS@WetJﬁ%Sg'ﬂra’“ﬁélé’C'SM'?e’t%”‘é'ﬁﬁ‘teﬂI ever
beam 18 is benty, uig and the back of the cantilever 3018b is tilted to
the right of thé/ |gure Accordingly, the interrogating light - 16 -
15  Again, measurement of the same surface position 54 is observed to
produce contrasting results if transient motion is excited. That is, if the
speed at which the probe is scanned across the surface causes the probe
to respond to surface features in a time frame that is shorter than the settle

time of the cantilever.

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 L is reflected fromthe back 18b of the cantilever along path 56. The
beam exit path is accordingly observed to shift clockw se, as indicated by
arrow 58. Simlar to that shown in Figure 2b, Figure 2d illustrates an
exanpl e of an instantaneous position of the probe 16 when .the inmpul se
5received fromthe sanple 14 is on a tinescale shorter than the settle tinme
of the cantilever 18. As in Figure 2c, the probe tip 20a is raised with the
surface | evel 44, but a transient oscil+avi~on of the cantilever 18 neans
that a ripple will be observed as transi ent nodes propagate along its

| ength. That is, the back of the cantilever 18b wll rock about the probe

contact poi nt 2,9 éﬁéﬁt%tﬁ%@a&@fé‘tﬁﬁﬂsetk@nb@%ﬂéﬂ neous alignment may, for
exanpl e, be as s e exanple of Figure 2 t he back 18b of the

cantilever is tilted to the left. In this instant, the light beamL is

refl ected al ongnpathpiiént ;ﬂ@;cbﬂaﬂv\@lzoom@%ngsa am@r@stwﬂnsdd@aﬁbecﬁd to
shift anticlockw se, as indicated by arrow 62. 15 Again, neasurenent of the

sanme surface pd??tt'ﬁ@ﬁttgﬂa@@ tQ)B’@@PW@dh?@Rﬂ%%ﬂ%’é)fé‘ﬁﬁ‘t’?rh%qmﬂs SHERCRS s i f
transient noti ofh jnforB¥&d hRenaribalsys@m fob trbbl@néﬁ%et% Adro¥dineliahiife probe i s

scanned across the surface causes'the probe to respond to surface features
in a tinme foamsuiage is pevented in paMbinators with B elgaienisifeedrackant i | ever .

20The i m tati qRetde nqefl'r?%ﬁ"ecirgﬁm%'&ﬁf g?f %}dﬂ%nfsm & hsERESFhakegi e can be

restated as: the p|x ection perio e average tinme spent inmaging
that part of tfﬂﬁjlﬁimﬁatséotﬂh@t/efé@&i|r@§pt&ﬁ'@§ on‘tfwedmsep:ifm prokeBne therage)
becones less t I ;aé%é nder st ood
that the posi tlr%ar%sélggu Fli(;r{ a‘f’oet) (ﬂﬁ%ﬂ%ﬁg&qe rjtﬁ%a'ngghez%ﬁei 6”%93ﬂ$age

i nst ant aneous. Imrganerad:rthes:mﬁheslbmw ddjpstoyeatsadare radacta@/etrlaepamadtcw@vm beam 18

L T T e T
refl ected beamtip ébdvbehé sam&leﬁurfaa:edm&taeenmmﬁ It fscxrssemadmha& doytheise of a
cantilever beam e (t)} a scan(?meatﬁé %En‘np ehseunrfatce?s su |C|en !y f}at thatnr% limitations
of the detection system are not too severe. The measured height
variations permit an image of surface topography variations to be formed
15 along each scan line and the electronic feedback signals are used to adjust
each scan line to a baseline level. The improved mechanical tracking
system is necessary in order to keep the tip in better contact with the
surface as it encounters irregularitie_s. This permits more accurate height
information to be collected within the timescale of each scan line. This
20  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.

25 ltis 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

30 adetection system that is capable of extracting meaningful information



- 17 - nmovenent of the back 18b will settle nore quickly. In PCT patent
application WO 2005/ 008679 a hybrid systemis described that is better able
to measure the topography of uneven sanple surfaces. An inproved nechani cal
system for tracking the tip across the sanple 5surface is inplenented in
conmbi nation wth an el ectroni c feedback nechanism The el ectronic feedback
mechani smis used to nake adjustnents to the vertical separation of the
base of the probe and the sanple supporti8al beit on a timescale greater
than the pixel collection rate. In general, these feedback adjustnents are
made over a period covering 10multiple scan lines but, within each scan

line, variatio e the sanple surface nust be
Nenikt thﬁgﬁ ﬂ(ilﬁsg]bﬂbh ftotttﬂﬁwsrién@ RN mp

nmeasured. It is assu the scale of a scan line the sanple surface
is sufficiently flat that the [imtations of the detection system are not

too severe. ThendmBasngIEdnEpraizht MaEhdhi RBSAPSE tistecBdn EyRGR f@ffus“amfcrace
t opography variations to be formed 15al ong each scan |ine and

el ectronic feedbSENEIGRIAPS MHGrascRRsdhesYatsmiseMeHRIRC 8 UgR! JauRee 6 a baseline

| evel . The '”préé%%patﬂﬁcé‘@éﬁn@?dlllhﬁwﬁ%'fé Q%r@d@écﬁﬁﬁ@rﬁs‘ﬁwd‘@@éﬁﬁé\fe‘{mﬂ gakger to
keep the tip in better contact wit surface as it encounters

i rregul ari t iSes.anpires ¢rdspihesirefperd %Qﬂﬁ’ftﬂtgea RRArgHip. Fellestingainesns (% be
col l ected wi t hiQy LA, ga@ggﬁagught%dQionﬁﬁ%}ras@whbwthe%a% AORAcRs af L device

however, al though ca operatin hin the second speed regine,
makes no consi dgpat Boreasfoftina pwberin theodesitvef itsHip, eadthe wieeted Aghthough

e ! RO Y Bl ASFR LA BB IR AN Gha Boud ey {11

regi me, such a M croscope fefains obtal ning accurate results
i f operating WIthbKﬂBﬂG}diBntdﬁlth&jumeyISDﬁaCGQGﬂtheDB)IC@HSODI%THdfod a becqpdesent

o oscope DhacrpeieBLbr bEG BReRAE RS el it bile R af BB e hei gh
of a probe tip egractfranans campanghtenformbtareckting petesposition of the upper

surface of the probe relative to a reference point.

This arrangement has the advantage that the detection system may be
used to form an image of the samplie surface throughout aIFI three regimes

15  of operation. In the context of this invention “deflection” is not to be
understood as limited to the meaning apparent in the prior art described
herein. It should instead be understood to include either the angle of -
orientation or tilt of the upper surface of the probe (as in the prior art) or
some other angular measurement derived from the orientation of the

20 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

25  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 éﬁect 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

30 systemis a direct measurement of probe height. Regardless of the



In excess of the limt set by a feedback systemto maintain a feedback
paraneter at a predeterm ned value. In particular, it is an object to
provi de 30a detection systemthat is capable of extracting meani ngful
information -- 18 - whilst the probe is subject to transient notion.
Accordingly, the present invention provides a detection systemfor use with
a scanni ng probe m croscope, the systemconprising a |ight source for
generating a beamto illum nate a probe t®rprising a cantilever with base
5and free ends, the free end supporting a sharp tip, collecting nmeans for
collecting light reflected fromthe probe wherein the beamillum nates an

upper surface cgeﬂ[e&?onpcgf%p@céﬂllé\}é‘? t}ﬂs%é‘ééuYerﬁént'lé%atheHndlvﬁﬁbnt&epré d | ected

| i ght conprises two conponents: onent from ch an 1 ndication
of the defl ect itmighbfwithitespgspter a QQ$IfIm:@ethy thﬁéefpfetmb@ poitohsdiined and a

second 10 conbanent, {0k, (L AISALARL R hendhibl! PALAIhESIRH, el em ar anged

s conponen ormation rel atin e ‘position of the
upper surface o'ésmdmemmrkm‘ the feedbaek systemmef, emeemiell}ad)yrthe pigaescanf angenment
has the adv

t he sanpl e gm 3%’%3@&”&8’?\0\” e‘&ig%ﬁ aﬁ%% @g&l”{réahel(gef%%g%e?ﬂth%%%m”?gerjt Hage °

context of thi Dutdyeot affectitdeklgacti on” is not to be understood as limted
to the meaning apparent in the prior art described herein. It should

i nstead be understood to include either the angle of orientation or tilt of
t he upper sur f gkea birtheheonregbengesf the helght measurearent being dedapeoderirofangul ar

measur ement derde\ﬁggiofnr, ﬂ{gré ti.éenooFéq%%r%%Pl% h%fveta% knowledge of the vertical (2)
height of the base of the probe. In prior art AFM systems, the height of the
10  base is measured in order to extract data with which to form the image. In
an AFM in accordance with the present invention, the image is formed
directly from the interferometer output. Accordingly, whereas in the prior
art the input signals to driving system responsible for controlling the vertical
height (z) of the base must be calibrated against actual height attained,

15 there is no such calibration requirement in the present invention.

