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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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Introduction

The progress of miniaturization in semiconductor structuring, together with the rapid advance of
many diverse applications of nanotechnology in industrial processes, calls for reliable and comparable
quantitative dimensional measurements in the micro- and submicrometre range.l9] Currently, a
measurement resolution, in or below the nanometre region, is frequently required. Conventional optical
or stylus measurement methods or coordinate measuring systems are not able to offer this level of
resolution.

For this reason, scanning-probe microscopes (SPMs) are increasingly employed as quantitative

....... ackiiioaant Thaie oo iera-darnaarcarnfinad-anlctaae axrclk o d Jdozol oo ot b h 1
meastat TS TITS T OITCTITCST T IO O SC TS IO T0TT g CT COTTIIC O OTITy - co T o STar Tt a it OC v CTOPTITCTTT ut as also

been|extended to include industrial production and inspection.

For this category of measuring instrument, standardized calibration procedures need to be developed,
for ekample, as have been established already long ago for contact stylus instruments (see[ISO 12179).
For efficient and reliable calibration of SPMs to be carried out, the propertiés of the njeasurement
stanglards used need to be documented and be accounted for in the calibration (see Figure 1) and, at the
same time, the procedure for the calibration should be clearly defined.

Only|if this prerequisite is satisfied, will it be possible to perform tracéable measurements of|geometrical

quartities.
Done by the USER \

/Service provided by National Metrology Institutes (NMI§<

%
$®
- actual
Diffractometry . .
Il..gset-r (lateral standards), Callz;atlon Calibration object
calibration - o
(wavelength 1) Interfet..microscopy[~| measurement of 1 to|be
’ (step height & standards user's SPM meagured
. j|atness standards) by SPM
O ettological spt |
O with built-in (or calibrated by)
%\% interferometery

J

lationalimetrology institute (NM1) SPM users (industry, universities, instftutes, etc.)
Si-unit Measu;Ement
deiinition bject

Figure 1 — Traceability chain for scanning-probe microscopes

NOTE The calibration of a user’s SPM by means of traceably calibrated measurement standards is the
object of this International Standard (done by the user).

A scanning-probe microscope is a serially operating measuring device which uses a probe with a tip of
adequate fineness to trace the surface of the object to be measured by exploitation of a local physical
interaction (such as the quantum-mechanical tunnel effect, interatomic or intermolecular forces, or
evanescent modes of the electromagnetic field). The probe and the object to be measured are being
displaced in relation to one another in a plane (hereinafter referred to as the x-y-plane) according to a
defined pattern,[10] while the signal of the interaction is recorded and can be used to control the distance
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between probe and object. In this International Standard, signals are considered which are used for the
determination of the topography (hereinafter called the “z-signal”).

This International Standard covers the verification of the device characteristics necessary for the
measurement of geometrical measurands and the calibration of the axes of motion (x, y, 2),[11] i.e. the
traceability to the unit of length via measurement on traceable lateral, step height, and 3D measurement
standards (see Figure 2).

While this International Standard aims at axis calibrations at the highest level and is thereby intended
primarily for high-stability SPMs, a lower level of calibration might be required for general industry use.

Key
1 measurgment standards for verifi@ purposes
la flatness O .

1b  probe shape \%
2 measurgment standard&calibration purposes
2a 1D and pD lateral Q~

2b  step height Q

3 calibratjon of. easurement standards by reference instruments (certified calibration, measurement
value including uncertainty)

Figure 2 — Verification and calibration of scanning-probe microscopes with test specimens and
measurement standards

This International Standard is mainly based on the guideline VDI/VDE 2656, Part 1, drafted by a
guideline committee of the VDI (Verein Deutscher Ingenieure/Association of German Engineers) in the
years 2004 to 2008, with the final whiteprint of that guideline being released in June 2008.
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Surface chemical analysis — Scanning-probe microscopy
— Determination of geometric quantities using SPM:
Calibration of measuring systems