Ideally, the height detection system includes an interferometer arranged to
detect the path difference between the second component of reflected light
and a height reference beam. Such an interferometer is capable of
producing accurate measurements of this optical path difference and hence

20  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

25 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



20cantilever. This may include a nmeasurenment derived fromthe vertica
separation between its free and base (or indeed other position on its

| ength) ends. Sinply stated the "deflection” of the cantilever should be
understood to be sone neasure of the shape of the bend induced in the
cantilever as a result of probe interaction with the sanple. Mnitoring the
25 deflection of the upper surface of the probe permts feedback to be used
to maintain the average interaction for€gpbetween probe tip and sanple
constant. This has the effect of limting possible stresses on the sanple
and / or probe as a result of an excessively high interaction force being

applied. Meanwd&, yhith Sf@rggatﬂésf@&@gfgggpﬁzgﬁgﬁghﬁﬂh@é bAGINS uefectigf got | on 3O

i
systemis a direct neas nt o ' Regardfess of the - 19 --
defl ection of tdesitoamnithegentlevarirematesfsem dgdiee angl, and praieiaklli alasi on of

probe hei ght Wibtaggre‘ra‘iaptﬂgliefb&g%rg\g&@?iirﬁf%)%atﬁ)%.tasb% tF\Q'ﬁP of! r(%’?\‘ﬁf%vgrqimat As this
measur enent i s 1 ndepehden efFection, 1t 1s not 1 nfluenced by the
response tine adf, it ttes heehoactkesiefeeimnmoeasyrement isalbkginediyomibe perisaince of

5transi ent tion ich can,.dynam cal | | t.er the flecti f the

cantil ever gﬁt %@%Weﬁﬁc& et\f"%%n wgﬁ%eté.{nqi%fttgefcémﬁgerer Acnﬁnéséég]ét}gﬁce of the
hei ght neasur erpiitiohaiorg itsideganeiétivel adetdnotiodits avdrage tits Imihis equi r enent
to have any know edge of .the vertical (z) height of the base of fhe probe.
In prior art AMR® 'f“é%fhet'ﬂt@ﬁ%@r@%t?r B‘I(‘aytbr‘?éﬁfgB%§é{r?§%r‘?g5§%'9%aﬁ1 order to
extract data wddiettinGhfor@aliet, WHidierddoBgethel iundtier AFkbinpoasiorekuied. wi t h t he
present invention, the image is fornmed directly fromthe interferoneter

out put. Accordingly, whereas in the prior art the input signals to driving
syst em r esponsiAiteendtivelyc thet firstl donmgpriehemeaeg bei teaisniteddytota deflecodn t he base nust

be cal i brated agai nst ,ac | ..hei,ght, attained, 15th Ny S UG,

cal i br :ati on1%r ed%?écé%me (ﬁéﬁaefﬂ%q {3%8?85 elp'ﬁ@grﬁppga&o ﬁ'fﬁ’g’éiﬁeﬁi)??ﬁ%%ﬁ@ioéht

g_e]E fect ion s%st ane H@ﬂéhdﬂidﬁfbf &redd:meelsbmw@ﬂt?e peditlrean"g&gd?f_tecg@t eiggaltrhﬁy pa’:] h
i fference between t secqond. conponent . of. refl ect i ght and a hei ght

reference beam&gie Eﬁ q%(rgﬂ'%?q \é?'ggréf‘)égeﬂ%d@ﬁ or%owp%m%p%&rcur gt e

measurenents ofgthis optical path difference and hence

Specifically, the deflection detector may be a second interferometer, the

15  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, and preferably at its
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.



200f the relative height of the probe. Preferably, the interferoneter is a
honodyne interferoneter that includes a neans for generating a pair of
phase quadrature interferograns, which may be subject to accurate fringe
counting techniques over nultiple fringes. This inproves the accuracy of

t he hei ght detection system and increases the range of cantilever 25
novenent that may be detected. The phase quadrature interferograns may be
generated by a beansplitter with phase-spli~tting coating. The first
conponent may also be transnmitted to the interferoneter, the interferoneter
being further arranged to detect an optical path difference betmeen t he

first, componenty,pfoibek LRt ot Ak BPhbPE R EIhBIShe proBd - beam

whi ch propagat es opt I cal ose [ engt
position on t hélpcdnpneemmodrreﬂﬁtthSme¢ ashlEV@bbxeﬂ@Bnmthﬁr@D&@%l y at its

base end, t her ey prauicdiid bt QLIRLI OFtna% s BRe Ldibn Bud e FADI ! ever.

That is, in this ance i on " neasu ned fromthe
vertical 5 hei gmuaﬂorh‘serrenged hﬁdmfarlsmd!eebaémmbmény tiivecatitat besver and a
second posi t5| on along.its

th, effec Le er age
T e hO hios o GERh irove RAE biis sse Sl &' & PR efirBly ' £3 FSet “hotn
hei ght Snd flef|re§s§drprtldffefsomﬁmdte€rmalWﬂlao‘lasueef:hweaclt i‘espoméael?rm‘fart:orrponents
require Alternative he first c one e trans dtoa
def |l ecti on 10déte& P?&? %égq”&t"‘f%‘%ngé?g@[ %eﬂg BC%??gﬂ] & to provide
t he indi cation gtudibre samdrlfrmb itr@d@éd\idmgmp@rmwpﬁem@n@f thdizegbadie. The
defl ection signal may therefore be obtained ggengedéahr][y defl ection detector

known fromthe "b‘?ﬁ%@ndatthterefgﬁé%ﬁtﬁ”ﬁ%‘l’tfoﬁ ofithg P HSYBeWRelor may be a

second i nt gpf er@Rjichted! MBislEaBs@RRNt B tBE psRMEIrRentR&i Adidd thangetiet 0 det ect
an optical path difference
height of the probe is measured directly, regardless of the position to which

any feedback actuator is driven.

In a second aspect the present invention provides a scanning probe
microscope for imaging a sample in accordance with an interaction

15 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 as described herein.

The driving means preferably comprises an xy scanner arranged to provide
relative motion between the probe and the sample surface in a plane

20  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

25 driveris 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

»



between the first conponent of reflected |light and a deflection reference
beam whi ch propagates al ong an optical path whose length is defined by a
position on the cantilever renote fromits free end, and preferably at its
base end. Alternatively, the deflection detector nay be a split photodi ode
20oriented such that the first conponent of reflected Iight is incident on
two parts of the diode with relative intensity determ ned by the angl e of
orientation of the upper surface of the-ppebe. The system may al so incl ude
a beansplitter arranged to separate the reflected light into the first and
second conponents referenced above. 25 The probe preferably conprises a tip

mount ed near tg&i&gﬁ%fﬁ%t fgkewbgtﬁé&‘}/b}:%rto %@e%bﬂob@%fwé@i ifgauppor t ed

at its base en erein th surface of the probe that is
i1l umi nat ed by pixels bétheut sndxbmﬁe@m the guality opimagemgeoiged by thayy al so

i nclude an act le to nove the probe tip. In one
enbodi nent thlgﬂ&akcggggg ?%32 y changing the angle of orientation of the

upper surface of the probe in the region of its tip. This actuator is

arranged to dri 'Tgf'e %s (%rr}néfrﬁflelf@réblly%%ﬁrﬁéé‘ a@@é/or%ﬁér\é?fa‘hgb@@é oddiRtd arranged

to nove the probe or nount verti cal I[y For this reason, it
of fers the ot emttheathermbgpﬂ@gl@powt@éa@@@l@ Rlas penpost atpr ngar i esheaitted

f eedback systeng >g:h al so make use of such an integral actuator, suffer
fromthe di sadvarﬂ age that interpretation of the feedback | oops and
therefore determ nation of the probe height is somewhat 10conplicated. This

embodi ment  of 11§ (A BSPEctithYY BriskRNin A RicASHréViSs é%cérﬂﬁndﬂﬁ#a@@t of the probe
is measured directly, regardl ess of the position to whic f eedback

actuator is drimiEmscppe #rd@esing asperRle it ReCqrdreenvith W\‘/é‘r‘ﬁrﬁgﬂpr\or ovi des a
scanni ng probe ygiGLOs rh9E aha%%releathémogcwb SSEHSIRGRivg th an

interacti on 15 between the sanple probe, the m croscope conprising
driving neds ame@mg@raartgedgpwo\d@e r@ata/ﬁ m@t'Q’f’olt)@tWﬁe'béﬁ/\@'@ﬁetaﬁ@ th obe and t he

sanpl e surface apg 2 prokea 8L SRl eI s dRSAG4PRDrOREERA-

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
15  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
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 posit’ion of the

upper surface of the probe relative to a reference point.