1 Scope
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International Standard specifies methods for characterizing and calibrating the\g
hing-probe microscopes for measuring geometric quantities at the highest level.[dt is g

can axes of
pplicable to

e providing further calibrations and is not intended for general industry use, where a lpwer level of

ration might be required.
[nternational Standard has the following objectives:

o increase the comparability of measurements of geometrical quantities made usin

probe microscopes by traceability to the unit of length;

o define the minimum requirements for the calibration process and the conditions of 3

o ascertain the instrument’s ability to be calibrated (assignment of a “calibrate-ability’
he instrument);

o define the scope of the calibration (conditions‘of measurement and environment

measurement, temporal stability, transferability);

o provide a model, in accordance with ISOYTEC Guide 98-3, to calculate the uncertaint
reometrical quantities in measurementsusing a scanning-probe microscope;

o define the requirements for repotting results.

Normative references

following documents, ih-whole or in part, are normatively referenced in this documnj
pensable for its application. For dated references, only the edition cited applies. I
ences, the latest edition of the referenced document (including any amendments) appl

1039, Surfacéxchemical analysis — Scanning-probe microscopy — Measurement of drift n
8115-2,S8urface chemical analysis — Vocabulary — Part 2: Terms used in scanning-probe

['S 62622, Artificial gratings used in nanotechnology — Description and measurement of

quali

g scanning-

icceptance;

category to

s, ranges of

y for simple

ent and are
For undated
es.

ate
microscopy

dimensional

ty-parameters

ISO/IEC Guide 98-3, Uncertainty of measurement — Part 3: Guide to the expression of uncertainty in
measurement (GUM:1995)

3 Terms and definitions

For the purposes of this document, the terms and definitions given in ISO 18115-2 and IEC/TS 62622
and the following apply.

3.1
scan

ner bow

additional deflection in the z-direction when the scanner is displaced in the x-y-direction

Note

© ISO

1 to entry: Scanner bow is also known as out-of-plane motion (see also xtz, ytz in Clause 4).
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3.2

look-up table

table in which a set of correction factors for the scanner are filed for different modes of operation (scan
ranges, scan speeds, deflections, etc.)

3.3

step height

height of an elevation (bar) or depth of a groove (ISO 5436-1), in atomic surfaces, the distance between
neighbouring crystalline planes

34
levelling
correction df the inclination between the ideal x-y-specimen plane and the x-y-scanning plane

4 Symbols

X,y Z pofsition value related to the respective axis

Cx, Cy, C; calibration factors for the x-, y-, and z-axes

h st¢p height
w width of a structure of the specimen
N;j ith|pitch value in a profile used for the determination of the pitch/period (number of pitch values|i

over all linesj = 1,...,, Nj)

Dx pitich or period in the x-direction

py pitich or period in the y-direction

ay vertor in the x-direction of a grating (not to,bé’confused with py)
ay vertor in the y-direction of a grating (fiotto be confused with py)
Yxy nop-orthogonality of 2D gratings

P-V pepk-to-valley value

r raglius

Rq (Sq) ropt mean square‘deviation of the assessed roughness profile (Rq) or of the assessed area (5q)

T temperature

am thermaliexpansion coefficient

Ty teqnperature of the air

Tm temperature of the specimen during measurement

Jx angle of rotation about the x-axis

Jy angle of rotation about the y-axis

Jz angle of rotation about the z-axis

0 levelling angle

XL, value of the measurement standard for shift in the x-direction

Xm shift in the x-direction measured with the x-displacement transducer

2 © ISO 2014 - All rights reserved
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xXtx positional deviation Ax measured along an x-coordinate line

xty straightness deviation Ay measured along an x-coordinate line

xtz straightness deviation Az measured along an x-coordinate line

Xrx rotational deviation j, measured along an x-coordinate line

xry rotational deviation j, measured along an x-coordinate line

Xrz rotational deviation j, measured along an x-coordinate line

xwy measured rectangularity deviation in the coordinate plane x-y

xwz measured rectangularity deviation in the coordinate plane x-z

YL value of the measurement standard for displacement in the y-direction
Ym displacement measured with the y-displacement transducer in the y-diréction
ytx positional deviation Ax measured along a y-coordinate line

yty straightness deviation Ay measured along a y-coordinate line

ytz straightness deviation Az measured along a y-coordinateJine

yrx rotational deviation j, measured along a y-coordinate line

yry rotational deviation j, measured along a y-coordinate line

yrz rotational deviation j, measured along a y-coordinate line

ywz rectangularity deviation measured in€he coordinate plane y-z

z1, value of the measurement standatd for displacement in the z-direction
Zm displacement in the z-direction measured with z-displacement transducer
ztx straightness deviation'/AX measured along a z-coordinate line

zty straightness deviation Ay measured along a z-coordinate line

ztz straightnessideviation Az measured along a z-coordinate line

zZrx rotational deviation jy measured along a z-coordinate line

zry rotational deviation j, measured along a z-coordinate line

zZrz rotational deviation j, measured along a z-coordinate line

cos(¢i) rotational correction, e.g. in pitch measurement

cos(6;) tilt-related correction, e.g. in pitch measurement

As short-wavelength filter (see ISO 4287 for details)

Ae long-wavelength filter (see ISO 4287 for details)

A correlation length

Pxy angle between the x- and y-direction, counterclockwise
bxz angle between the x- and z-direction, counterclockwise

© ISO 2014 - All rights reserved 3
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byz angle between the y- and z-direction, counterclockwise
Rgx noise in the x-direction
Rqy noise in the y-direction

Rqz (Sqz) noise in the z-direction in a measured profile (or within a measured area)

1% scan speed (i.e. distance travelled by the probe tip per unit time, not to be confused with the scan
rate, i.e. the number of scanlines recorded per unit time)

5 Characteristics of scanning-probe microscopes ,\b‘

5.1 Components of a scanning-probe microscope q/Q

Key Q‘Q

X-y-scanmer ?\
Z-scanner %Q
position |det

probe %

specimen

N U1 B W N

coarse z-approach, i.e. move the probe or the specimen in the vertical direction to bring it close enough to the
specimen or probe, respectively (afterwards, start automatically approach techniques).

7  coarse x-y-positioning, i.e. move the specimen or probe laterally close to or into the region of interest on the
specimen, respectively

Figure 3 — Schematic sketch of a scanning-probe microscope
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Several components shown in Figure 3 are defined in ISO 18115-2. In this International Standard, they
fulfil the following functions.

— Probe: equipped with a tip at its apex. This probes the specimen surface, exploiting a local physical
interaction whose changes can be detected, e.g. as cantilever bending in the case of an atomic force
microscope.

— Position detector: Transformation of the probe’s interaction response (e.g. bending or oscillation of
the cantilever) into an electrical signal.

— z-scanner: Element for the realisation of the vertical tracking of the specimen/probe distance during
=)= ' ical i i i (e.g. of the
ction of force on the probe in the case of an atomic force microscope), to ensure an approximately
onstant distance between specimen and probe.

-y-scanner: Element for realisation of the lateral displacement of the probe (61 of the §pecimen) in
he x-y-plane (the plane parallel to the seating face of the specimen), which-is used, gmong other
hings, to record a location-dependent interaction signal that contains.information gbout a local
roperty of the specimen (above all, the local height).

— $pecimen holder: where appropriate, with coarse positioning and,coarse approach mechanics.

— (asing/mounting: Structure for mounting the scanner and specimen.

5.2 | Metrological categories of scanning-probe microscopes

SPM3 can generally be subdivided into the three followihg categories, depending on their jnetrological
equipment:

— ¢ategory A: Reference instruments with“integrated laser interferometers, alloywing direct
fraceability, via the wavelength of the laser used, to the SI unit of length.1)

¢ategoryB:SPMswithpositionmeasurementusingdisplacementtransducers,e.g.capacitiye/inductive
gensors, strain gauges or encoders calibrated by temporarily connecting laser interfgrometers to
the instrument or by making measurements on high-quality measurement standards. A distinction
is made between the following'two types:

+ those with active position control: tracking to a scheduled position by means of g closed loop
(so-called closed“loop configuration);

— those with position measurement but without a closed loop for position control (so-called open-
loop configuration).

— ¢ategory<Cy'SPMs in which the position is determined from the electrical voltage applied to the
ddjustiient elements and, if need be, corrected using the look-up table. Calibratioh is against
easurement standards.