The height detection system ideally includes an interferometer arranged to



The driving nmeans preferably conprises an xy scanner arranged to provide
rel ati ve notion between the probe and the sanple surface in a pl ane
20substantially parallel to the sanple surface and a z driver arranged to
provide relative notion in a direction perpendicular to the sanple surface.
In such an arrangenent, the indication of the deflection of the upper
surface of the probe obtained fromthe probe detection system may be
included in a feedback systemincorporatpg8g the z driver, wherein the z
25driver is arranged to return the deflection of the probe to a set |evel.
The z driver may include a base driver arranged to nove the base of the

probe and | Or @Ak i dtle tohubdl RSH: Ab1bhddYidri 051088 oS EgraNged to

nove the probe tip. ger than that taken by the xy scanner to
nmove t he probe roterewserbdanmge pi xel s, without unduly affecting the quality
of image recorded by the m croscope of this invention. The xy scanner
preferably conprises a resonator arranged to oscillate 5either the probe

pl us support orlngdrpitie apper tha prssert inyendien peardes; s medasiRielsqlisglecy. 1n a
third aspect thgggiessbh %ﬁ;ll‘!ﬁéér's%a@é BV d&shrihSSBB8) 1A nidteREindiugigs cope f or

i magi ng a sanple 1n accordance wth an interaction between the sanple and a

probe, the @i crtbestapeofslirplingsa Hightdream oy thecinpes Ay ater alrgeint @resibvi de
relative notion, peLweennd fE igbmARMt tdiRcted 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.

Ideally, the above method is preceded by a step of locating the point on the
10  upper surface that is directly above the probe tip. This step preferably
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;
15 (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.

20  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.



sanpl e surface and a probe detection systemarranged to provide an

i ndication of a position of the probe relative to a reference point in a
direction substantially perpendicular to the sanple surface, wherein the
probe conprises a cantilever with base and free ends, the free 15end
supporting a sharp tip; the driving neans conprises an xy scanner arranged
to provide relative notion between the probe and the sanple surface in a
pl ane substantially parallel to the sampbg~surface, the scanner including
at | east one resonator arranged to oscillate either the probe or sanple

pl us support 20at or near its resonant frequency, and a z driver arranged
to provide rel atj J i i i i endicular to
t he sanpl e surﬁgg%&ﬁgﬁhlﬂﬂaﬁgpgfﬁgggﬁﬁﬁéFﬁﬂ?ég?@%ﬁ&%§§%bﬁ$€§ﬁlrises a |light
source for genendudathesstbemoiito illum nate the probe, collecting neans for
collecting light reflected 25 fromthe probe wherein the beamillum nates
an upper surface of the probe in the vicinity of its tip, and a height

det ecti on  syst elf alireatitgeht entexhe sepet sUiACE oy Hie ¢astile¥et ed from t he probe
information relating to the position of the upper surface of the probe
relative to a reference point. - 23 - detect a path difference between
light reflectedd HB‘PH"@Q]@%?%S(—?‘Cg??dcaé‘“ff‘é/%H?rt‘F"i’J'fyéfﬁélﬁE@aﬁ‘é%iﬂmgI”P\e P tourt h
aspect the pyesent, fi,p¢q¥sitBR BrRavbEaange FRtdHfk ofordatRibhiotthd | ght reflected
from an upper surface of a scanning probe, the nmethod including 5the step
of directing a |i gentilB¥&in on the upper surface at a point directly above a
probe tip, collecting light reflected fromthe upper surface and directing
it to a height detector, arraq& d ge i ndi cative of the height

ed to forman ima
of the probe til5) dBGUErAY g @ BHE‘@‘?W‘%B@E}‘F‘deteCtO’
(d) changing the position of the point on the upper surface at which the
light is incident; and

10 (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.

In embodiments for which a feedback signal is obtained from an indication
of probe orientation, the feedback signal being such as to cause an
15  adjustment of base height such that the probe is returned to a pre-set
! orientation, then the step of moving the base of the cantjlever vertically may

be achieved by varying the pre-set orientation.

Alternatively, the step of locating the point on the upper surface may

includ'e the steps of:
20 (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;



| deal Iy, the above nethod is preceded by a step of |ocating the point on
the 1Qupper surface that is directly above the probe tip. This step
preferably 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; 15(c) nonitoring 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 mnimsed. 20This provides a convenient technique with which to

mnimse the ef (e andho WABSIGR 5 (08 pbMRER 1 ahdr burid€ialmes uft ef erably

conprises a cantileve eld at 1ts base endtan supporting the tip at or
near its free end,lighhis ingigent; angr f ace of the probe that is illuninated by
t he beam being at or near the cantilever free end. - 24 - Alternatively,
the step of locating the point on the u,lptger surface may include the steps

of: (a) directiendgepPsajing steisocl frd () pefl e oLt obthethedn Sgted Xy er

corresponds to that expected for the known displacement.
5 It may alternatively include 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;

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



(b) noving the base of the cantilever vertically whilst maintaining the tip
in 5a fixed position so as to change the angle of orientation of the
cantilever; (c) nmonitoring the output of the height detector; (d) changing
the position of the point on the upper surface at which the light is

i ncident; and 10(e) repeating steps (c) and (d) until variations apparent
In the output of the height detector as a result of noving the base of the
probe are mninmsed. In enbodinents for~@Bi~ch a feedback signal is obtained
froman indication of probe orientation, the feedback signal being such as
to cause an 15adj ustnment of base height such that the probe is returned to

a pre-set orient atdggﬁl per @tﬂ/ettb%n‘?é% @ésé@‘\{hé‘ﬁrddéevebﬂﬁa‘ﬂ%/ﬂ rdsBensatat | | ever

vertically may be vary qw re-set orientation.
Alternatively, the fgeétpﬁ(‘dij'Q"@éQb‘iaﬁ@dt eaf'f:?cbysr*ﬁ olohfitsheoniperant sfifeace may

i ncl ude the StEpsgglect&% t%rﬁ%émgdb&gmd Qﬂm.éa?@nwwdéf%f.@&sf (b)

di spl aci ng the pr nown di stance, and preferably scanning the
probe across a sartipé epm)efr sluﬁemoﬁ@egiﬁobe/amdi M\etﬂm aseyombepmpenay of he out put

of the hei g%t det %SHé)cfted 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

10 collected.

Embodiments of the invention will now be described by way of example

only and with reference to the accompanying drawings.

Figure 1 is a schematic illustration of the components of a prior art atomic

force microscope showing a typical deflection detection system.

15  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

20 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

25 system for use with the present invention.

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



- 25 - (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 the out put
of the height detector corresponds to that expected for the known

di spl acenent. 5It may alternatively include the steps of: (a) directing

| ight onto the upper surface; (b) scanning the probe at a speed sufficient
to excite transient notion thereof; (c) nonitoring the output of the height
detector; 10(d) changing the position of2frhe point on the upper surface at
which the light is incident; and (e) repeating steps (c) and (d) until

vari ations apparent in the output of the height detector as a result of

transient moti QR RLEHY nfﬂg@@:dat which hbfgndislhéddur@gpect the present
i nvention provides a met of collecting data 15 using a scanning probe

m croscope, the nethod conprising the steps of: (a) noving a probe

conprising a CHgurbeMgl sthemabasesaastbr sRppanflss utéPtd diga tl&@del%@@@ﬂrtl ng a
sharp tip, into close proximty with a sanple surface % directing

a |ight beam ofYaiTUPIIEE PSRRENAEWERIOR P BPHBEOROr SaRyiNAOUS PRl fy above
the tip; and  gample surface.

5  With reference to Figure 3 there is shown schematically an implementation
of an AFM, indicated generally by 70, that utilises a first embodiment of a
detector constructed in accordance with an aspect of the present invention.
Elements common to the prior art AFM described previously with reference
to Figure 1 are given the same reference signs. Accordingly, the AFM

10  apparatus shown comprises a moveable stage 12 adapted to receive a
sample 14, whose surface is to be investigated by a probe 16. The probe
16 comprises a cantilever beam 18 and a tip 20, which tapers to a point
20a, and which is located towards one end of the cantilever beam 18. The

other end of the cantilever beam 18 is supported by a mount 22.