Thes truments to
be assigned to a single category, but that, with respect to their scan axes, they need to be considered
separately.

5.3 Block diagram of a scanning-probe microscope

The block diagram shown in Figure 4 has been obtained from the schematic diagram of an SPM in
Figure 3. The characteristics of the essential components are given below and need to be investigated
individually in the course of verification and calibration.

1) Instruments of this category are often referred to as “metrological SPMs”, although the definition of a
“metrological SPM” in [SO 18115-2:2010/Amd.1 (to be published) does not necessarily imply laser-interferometric
position control.

© IS0 2014 - All rights reserved 5
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For category C:
— casing/mounting (mechanical, acoustic, electromagnetic, and thermal characteristics);

— specimen holder, where appropriate with coarse positioning and coarse approach mechanics
(acoustic, mechanical, and thermal characteristics);

— Z-Scanner;
— X-y-Scanner;

— detectorloop, e.g. using the beam deflection method, with abeam on the rear side of the cantilever in
the casd of an atomic force microscope and detection of the reflected beam from the rear side gf the
cantilever with a position-sensitive photodiode. The signal of the position-dependent phatodiode
serves gs input to the feedback loop of the z-scanner in order to keep the set-point constant;

— probe.
Additionally, for category B:

— category B2: x-, y-, and/or z-displacement transducer, e.g. encoder,. capacitive, or inductive
displacement transducer or strain gauge;

— category B1: where appropriate, active (closed-loop) position contrek

Additionally, for category A:

Traceability|by integrated laser interferometers, i.e. systems ag:for category B, but equipped with
— integrated laser interferometers for position measurement/control and

— where dppropriate, additionally provided with angle sensors.

6 © ISO 2014 - All rights reserved


https://standardsiso.com/api/?name=b812fc4524a4d57e2848c16ffc2d357c

ISO 11952:2014(E)

________________ (o )
A

! . .

' internal device
,  signature
1

________________

control and
data recording

X, y-position »| Z-Measurement |

value

A 4

b

X, y control loop _,q

U

z control circuit z4positipn sensor

i 1

y position sensors position detector

The

accu
with
soph

5.4

The
(i.e. 1
the n

v t

X, y-scanner probe L p| z-scan

her

V4
>
X

measurement object

X, y-block z-block
Figure 4 — Blockdiagram of a scanning-probe microscope

classification above is a'\first rough estimation of the effort necessary to achieve

minimum uncertainties of measurement for the calibration of category C instru
isticated measurement standards are usually sufficient here.

Calibration interval

héasurements and the constancy of the ambient conditions. As most calibrations are

the desired

Facy of calibration. It-is'not necessary, for example, to purchase a set of measurement standards

ments. Less

nterval-at which the instrument will need to be calibrated depends on the type of| instrument
he netrological category), its stability, especially with respect to time, the intended purpose of

bf a complex

natu

re, and thus, are labour- and time-1ntensive, a compromise needs to be round betwee

calibration and the measurement uncertainty which can be tolerated.
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Generally, the following repetition patterns for calibrations (K) and measurements (M) are suitable.

KMM .., KMM.. forinstruments of high stability in the medium term: calibration is necessary only at defined
intervals of time, e.g. once weekly/monthly/yearly.

KM, KM, KM ... for instruments with acceptable short-term but bad long-term stability: calibration is neces-
sary before each measurement.

KMK, KMK ... when the maximum precision of the instrument is to be used for measurements with as

Especially dfter putting into operation an SPM which is new or has been modified or relocated
advisable in
experience \

6 Prelin]
6.1 Oven
ed

In order to dlefine a calibration schedule for a particular SPM, three groups of influencing factors
to be invest
ambient con

These inves

a)

b)

c)

d)

e)

f)

These inves

investig
etc.) (se

investig
sufficie

the infly

the nois

Xy-scan
at timefq

long-ter

small an uncertainty of measurement as possible or for instruments which are unstable
with time and therefore require the drift in their characteristics to be taken into account as

far as possible.

the initial phase to repeat a defined calibration pattern several times inordér to
vith the stability of the instrument.

jinary characterization of the measuring system

yiew of the instrument characteristics and influencing factors to be investig

igated in detail (see Figure 5): the instrument’s ch@aracteristics (as described above]
ditions, and the effects of operation by the user.

igations should be carried out in the followingerder, prior to the calibration process pr

ation of the waiting time after putting the'thstrument into operation (warm-up, initial
e 6.2);

ation of the waiting time after changing the specimen or probe or other interventions b
htly stable conditions of measurement are reached (see 6.2);

)

e of the instrument(see 6.3 and also Table 1);

her/z-scannér-guidance deviations (cross-talk from one scan axis to other axes, whicH
, be deteetable only by repeated measurements) (see 7.3);

m stability (reproducibility) (see 5.4).

it is
gain

pat-

need
, the

bper:

drift,

cfore

lence of the ambient conditions, producing a temporary drift and/or changes in temperature,
air hunpidity, air flow, mechafi¢al, and acoustic vibrations, electromagnetic interference
(see 6.3));

etc.

can,

[igations can be carried out as qualitative and/or as quantitative tests. For qualitative {

ests,

specimens with the desired properties (e.g. silicon wafers, glass plates) are sufficient, whereas for
quantitative tests calibrated measurement standards are required for precise work. This is described
in Clause 7.

The investigations described below should be performed with probes which are usually used for
measurements with the instrument in question and on the specimens to be examined. Ageing of the
probe tips can be identified with the aid of suitable tests.[44-47] Tips showing excessive wear should not
be used.

The first step should be aimed at separating the various influences, e.g. by cutting out external influences
and allowing them back in (to the extent possible), and then successively varying the operator-related
settings.
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Key \\
1  iptrinsic influences 2d tempelsé}gre changes
la [[:'obe-guidance deviations 3 op@%r-related settings
1b dignal drift 3a Q\rameter settings for the feedback loop, i.e. proportional
1c 1nechanical stress A\Q(P) and integral (1) gain
1d ¢lectronic noise \@) scan range
2 ¢xtrinsic influences . C\){‘ 3c  scanspeed/scan rate
2a 1techanical vibration C)\\ 3d forward/backward scan
2b  dcoustic vibration @’ . 3e  features of probe and specimen
2c glectrical noise C)O
Figure 5 — hree groups of factors influencing the measurement procefs
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Table 1 — Influence of ambient conditions and noise of the instrument

Characteristics Specimen and method of investigation Subclause

Flatness measurement standard or specimen with known flat
regions

Vertical (Rq or Sq <2 nm, P-V <10 nm) 6.2
. Variation of ambient conditions, opening of chamber, switching on/
Drift off of instrument components, etc.
Specimen with straight edges or lines of small step height, aligned
Lateral parallel or vertical to the scan direction 7t

2D grating of small step height.

After stabilization of the instrument

Vslt;f:;;t measurement of flatness measurement standards with x-y-move-
. |ments switched off. In addition, variation of ambient conditions, i.e.
novement in : . ) s o
) mechanical damping, acoustic oscillations, electromagnetic shield-
z-Noise xory ;

ing.
Dynamic: |After stabilization of the instrument

canning in x |fast recording of two or more scan lines. The difference betyween
ory the lines provides information about dynamic noise components.

The separatjon of the contributions is the basis for the introduction of suitable optimization procedures,
the use of correction procedures(if these two are not feasible) or adequate inclusion in the uncertpinty
budget.[14][1e][17] Table 1 can serve to make a distinction between/témporary drift and permgnent
guidance deyiations as well as between different contributions to thenoise (see also example in Anng¢x A).

6.2 Waiting times after interventions in the measutiing system (instrument installation,
intrinsic effects, carrying out operation, warm-up,:tip/specimen change, etc.)

6.2.1 Adjustment of the instrument to ambientonditions

The waiting times investigated in this subclauserelate to an instrument which has already adjusted to
its ambient fonditions. After rearrangement.and installation of the instrument or relocation to angther
room, about| 24 h are typically to be allowed for acclimatization.