15  One or more drive motors (72, not shown) are used to drive the 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.

20 Thatis, 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 compr‘ises
25  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



- 26 - being operative to drive the base of the probe vertically in
response to a 'feedback signal obtained by analysis of a first conponent of
the collected light, fromwhich is obtained an indication of the deflection
of the upper surface of the probe and wherein a second conponent of 5
collected light is transmtted to an interferoneter arranged to detect the
path difference between this conponent and a hei ght reference beam and
arranged to forman image indicative of~28e height of the probe tip above a
reference |l evel; wherein the response to the feedback signal is over a
| onger tinescale than that in which nmultiple inmage pixels are 10col | ected.
Embodi ment s of Bh@m's@%% 1@2@)e¥¥c'tr‘c d]%djﬁegﬁ‘a?ﬁ§m§)§ﬁ'crpé{s %Mlc@fcoﬁ%awm e only
and with reference to t acco ng draw ngs. Figure is a schematic
illustration ofthemal btﬁmmh@ﬁtt@t@f axrtber mptqsﬁrea@@me@teﬁd@@éh% Beoscope
showi ng a tyP! Gil,fi9h! ficldl FELPLAAN aRY ST EBherkBl B itide Iefatieseri es of
exanpl es of poss%]e tip and cantilever orientations en I magi ng at scan
:‘A;]_eqlﬁenm es belnmtiop(Btweerdthecyagmple d 4anovip 2Q ib)thantingdy.y) ef thhsesel. d at

ich transient S e3is a
schenatic | Iu&J %r?agnhe Lp %Q?s gcaar%onen éri’a?hﬁp &ro\{ﬁgrwﬁebroggq*#croscope Wi th
probe detecti ogagydd &n in accordance with the present 20invention. Figure 4

is a schematic illustration of the probe detection systemin accordance
with the present invention incorporated in a high speed scanning probe
m croscope. In oF¢ gmbedinent the sdvsianing systersmayincifediotathe $iage {&r onetri ¢

height detecti qn, 2R5YRefMd @LscHBEa Whbik, HRE A RRARBhal SB(&Rb! 8t is

integral with the probe itself. This integral actuator may be used to drive
10  the probe deflection with a faster feedback response than possible with the

assembly driver.

The probe 16 is a low-mass AFM probe and, during a scan, an interaction
force is developed between the tip 20 and the sample surface. A probe
detection mechanism 74, which will be explained in more detail below, is
15  arranged to obtain an indication of both the vertical (z) displacement of a
point 18b at the back of the cantilever above the tip 20 and its deflection
(tilt). Data relating to the vertical displacement 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.



- 27 - back of the cantilever at which height is neasured. Figure 7 is a
schematic illustration of apparatus used to align the detection system of
the present invention in preparation for carrying out a scan of a sanple
surface. 5 Wth reference to Figure 3 there is shown schematically an

i npl enentation of an AFM indicated generally by 70, that utilises a first
enbodi nent of a detector constructed in accordance wth an aspect of the
present invention. Elenents common to thegprior art AFM descri bed
previously with reference to Figure 1 are given the sane reference signs.
Accordi ngly, the AFM 10 apparatus shown conprises a noveable stage 12

adapt ed o, ecap{efg 37 ke bhocafe 36 ARRE7 Spdicend BN [ 9aRed DY

probe 16. The pro Ises a ever beam 18 and a ti whi ch
tapers to a poithe zaBsjtioaing smte¢rm72§nﬂmaéairw\ﬁam§ampée éﬁéﬁfdfﬁtthe

o e 55 5 2 hllons IR hRES Wi thlin 58S G5 Miart BSHo PG HubRugyPport &g Y

a nount 22. 15 Ive no are used’to drive
the sanple 14 (stcmgetﬂwwemlarfallyheﬁeﬁl\ammM)oga/mme’timi’O isis@idplodisein16 such t hat

t hey can be cann er, 1o three di , and z
directions. (5?4‘(/%%6 %QF)%I f\%ﬁ%@ h@e%ta{n%t |h%r§§|gﬁifé%§?§ ?]n@ar t es?/an
coordi nate systrepuravblre@met aBece the doebd héimakes pemtdbk:witfathetsmrrml@l ane
occupied by the s Tha t he strength pf ction
force between p?%’%ng’l@ :j;{chozﬁrtH)@g%oﬁpP?e&jeLbomg%t Ir%%gﬂseo%ﬁpﬁ ﬁ&)g Y0si ti on
ﬁf tEe tlb p 20 m@rattH&ﬁs@@F@h@teJﬁ‘bgﬁ tHetiRiiskied|d iirt positidnmgthe glouraad aakiso 32 its
ei ght above it the varjous driv or s ositionin st.em is
the most i npor t¥hiherspliener 1ﬁ1 %@gégl’ ‘g‘?frmfﬁdsuq"\‘ﬂ?%%t %f‘? C%NE”%@ "di oni ng
system 72 cQpris@sscAbed ﬁi:@eﬁti@ﬁttds e Hidr\eet, thel Matintaroeis apsral reoting tave t he

tip 20 towards and away from (z-direction le 14. In this
enbodi nent , theorQb%(i@lt@W@fﬁﬁﬁ@e §8pPleM4 @tkﬁﬁﬁf@é‘f@dg?%ert%r@aﬁl?%% nount 22.

Alternatively, brEd@@Ymm%d(F&féne%|§(E>rédétéﬁﬁﬁné(ﬁ%9bﬂs Heag pbit (@hshown in
Figure 1) and it may - conprise non-piezoelectric driving nmechani sns

such as a voi cefeé@&badeionifﬁlé@fr?él bi nor ph actuator. Further notors are
connected to either the nount 22, the stage 12 or to both and are operable
to provide relative notion bet ween t he sa dtip 20 in the plane

(x,y) of the satdine SOEERFAITERZRS etk 2§ May ?g’p@(z‘gﬁﬁ@’& Feane PULRfiCn, or

ot herw se, gyernhdif varies. As it moves, the degree of tilt is changed, which alters the

signal fed to the feedback controller 30 and the z-positioning system 72 is
adjusted. As the base of the probe is adjusted in response to feedback
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

20  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 1. 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.
25 Three scanning speed regimes can be identified:

o If 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



sanple 14. I n one enbodi nent the z-positioning systemmy include both the
stage (or nount) driver, as described above, and an additional actuator
that is integral with the probe itself. This integral actuator nay be used
to drive 10 the probe deflection with a faster feedback response than
possi ble with the assenbly driver. The probe 16 is a | ownmass AFM probe
and, during a scan, an interaction force is devel oped between the tip 20
and the sanple surface. A probe detecti®egomrechani sm 74, which will be
explained in nore detail below, is 15arranged to obtain an indication of
both the vertical (z) displacenent of a point 18b at the back of the

cantilever above the giif, Jiesp Sé'cgﬁ%%nél&ér'gh)to b@%tt%oﬁﬁbﬁtt' ng to the

vertical displacenent is ut to a shown) .
| nf ormation rel ating dteﬂthI@e andlhenpeéreer lnéftf@flitm fgrfcett}@@/vmnzro 8@n6f t he

cantilever is input %8 Ea?ﬂQQSBeQ:Bﬁélﬁi eh&on38nt. MU R the le‘tl Pne% Not 6

20connected to the dri v ani sm o € z-positioning syste
that, for conveni enceegrmleewdblsorvhim priot eriveystanoabising eealpptk ewk eapahist i on in

t he rricrosc e system r nts this
is not interided to Ii i[n@t(t ?Ct'% i Fglg?fégg\usﬁaﬁﬁ%vﬁ%ﬂ nilh% a%x)gg%gspépﬁggm S is
aligned vertically. Thentioehoseopdaiftas from tpbawedantrrn toay inmadion ent

250rientation, as suits,.th ur po The prohe i er al (for AFM
fabricated from sili CORIE %stﬁ?ihggi‘?ﬂf e 6(2% e %Q?iﬂ%c@ygyéh%pe and si ze
as described previougllection 6gdtatnin to the prior art. - 29 - In taking an
i mge of the sanple, the AFM 70 operates as follows. Using the

z-positioning system 72 and further drivers, the sanple 14 is first brought
into contact wi th #héfthepeRdnat t:triaa&)mrheafetedpasli $\istem &f grehier tast tbe tihe, y)

B Yo Onal L RN T e B PR ed a8 e

to maintain a constant average deflection. In this second regime,
tip velocity is such that surface variations are tracked at a higher
frequency than can be accommodated by the response time of the
feedback system and such variations must therefore be measured