6.2.2 Potential causes of drift

During the ywarm-up phase after)switching-on the instrument, or after interventions such as changing
or repositioning the probe/tipyand specimen, the following effects might influence the measurements:

— piezo dyift or pieza.cteep in the lateral/vertical direction;

— mechanlical stresses, e.g. acting on the specimen holder and its mounting (e.g. adhesive);

— mechanlical expansion of the components (casing, measurement circle);

— changes in the properties of the electronics.

As drift usually disappears after some time, the required waiting time is to be determined. For the
electronics, a warm-up period of at least 30 min is to be reckoned with. For the other drift contributions,
however, no generally valid decay times can be given, as they depend on the particular type of instrument.

6.2.3 Procedure

Follow the procedure for drift determination as specified in ISO 11039.
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External influences

6.3.1 Kinds of external influence

As SPMs are most sensitive to interference from the environment, the following influence quantities are
to be accounted for:

Thes|

6.3.2

Inth
simp,
Ann

if ne

Som

in th
grea

Cour
effed

insu

shou
with
heat

6.4
Afte

instn

a)

b)

variations of temperature and air humidity;

air motion (e.g. air-conditioning, air circulation, draughts, exhaust heat);

Aot
=A%)

];lechanical vibrations (e.g. structural vibrations, foot fall sounds/human traffic, pump
dcoustic disturbances (e.g. impact sound, ambient noise);
¢lectrical and electromagnetic sources of interference;

presence of staff.

e external influences can produce drifts (see 6.2), noise (see Table 1), and systematic €

Consequences of external influences and countermeasures

b presence of mechanical and acoustic vibrations in particular, it often is sufficient to ta
le countermeasures (avoidance of sound, vibration,damping, sound-proofing hood or
x C). Air currents and dust can be prevented by siiitable encapsulation. Electrical interf]
ressary, be compensated for by appropriate measures (e.g. net filters, avoidance of gro

€

¢ external effects, such as errors due to eleetromagnetic disturbances, are, however, ol
e measurements; their cause or source.ean then sometimes be identified or remedied

expense.

termeasures sometimes require/careful consideration since they can also produc
ts.[16] For example, sound-praefing hoods often have the disadvantage that they have a
ation effect (see examplednAnnex C). Consequently, heat sources (especially convent
Id preferably be arranged outside the casing as far as possible; active vibration d

]

sources directly in'or on the instrument, the temperature inside such casings will incr

Summary

completion of these preliminary investigations, the results should be included in a se
uctions: These are, in detail:

1

2]

);

Frors.

ke relatively
the like, see
erences can,
ind loops).

served only
, but only at

e undesired
tigh thermal
onal lamps)
ping stages

a
external power supply)and controllers should be used. As SPMs usually also have so:lre remaining

ease.

t of working

Fot-measurement

instructions concerning the waiting times after the instrument is switched on

the procedure for specimen or probe change, repositioning and other modifications, a
waiting times

nd resulting

statements onthe performance of prescans (prescantimes)intended to contribute to the stabilization

of the instrument for the measurement proper

the procedure in the case of deviations from the conventional conditions of measurement

For installation or familiarization of the staff

the type of vibration damping/sound-proofing to be used
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— the type of electromagnetic shielding to be used
— the ambient conditions to be observed (temperature/humidity range)
— the rules of conduct for the staff

These working instructions thus lay down the range of validity of the subsequent calibrations.

7 Calibration of scan axes

7.1 Genepad

Calibration $hould be carried out using certified measurement standards. The results of the prelimj
investigatiohs in Clause 6 should be taken into account when selecting the measurement stdndards
suited for tHe instrument in question in view of the measurement tasks to be performed,

These preliminary considerations also need to take account of the evaluation methods which will act]
be availablel The software supplied with the SPM normally differs significantly/from manufactur
manufacturpr. The user is encouraged to use certified or atleast validated softwargas far as possiblg
to check anyj other software if it is applicable for the envisaged purpose. On the one hand, the procec
offered are jn most cases inappropriately documented and, on the other hand, standardized proceq
are usually hot available, e.g. step height measurement in accordance’with ISO 5436-1. This is wl
the followinjg subclauses, reasonable alternatives are presented, if available, and their advantage
disadvantages discussed.