15 directly by the probe height détection system. The feedback signal
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
20 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
25 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



repul sive regine. Once the probe 16 nmakes contact wth the sanple surface,
the tip 20 is therefore pushed upwards. The base of the cantilever 18, at
the side renmote fromthe tip, is held in position by the nount 22 and so
the cantilever 18 is bent or deflected upwards. As is conventional, and
10as described in reltation to the prior art, the nmount 22 is | owered,
nmovi ng the probe 16 towards the sanple 14 until the cantil ever bend reaches
a predetermned level. This predeterm nedikevel is the set point for the

f eedback controller 30. As the scan progresses, the tip 20 noves up and
down as sanpl e surface 15height varies. As it noves, the degree of tilt is

changed, which rﬂlcP@s%%g;%@ﬁd%bH\B%l u,:f(%,q lﬁ\/%sﬁ ioheedback controller 30 and the

Z-positioning system I's adjuste e base of the probe is adjusted
in response to feedback then the foll ow ng considerations apply. As the tip

nmoves with a Vefﬁz,%ééfawora@frtﬁéaeféaﬁo@@wém 74iih actavalbcd Weh sanplesestur f ace and
s0 encounters surface 20hei th variations at a rate firacf
f

proportional tdnventippaylpayerascapedn moseiessicif &%ht@ﬁum‘?e(ﬂeﬁ%w%er Wi th

a decay or settdgid b BRer beah¥® thESRRRed bYRbRIctildIRNE T8RS IheSygkem i s the
time taken by the fee back systemto detect a change in the feedback

paranmeter arfd atfuefithpranietsis ReflestgAtigictls 8i aift Pllegisd itae leefhi ng speed
regimes can be éﬁ%emécftéoe@wardbg a h8f- RB%%QHQ%%aIﬂsﬁﬁtté?fBZt W& EseEbagk, systemis

| ess than the tinme I nterval ta“collection points then the
f eedback syst enfrérasigué Bi meetrfttofttheweantt’fﬁ\@dﬂﬁétaffpﬁ?t@lﬂée Aeglglat Wiiehllight ishe probe

parhers 0 2l refbeds. idneUidhRleniElidRkad 12l 8ol BRIRORINEL - TN 15,

for - 30 - all “inage e consi t const ant
defl ection and r‘reeemed bbemlfnﬂmvsamth@@bf dirresvdyet, Wee naniii®lss bankl 18l e can

oo oL S SR DR LB sTesF AR T2t L o
sur face i nf or medéflenteddreicappaisatand aofghilass tilt will deﬂect the reflected beam
80c clockwise. As the back 18b of the cantilever is located at or near the
focal point of the lens 78, an angular variation in the reflected beam is
converted to a lateral displacement after the lens. That is, a leftwards tilt of
15  the cantilever produces a leftwards lateral displacement of the reflected
beam and a rightwards tilt generates a rightwards displacement relative to

the set feedback position.

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

20 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 86a, b, ¢ is interfered with a reference beam reflected from the upper
surface of the stage 12. Alternatively, another fixed point with known

25 relétionship 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



I nvention however differs fromthe prior art in that information relating
to the height of the probe is obtained directly by the detection system 74.
If the response tinme of the feedback systemis greater than the tine

10i nterval between data collection points then feedback only serves to

mai ntain a constant average deflection. In this second regine, tip velocity
I's such that surface variations are tracked at a higher frequency than can
be acconmodat ed by the response tinme of-8he feedback system and such

vari ations nmust therefore be neasured 15directly by the probe height
detection system The feedback signal is used to nmaintain constant average

defl ection, - whichadiiddadatEs 39BN abfttBh BRCRIDR! | RGIRE pRYt 4EITeS of

i nteraction strength, ich may cause damage to the probe, sanple or both.
In the third scetettorgsiegplitecredsdtsdengthéntoimensndenfcatesion areaaA and
20greater than | ' WeRdh ti ' an
transient noti %@%{’@Hﬂ éﬁé}r‘?&{l%é&r&%ﬁh I eve(r{iﬁévﬁ%l {rg%%tg&hlgegt tgéﬁcﬂtférgﬁggf org t he
probe noves on anplifiem@@ veudisegfpeista sigeaieoufl thbe diiepdree bRteedre thghivo

detection systemof th resent Lnvention i 0 C I xtracting
a neasur enehnt &Faﬁ?%ﬁ'e?ﬂgpagﬁcpqrr%gi%?Eéenegjrvé'giwgec\lgﬁ¥&§)ﬂ]ccﬁcﬁrrafgtslﬁgﬂha$hi s in
turn gives an iwrdinahé icantileferdmop b il to ifgrsev ddfieujon pasitibhahen ghemai nt ai ns

SRR R A e M Y R Wi
paraneters of t8fected fght80b, 84b is distributed between channels A and B such that
the difference in channel output is a set value. A leftwards tilt of the back
10  18b of the cantilever means that the signal from the detector 28 increases
in channel B, leading to a fall in output from the difference amplifier 92.
~ Conversely, a rightwards tilt means that channel A receives the signal
increase and a rise in output is generated by the difference amplifier 92.
The feedback controller 30 operates the z-positioning system 72 in order to
15 maintain the signal received from the difference amplifier 92 at its set point.

Independently of the feedback signal, or equivalently deflection of the
cantilever, the true probe height above the surface is measured by the
interferometric height detection system. The feedback system is
accordingly used to ensure that the average deflection is maintained at a

20 constant level.

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
25  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



m croscope and sanpl e under investigation. The operation of the detection
system 74 in accordance with the present invention will now be described in
nore detail. A light source (not shown) emts a |aser beam 76 that is
focused by objective lens 78 onto the back 518b of the cantil ever.
Reflected light 80a, b, c is collected by the lens 78 and directed towards
a non-pol ari sing beansplitter 82. As can be seen fromFigure 3, the tilt of
the cantilever 18b affects the angle at~@g®ich light is reflected. If the
probe is nmaintained at its set feedback position, the reflected beam
follows path 80b. If however, the cantilever back 18b is 10tilted | eftwards

(relative to the. fj t. - i

it o ockui se. i’ 3 hienRyFS FFAGHPRAG idodtapk. RS s8N B | g0
cl ockwi se. As tiie dbckior 8pstem ctdmdaecw&dfbeel_éﬁce’!rmlﬂg)@@b@(ﬂm@los@?p%e@r the
bomerLod t o g i} E1pbHantd AR otdire@ly R rlont BEa BRI BT Doam,( ©

converted to a'y acemnen ens. | ef t war ds

ti H of é5bt he cantil ever produces a leftwards | ateral displacenent of the
reflected beam | AS d I 1S B rdcaii dhsRhasement
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ref erence beam ‘lected fromthe upper surface of the stage 12.

Alternatively, another fixed point wth known 25 relationship to the stage

surface may be T‘i’\%‘?ﬁaﬂezméd@té&éi ggﬁeécﬂﬂégjséﬁo%e%a); reppddeady dierace bet ween
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beansplitter 8
height detection system similar to that used to measure the height of the

cantilever may also be used to measure deflection. That is, an
interferometer is used to measure the height of the tip 20 relative to the

15  height of the base of the cantilever.

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



- 32 - condensed by lens 90 onto a deflection detector 28. As in the prior
art, detector 28 is split across its length into i ndependent detector areas
A and B. The output signals generated fromthese areas are input to a
difference anplifier 92, which outputs a signal equal to the difference
between the two 5channels. The detector 28 is aligned with the collection
optics such that when the cantilever back 18b is tilted to its set

defl ection position, then the output frogythe difference anplifier wll
also be at its set point. That is, the reflected Iight 80b, 84b is

di stri buted between channels A and B such that the difference in channel

output is a Seﬁnt}éﬂé%‘rz‘n rom Léﬁﬁd{b&% @%ve}ﬂ?en%&‘fe%%tlﬁ‘lfe difage canti | ever

means that the si gnal i ncreases 1 n channel B, |eading
to a fall in ot¢giackiconirollsyseint fserré)nhmlt@ﬂpy fhfei reporgmt freguenysdte  a

rightwards tilt ne Ei/ A receives the signal increase and a
rise in output 4n§o Sqﬁaé g}f‘é%ﬁ %Phe difference anplifier 92. The feedback

controll er 30 operates the z-positioning system 72 in order to 15namintain

the signal recolval fuQm AN HpbhRLE TR A2ial id s Wl 1ROl nt.
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equal anou

| ternati ve enbadi nent, .the o ns 78 is
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of the objective with respect _to the ti is to be noted that

It
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With reference to Figure 5, there is shown in further detail the optical
components of the detection system 74. As in previous figures, common

15  components are like referenced. Light from a laser source 100 is split by a
second 102 beam splitter into the incident beam 76 and a reference beam
104. The incident beam 76 is focused by the objective 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



Figure 3, which illustrates an atomc force mcroscope, it can be seen that
this detection systemcan be used for all scanning probe m croscopes, in
which it is inportant to determ ne accurately the height of a probe tip. In
further enbodi ments the (x,y) scanning drive mechanisnms (not shown in 5 the
Figure) and the z-positioning system 72 can be replaced by any suitable
driving neans, which may not be piezoelectric. The drivers nmay be attached
to the sanple stage 12, probe nount 22 ep5a conbinati on of both. The

defl ection detector 28 descri bed above may be replaced by alternative
10known means of neasuring deflection of the cantilever 18. For exanple,

the cantilever Iy, be:dPrUBd.tehiifdiaaoah8deRbR 914 BRoBLLNBORENSOr'S. A

hei ght detection systems at used to neasure the helght of the
cantilever may al so be used to nmeasure deflection. That is, an

| nterferomet or ysalys g b mAEHOsiE s BRS @tholBinchiafy Sihe A coshat i ve to the
|

15hei ght of the of  the cantilever. The ght source used with this
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def | ecti on usi ngiteagldl laeyfitudangidan phbse gesdrense Sinwergf dd dieset madisack
control system nust be greater than the sett|le tinme of the constrained

cantil ever.1Qf argiakp PrFRsteshin ageeriepee With ygthods v indng - - 34 -

interferoneter referred to above) however then the response tine of the

Lﬁggggff;gggr ggpg%efp&\%g?de?ec?grl Qfgrgélsmalteeguitg%letfgreusfeevsvf%ﬁgr&ton\f/énefﬂHglnCy of the

interferometer reversible fringe counting apparatus and fringe subdividing
apparatus, which may be provided as dedicated hardware or as a
programmed computer. The use of phase quadrature fringe counting

15  apparatus is capable of measuring displacements in the position of the
cantilever to an accuracy of A/8. That is to 66 nm for 532 nm light. Known
fringe subdividing techniques, based on the arc 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



An al ternative AFM apparatus, which is particularly suited to use with the
5detection systemof this invention, is shown in Figure 4. In this Figure
one or both of the (x,y) scanning drive mechanisnms is replaced with a
resonator 94. The resonator 94 is an oscillating drive set to oscillate the
sanpl e stage at or near its resonant frequency. Such resonant scanning

m croscopes provide a very fast and stable scanning capability, which can
10 easily be above the threshold |imt fgg~operating in constant
interaction node. Alternatively, the resonator 94 may be set to oscillate
the probe assenbly at or near its resonant frequency. Wth reference to

Figure 5, ther gfme§f%ﬁ1xs¥%@wh8p];@w Oﬁﬁuwﬁh@ rreré‘?lo %9@& tﬁé’ BQlﬁBﬁﬁ of the

detection syst nents are like
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cantil ever. Aftempehltrcéspet fothefikeepoanti | ever, the beam 80 is split by
the first 82 beamsplitter. As described previously, the first 20conponent
84 is directed to the deflection detector 90, 28, 92 and the second
conponent 86 t oThdhietdristr@néter destribed 8@rein fssirgeexamplé of @hbeodwre er, t he beam

86 that has been efI %ﬁ%@%@é%s?%ﬂ%gyﬁre erg'gtﬁu e?B%éé\{ag%q%sqsam
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retroreflector th&&@nﬁbttoherTe@fLIseroﬂtwo pheseQ&MaMs@intetrfeemgra% enghtes

retroreflector 108 is aligne h t hat rovi des cal path
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86 and reference 104 beans rst an secon ﬂ interfer gr ams W th

arelative %asc@agﬁgpp the beargggltteﬁ-ﬁég fqmeﬁpgrl EFigi rinsensitive

polarisation effects, for example arising from changes in polarisation as the
light beam is reflected from the cantilever. An example of an interferometer
based on these principles is described in US 6 678 056. Alternative
interferometer systems capable of measuring a change in optical path

15  length may also be employed with this invention. A suitable homodyne
polarisation interferometer is described in the above referenced
EP 1 892 727 and a suitable heterodyne interferometer is described in the
above referenced US 5 144 150.

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



- 35 - are detected respectively at first 112 and second 114
phot odet ectors. Ideally, the photodetector signals are conplenentary sine
and cosine signals with a phase difference of 900. Further, they should
have no dc offset, have equal anplitudes and only depend on the position of
the 5 cantil ever x and wavel ength A of the |laser. Known nethods are used
to nonitor the photodetector 112, 114 outputs while changing the optical
path difference in order to determne angrto apply corrections for errors
arising as a result of the two photodetector signals not being perfectly
harnmoni ¢ wi th equal anplitude and in phase quadrature. Simlarly, dc offset

| evels l0are al BOTPEREGL BinkbaRk 486 GR i alelorehitpds: (KAV dediddhe art.

These phot odet eC are suitab use with a conventi onal
interferoneter tln@ieeefﬁactﬂ & éntéfacte it therhdigly impgeribis sparantithatige subdi vi di ng
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accuracy of 6 nm f Rf 532 nm.l i ght ge
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any furthe(rj SEtbh%lfdre or'af@ trﬁé\gp;%fm@?lmﬁﬁbsﬁﬁjﬁﬁéx%ﬁdd@tlbca\t% ,scaheingepeeénce beam
is arranged to have a fixed optjcal pat ength rel ati z position
of the sanple. vyn{hlrb[pmtalr%&g(ym,tﬁ@m;;ot%eal?cgqn %&r%ewmﬂs}lﬁﬁ hpfqg‘ée of the
stage on whipch dohecagAmehe i s mounted or froma retroreflector whose
position is linked tothat of the stage, as described above. Alternatively,
the rel ationshi p between

A second reason as to why the position at which the interrogating beam is
incident on the back of the laser beam is important will be shown with
reference to Figure 6. This Figure shows three possible laser beam
incident positions on the back 18b of the cantilever. In situation (a), the

15  probe 16 is in one orientation and in situation (b), it has followed a step in
the sample surface to a second orientation. If the laser beam is aligned to
position A, to the right of the probe tip 20, then it is clear that the measured
height change A2 — A1 is greater than the step height, as the deflection is
at a shallower angle in situation (b). Conversely, if the beam is aligned to

20 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.

25 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. It is 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 / -

30 deflection of the cantilever to vary as interferometric height information is



reflector and sanple z position does not have to be fixed. In such an
enbodi nent the reference beam may be reflected froma fixed point, the -
36 - fixed point having a known (but varying) relationship with the z
position of the sanple. The height of the tip is therefore deduced fromthe
interferonetrically-neasured path difference and the z position of the
sanple with respect to the fixed point. 5 The interferoneter described
herein is one exanple of a honodyne systggn- The particul ar system descri bed
of fers a nunmber of advantages to this application. The use of two phase
guadrature interferograns enabl es the neasurenent of cantil ever

di spl acenent ove ti,pl ringe d i spl acenent
range. The use e@)(‘[ra(gf%éhé\@g&ghg}{]?nn(grdfgcfbo%éllgﬁgﬁ%ﬁﬁ’%esﬁ]g derg{r?gg{aptg ter 106
renders the i ntigfofreatmmetrer stepsealgjring/betheighd datdctan sysiemfwidtths,préloe exanpl e

arising from changes i l.arisation as .the |ight. S | ected from
the cantilever 98 ez'%;iﬁf}{}@ Ogy take Jfoﬁtsg??@?%%@?%(fre@ﬁ%%mo\kﬁgﬁgxseeﬁf)}ri nci pl es
is described i Rietictfontof8hdbintilder & perhiitvedl ionteey.f er onet er systens capabl e of
measuring a change in optical path 15length nay al so be enployed with this

i nvention. A suitable honodyne polarisation interferoneter is described in
t he above r &f erfaniogidateR abo862ligAmheahthay beladhihied anepigeadighatéastnt er f er onet er

SodeocrL Dot | Lok ARRNE. AL SISER o P, 3o b SnBlgRRATS CPe
regi ne. The heitgihtientyf arersxtitexh Alxdrnaiiedd abyalighment system illustrated in
Figure 7 can be used. In this system a beam excitation device 120 is set to
excite oscillations in the cantilever beam 18. The back 18b of the
10  cantilever will accordingly oscillate or rock, the effect of which can be
observed in light reflecting from this surface 18b as periodic signal
variations in the deflection and height detection systems. In the
embodiment shown, a control system 122 is set to monitor the output of the
height detection system 88. If a periodic variation in this output signal is
15 observed as the cantilever oscillates, then the control system 122 sends a
signal to one or more drivers 124, which in turn move the detection point (at
which the light is incident on the back 18b of the cantilever) laterally.
Adjustment of the detection point continues until the effects of the rocking