In most cases, different measurement standards are used forthe individual calibration steps (s¢
to 7.5 and Thble 2); alternatively, or additionally, 3D measurement standards can be used which,
suitable evalluation software, allow the calibration factors'Cy, €y, and C, and the cross-talk betwe
three axes tp be determined simultaneously (see 7.6 and Table 2).

NOTE A total of 21 deviations (or degrees of freedom) can be identified for the motion process of thg
in analogy tq coordinate-measuring machines.[39] Complete separation and individual characterization
possible witlh standard SPM equipment and tgols*available to the typical user, and often not practical
International Standard therefore focuses on the calibration of the axis scales and cross-talk between the a;
thereby takeg the effects of many of the deviations into account, together with the instrument characterizat
Clause 6.

7.2 Measurement standards?)

7.2.1 Reqpirements formeasurement standards

se only<giyes general information about measurement standards; detailed statemen
the requirements are contained in 7.3 to 7.6.

nary
best

ually
er to
,and
lures
lures
y, in
b and

e 7.3
with
b all

SPM
s not
This
kes. It
onin

[S on

The properti€s, of the measurement standards shall be documented and be accounted for i
calibration. i > i i
for SPM need to be documented following IEC/TS 62622. Important properties are

— the provision of a defined reference marking or reference field (e.g. in the form of a suitable mark

or suitable coordinates) within which the measurements are to be carried out, or the provision of a
larger field which is documented to be of sufficient homogeneity so that the measurements can be
carried out at any point within this field,

identification (manufacturer, kind of measurement standard, nominal or reference values, serial
number),

2)

The products mentioned in this subclause are examples of suitable products available commercially. This

information is given for the convenience of users of this International Standard and does not constitute an
endorsement by ISO of these products, nor are they necessarily the best products available for the purpose in
question.

12

© ISO 2014 - All rights reserved


https://standardsiso.com/api/?name=b812fc4524a4d57e2848c16ffc2d357c

ISO 11952:2014(E)

documented calibration values, including their uncertainty and how they are traced back to the SI

unit of length, the metre, the measurement position, and the date and time of calibration, and

reference field.

an explicit statement of any regions with irregularities, scratches, contamination, etc., within the

Suitable sets of measurement standards are available from various manufacturers.[23][24][26][32]

Table 2 — Overview of guidance deviations of xy-scanner or z-scanner, measurement standards
to be used and calibration measurements

— Measturementstandard/—€alibration——
Qbjective/measurement of - Subclause
requirement measurement procedure
Crosp-talk from the lateral move- |Flatness measurement Out-of-plane movement of x:)y- 73
ments to the z-axis xtz, ytz standard scan system
Rectpngularity deviation ywx 2D measurement standard | Angle formed by the®we axes, on 7.4,7.6
Rectpngularity deviation 3D measurement standard orthogonal structyres 7.6
ZWX, lzwy
Calilration of the x- and y-axis Cx | 1D or 2D lateral measure- |Pitch, rotatien, linearity, and 7.4,7.6
and (), followed by determination |ment standard distortions
of deviations xtx, yty (non-lineari-
ties)
Crosk-talk from the lateral axes 2D lateral measurement Ritch, rotation, linearity
xty, ftx standard
Califration of the z-axis C;, fol- Set of step height meastit'e- | Step height, linearity 7.5,7.6
lowed by determination of devia- |ment standards
tionq ztz (non-linearities)
7.2.2 Handling of measurement standards
Like [all sensitive specimens, measunement standards shall be stored and handled with c3re and very
carefully protected from dust. Storage and handling of such objects should therefore alwpys be dealt
with|in the user training. Avoidance of contamination shall be given preference over cleaning which
would otherwise be required.(If)cleaning is nevertheless unavoidable, the relevant instrugtions of the
mantifacturer are to be obsexrved. As a rule, contamination with nanoscopic particles is hard to remove
withput residues being left,Jand this might affect the function of the measurement standard. Should the
surfdce undergo change due to cleaning, the measurement standard needs to be recalibrated.
It is further to be/borne in mind that the user might also alter the quality of the measuremgnt standard
during assembly~and mounting, possibly without being aware of it. For instance, when| bonding or

clamping measurement standards in place, it is therefore to be ensured that the mechani
easurement standard is kept as small as possible so as to prevent the measurement st

the

bending.

cal stress in
indard from

7.3 Xy-scanner guidance deviations of the x- and y-axes (xtz, ytz)

7.3.1 Definition of xy-scanner guidance deviations in vertical direction (z-plane)

Guidance deviations of the xy-scanner will in the following be understood as long-wave deviations (i.e.
greater than 1/5 of the maximum scan range) from an ideal plane.