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



detection systemrepresents the true height of the probe and hence of
sanpl e surface topography. This is independent of the position of the base
of the probe relative to the tip i.e. of the deflection. Accordingly,

al though the deflection is permtted to vary about its average val ue during
the course 250f a scan, this is separate to the hei ght neasurenent by
interferometry. When noving to the third scanni ng speed regi ne however, an
addi ti onal step nust be included when prggari ng the AFM of this invention
for operation. It has already been shown with reference to Figure 2 that if
transient notion is excited in the cantilever then this is manifest as a -

37 - rocking mbion,of pl Q%ngﬁﬁ%e%ﬁpogilﬁttigﬁ BHRLDB\EEN ab B REARTedR, avoi d
seei ng these effects as’artefacts in the helght image, it 1s Inmportant that
t he i nterrogat itregstiacsr Ateanativély othetdastilgeereth t¢ambe gdariad tabé sensied onto t he

node of this i . T [ S, Lo b ks t.he I the tip.
Shi s can be adhrBYlls dapry PR BBl Fn b et b Singng 0° 11 P
adj usting the d¢beclaton geciic oomaghetidiields)do déidh theaentiéverrit8i | t he peri odic
vari ations qverlaid on the ing e are mnimsed, or even disappear. That is,
before or a2 t HECLFRICALY (fSP989F's used to extract data at a scanning speed
within the third regine, the probe and interferoneter nust be set to the

10correct al i gENler 8366090012350 00 3% AQeHbh AdIS, DESLAIRR AL nugheh the

i nterrogating beamis inci aser am s rnportant
wi |l be shown wifthe bafesofene eantoerguile ndonifbhing the beigkt datedtiontsigree possi bl e

I b i nci iti h b.of. i
i tuation (o). Whaegaey st dodhe baf P85S SERaRNLh BEeAEREh bE Fistld's on (1),
it has foll owedo anisitige varidtibes satimplreighi dbtearton sigaakresaltidg or crempgas iron. | f

t he | aser amis aljgn 0 posjtion . A ta.the right of the probe tip 20,
then it i s'qgl edipe Pﬂ‘gbp‘?ﬁgeﬁ?@ﬁgﬁf@& (ﬁg}l@ﬁ?r.g%a%se ight pay Qe 88’&3@@ t han
the step hei ghtpy @variddgotiabliestisrag busorss advamhajdooseschnigleds towvaiytheat i on
(b). Conversely, if the beamjis alijgned to 20position C, Ehe mﬁasured
change C2 - O Teadhagkset RARL ¢ Hus Wil eausedie Mg 'Eﬂ'ts.eparat'on between the

base of the cantilever and the sample to change until the new set point
value is achieved. This method has the advantage of allowing control of

15  the maximum and minimum force applied between sample and tip.

A further alternative is to displace the tip of the cantilever by a known
vertical distance, for example 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

20  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

25  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.



A true nmeasure of step height can only be obtained if the | aser beamis
accurately aligned to position B: above the closest point of contact
between tip 20 and sanple 14. That is, it is inportant to align the
interferoneter accurately with the probe geonetry. 25Both the true height

i ssue and that of the effect of transients can be addressed by the sane
nmet hods, as they are essentially overcone by positioning the incident beam
directly above the point of the tip. It~ug~o0 be noted that the true height
i ssue applies to both the second and third scanning speed regines; it

ari ses as a consequence of permtting the tilt! 30deflection of the
cantilever to \'Lﬂ{ e%ﬁur’e'btf?r{éc %Qgﬂ%tﬂrlég H%h%hﬁl sURE LI Rith feSonant38 -
extracted. Accord Y, Bt he nost accurate i nmge
information, t r&e:asmeg roitrasicoges sughtasdhbes descrived sti@A0GY/80FIINt h t he

probe geonetry sh k i h the tilt
/ deflection of" rﬂ%i g'&%? ({’%v(gor%éé}{egﬁ%?t %e?%cea\?ﬂF ngtgg@t Hrgjcm@b?ed above,
al i gnment nay hescilatingtrecorebpior e@JnWaerlaﬂy,fsamplesa:wm:ag@) apesdencei t her
before or d he cour se of- a ransi.ents are excited.

Al ternati vel%y r@ﬁ o PO %es‘?gt'%ﬁ{gi%&%?[g’rtgteé(ﬁ’t? ha'ﬁ'aﬂrr%ouf) ca(ﬁhebe used. In
this system a heaessiviradt woulddvsc@e 1R imsgesedlietiedeyqirioe ansietddtiat i ons in
the cantil ever beam 18. The back 18b of the 10cantilever will accordi ngly
oscillate or ro¥R®Mhe effect of which can be observed in Iight reflecting
fromthis surface 18b as periodic signal variations in the deflection and
hei ght detection systens. In the enbodi nent shown, a control system 122 is
set to nonitor the output of the height detection system88. |If a periodic
variation in this output signal is 15observed as the cantilever oscillates,
then the control system 122 sends a signal to one or nore drivers 124,
which in turn nove the detection point (at which the light is incident on
the back 18b of the cantilever) laterally. Adjustnment of the detection

poi nt continues until the effects of the rocking are mnimsed in the

hei ght detection signal. 20In the enbodi nent of Figure 7, the driver 124 is
shown connected to the



hei ght detection system 88 and accordingly is operable to nove the
alignnment 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 25nove the probe laterally under direction fromthe control
system 122 and so to shift the detection point in this nmanner. That is, the
detection point is adjusted either by moyhng the probe or the alignnent of
l'ight incident on the probe. - 39 - generated by a known beam oscillation
device 120 such as a piezoelectric transducer. Aternatively, the
cantilever 18 can be adapted to be sensitive to electric or magnetic
fields. Gscillations can then be generated by nmeans of oscillating electric
or magnetic fieCddMSto which the cantilever 18 Snechanical ly responds. An
alternative nmethod of setting the detection point is to change the height
of the base of the cantilever while nonitoring the height detection signal.

The detection pbi rft IBIFCHORSYHRM fargiseqyith #ECHUNY POYEMERRCRfeNDe adj ust ed

to mnimse variatd,@psn témbhéin @inghttscdﬁé@@rrb@ﬁer@h@@albeémulnwmﬂgatbra changes
in 10 the height of the base of the cantilever. The base hejght may be
adj usted by a var iekhe 6pMptgiRgAicentlerer Wihassrnghiregeiss thesk¥metlie is to

vary the feedback ' kS oMnbdti 8 eIl G BdntSeRtad | on

bet ween the base osf%%k)ﬁgmga@rﬁqﬁme]yg’rd@g%%nr@ﬁgéfnagrrﬂglg tglc génge until the new
set point val ue i grameHiepebe Wheren tha beaim flweninates abveReEgEfa6e chtheow ng
control of 15 the L L QR0 iy i l e and tip.
A further alter naté@éél S t%@p‘ﬁé@'m %@ﬁ%p@@@t?cﬁﬁé’g@%ﬁ@ g?/szt?\;yt;y a known
vertical distance,cdmponexterd rsbgorsreenent figmawiygirph éndigation ®f keown hei ght

vari ation such as d ﬁﬁg@ It ction

poi nt on the back c%él%&@& htﬁe@éﬁ?rl evelfz%if tshE[}grgﬁg%ﬁdﬁ@ﬁg@%%?ﬁe@%@ hei ght

20det ect i on si gnalcormatingat fes trehemissionac b haiighp dateetiemsystemlegiagbed tar i at i on.
extract from this component information relating to the position of the

upper surface of the probe relative to a reference point.

2. A detection 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



It is generally preferred to | ocate the position of the back 18b of the
cantilever directly above the point 20a of the tip enpirically, rather than
~geonetrically fromthe probe itself. This is because there is always sone
uncertainty in tip position using current probe fabrication nethods. O
25course, once tip position for a particular probe has been | ocated by an
enpirical technique, such as those described above, it is possible to
record it and so avoid the need for repeated enpirical determ nations for
subsequent uses of the sane probe. - 40 - This feature of the invention is
particularly suited to use with resonant scanning m croscopes such as those
described in WD 2 2844 LGh. I gﬂr one conponent of the raster
scan is carried o%%%@ggﬁgﬁl}w@goh\gg%ﬁ%@b?rclg the probe (or, equivalently,
sanpl e and stage) at resonance. 5Such a scanning speed is highly likely to
excite transieni TLdERi fsg}sﬁﬁn %ééﬁraihg\f@@mywﬂé%hdw sl PHSHErEn ke | mage
collected by prior art detection systéens. "- 41 - CLAIMS 1 A detection
system for use wi tiistgoswanaitig apedisaskittaddedopmtefaiemsissti@m conprising a
i ght source for ' - i | B aR'oPREICRPr i Sing a
cantilever with bgﬁgﬁéﬁh{%?%e%lﬁ]g@q%?ﬁt&# eeBen% sgpggrt&? g a sharp tip,
col | ecting neans fdifferendd lpeiwiean the fiyht canegdrent etrefleciad tighkt gndobe wherein t he
beamillum nates a r e ' i Ci f its tip,
and the reflected %ﬂg‘ﬁg’%ﬁﬁ%@rﬁ%ﬁ%ﬁ%ﬁ“@@ éﬁ%%ésg:]algnﬁa}r{s?ﬁhé% Bﬁr)lent from
whi ch an i ndi cati avhost lérgh deddfieet ibgra pdsittdmeorutbpeantlavéraemobd fromdtspr obe i s
obt ai ned and a second c onent far transm. SsSio j etection ‘
system arranged td && ag{ér? yo%of“ﬁfng' %ﬁnﬂ%&%@’s i%ﬁhgpgg?ﬁ%)ﬁ%g?eatl ng to the
position of the uppefiesen face of the probe relative to a reference point.
2. A detection systemaccording to claim1 wherein the height detection
system conprises an interferoneter arranged to detect the path difference
bet ween t he sec®nd detepiomesyistesh acedrbipgttedlaim ghvharaid the hesition ondier ence
beam 3. A detection..system accordi t 1 ai ' i nterferoneter
}é%rerggl[o?%g&g l%glpere eg}oc ls%&%tl‘lﬁ%@? B?Qe Erq(?

i ncl udes a neans fC(?PﬁIS phase ature interferograns.

9. A detection system according to any preceding claim wherein the first
component is transmitted to a deflection detector, the deflection
detector being arranged to provide the indication of the deflection of the

upper surface of the probe.

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.



4. A detection systemaccording to claim3 wherein the systemincludes
fringe counting apparatus arranged to produce an output dependent on a
nunber of fringes detected at each interferogram 5. A detection system
according to claim4 wherein the fringe counting apparatus includes fringe
subdi vi di ng apparatus. 6. A detection system according to any one of clains
3 to 5 wherein the neans for generating a pair of phase quadrature
interferograns is a - 42 - beansplittergqyith phase-splitting coating. 7. A
detection system according to any one of clains 2 to 6 wherein the first
conponent is also transmitted to the interferoneter, the interferoneter

being further aryagn - i cal ~differ ween t he
first conponen?“sjt")?\ (?egg?tg)gtsggfelﬂfé%(f%?%ﬁgttggg\épf%%ﬁngr?Hr”glf g‘%e gte&?)eam whi ch
propagat es al ong awlwaing 8 akapaplittenaosegédogidparateded ialledtedyligat pésihei on on
the cantilever renote fromri}#ésqfreen?%d, t hereby providing information as

to the deflection bt apﬂéeg% "W A detection system according to
claim7 wherein the position on the cantilever renote fromits free end is

the cantilever ﬂ@%?deﬁ@ ions sénqgff‘&)%lhg@o 5%%%3%@%&%&%%&@% pRseedi ng

claimwherein thé first component 1s fransnitte 0 a deflection det ect or,
t he defl ection detcesipdsedeitingnamtethgeat the free eniddé theneantireyecdbé on of t he

deflection of the LRRE o IilPGR Bl el EIPEIRFend InaAilrbRAGhE BPpsy St em

according to cl ai iff ["fectron ector 1s a s
interferoneter, tkearfaecoiteipnbberthat isheneinatedinyghabeamgedboe thettect an
optical path difference between the first conponent of reflected |ight and
a deflection reference beam whi ch propagates al ong an optical path whose
length is defi réd Agetactsmssystesmaeeording te any presedingratattn wherebinthe P5ole ee

end.. 11. A det ec%cﬁ’ténde%yﬁtgéﬁflés"tSw%giSeQﬁ)gtr?Ol&ltﬁWé%- erein the position on

the cantil ever reno romi S the cantilever base end. 12. A
detection systemaccording to claim9 wherein the deflection detector is a

split photodi odg o seh&f &Hsfgﬁgaécddé%i inﬁa'i;‘ilgfé’_@@r%ﬂ_%rlh Rbordahteaigd | i ght

is incident on two parts’of t lode with relative intensity determ ned by
an angl e of ori entaatinterachpn brbvagigbe ssmpleerd aprobee they BisEOoscope43 - 13, A

det ection system rdi - ﬁpﬁgj 9o St AidB rdidif e SHSIRBdtRetvdi ng a
beansplitter ar raﬁcég‘%ngfgagjer%gpgﬁ%aﬁe r felaeg?e%h(ﬁ rght ient o the first and
second conponent s.the probe and the sample surface and a probe detection system in

accordance with any one of claims 1 to 15.

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



14 A detection system according to any precedi ng claimwherein the probe
conprises a tip nounted near the free end of the cantilever, the cantilever
bei ng supported at its base end, and wherein the upper surface of the probe
that is illumnated by the beamis above the tip. 15. A detection system
according to any precedi ng claimwherein %he probe includes an actuagor
that is operable to nove its tip. 16. gk anni ng probe microscope for

i mgi ng a sanple in accordance with an interaction between the sanple and a
probe, the m croscope conprising driving neans arranged to provide relative
notion between the probe and the sanple surface and a probe detection
systemin accorgﬁggg with any one of clains 1 to 15. 17. A scanning probe
m croscope in accordance with claim 16 wherein the driving neans conpri ses
an xy scanner arranged to provide relative notion between the probe and the

sanpl e surfacg,i - ant | I t he. ce and
a z driver ar?%ngggaﬁh'ﬁgspgéﬁgzﬁ'?&sgﬁ He;in %géﬁgﬁﬁll:%@thdg fg'g(?:? %ﬁ%%%{eh%di cul ar
to the sanpl e suf§dveralddincdludenaniacfuztooibat S intexFaiopith the probe, ence with
claim17 wherein the indication of the deflection of the upper surface of
the probe obt ai rReuatoskeingoperahle pameveiths tipyd theprabe.nci uded in a

f eedback systemincorporating the z driver, wherein the z driver is
arranged to return the indication of the angle of orientation of the probe
to a set |eve?l. Ascapniagnaba gnigrasseprgiin pesesidace withcelaiidBedO @l cl ai m 18
wherein the z dr | ' i i t he
base of the - \QH&E%H gféot)é%%ﬁﬁgk ggét%ggfﬁh%{%e%pgt&ﬁ@e%%géo rﬁﬁagﬁ%r dance
wi th claim19 whakenmbytthe x stanner talmdeeithe protes betwerrt insdge pikbist | s
integral with the probe, the actuator being operable to nove the tip of the
probe. 21. A scanning probe mcroscope in accordance with claim 18, 19 or
20 wherei n t hzp f Redhafingrebe miccapeacedrding toraayg ahe dfaigimrs 1821 hat
taken by the xy scanner to nove the probe between 1 mage pjxels. 22. A

scanni ng probe mMVREIR BieX K SCAIMBNRPNERYISAS A BRRONGIOTAIERAEN ® estiltate wher ei n
the xy scanner c i QQ@% I i4iher the probe
or sanple plus sﬁgﬂp%rtﬁgyg%ér Sﬁggﬁbﬁ g%r%es gﬂtétﬁrgﬁ%(th%%go@rES -00 23. A
met hod of col | ecfrequerdst a usi ng a scanni ng probe m croscope, the nethod
conprising the steps of:



(a) Moving a probe conprising a cantilever with base and free ends, the
free end supporting a sharp tip, into close proximty with a sanple
surface; (b) directing a |ight beamon an upper surface of the probe at a
point directly above the tip; and (c) scanning the probe across the sanple
surface whilst collecting and anal ysing héght reflected fromthe 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 conponent of the collected light, fromwhich is obtained an

I ndi cation of the deflection of the upper surface of the probe and wherein

a second conpEBIERMEthod @f keRédtihg dathtusirg é@.@éﬁfﬁh??;ﬁdbé@ni@fbs&:ﬁb@!ﬂh@rOTTEFer
arranged to detect the path difference between this conponent and a hei ght

ref erence beam dngthad-egigedsing the stapsofi mage i ndicative of the hei ght of
the probe tip above a reference |evel.

(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 béam on an upper surface of the probe at a point
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 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.