7.3.2 Measurement strategy

Figure 6 shows the measurement strategy for the determination of the out-of-plane deviations xtz and
ytz. This flow diagram can be divided into three sections. The left-hand column gives the basis for the
procedure, the centre column the sequence of measurements, their analysis and the values determined.
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The right-hand column gives information about the prerequisites for the measurement standard, for the
measurements, for the analysis and lists the consequences to be drawn.

Device characteristics

Flatness standard P-V < 10 nm,
smooth samples with small roughness
P-V, Rz, Ra, Rq (Sz, Sa, Sq)

Flatness Measurement standards

Ambient conditions, scan conditions,
scan direction (forward, backward),
scan speed v, angle o

Measurement strategy Measurement

Data processing: levelling 6, rotation ¢,

Figure 6 —

7.3.3 Flat

Figure 7 sh
four big arrg

in the instry
under an op
middle. Thif

Flatness md
like its long

Analysis e A ‘
filtering A s, averaging over several
images (correlation length A) N

Theory/model Analysis First-order least-squares fit for Igvelling

Criteria:
correlation length 4-of sample with
respect to roughness

Result Reproducibility? Measures:

xtz, ytz noise = reduction of sources,

reproducibility = correction (polynomial
fit)

—< 7

Z-noise

- Flow diagram for carrying out a flatness calibration in accordance with Refere
[35]

hess measurement standards

ws an example of a flatness measurement standard for scanning-probe microscopyj
ws (left) are visible to the naked eyeand help to coarse-position the measurement stan
iment. The inner area (right) shows double-dot structures which can be easily seen
Lical microscope and in the SPM and indicate the direction towards the reference field i
reference field has been calibrated by interference microscopy.

asurement standards (see Figure 7) have a defined reference field whose surface s
wave deviations, are_traceably calibrated. For this purpose, interference microscope

nce

The
dard
both
n the

hape,
S are

frequently yised (see Figure.8)-~For the comparison, it is to be considered that the two procedures,

interferencs
the spatial v
details (i.e. §
Pt-values (u

microscopy and-scanning-probe microscopy, usually show different transfer functior
Pavelengths<{Phe interference microscope has a limited spatial resolution so that very {

s for
mall

mall spatial'wavelengths) cannot be imaged, resulting in higher SPM-measured roughpness.

hfiltered,ize. without Ac-filter) should be smaller than 10 nm.
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10016

Rany

|}
i

SANINTI

- SHOSNISONEN

~5 mm
//

TYPE : FLATNESS

PN NS
—

~7 mm

iype of measurement standard (i.e., flatness)

dentral field with orientation aids and the reference field
derial number

¢rientation mark

:Eference field

rther orientation aids with double-dot pairs pointing in the direction(of the reference field

Figure 7 — Example of a flatness measurement standard for scanning-probe mic

Measurements

Wherever possible, align the flatness measureément standard so that its plane lies paral
plane.

Adjust the z-position of the scanner in'such a way that the z-scanner operates symmetri
the central position in the z-deflection range (see also Figure 18).

the measurement standard from those of the scanning system, the position of

shift > correlation}éngth).

In general, at leasthine measurements should be carried out.

7.3.5

Evaluation of results

[arfy out averaging over all the data sets, without making any tilt correction beforeha

Larry out several SPM measuirements over the maximum range of the xy-scanner in {
feference field, usingthe sean'speed and scan direction normally used. To separate the characteristics

"0scopy

el to the x-y-

rally around

he certified

the flatness

f
lqeasurement standdrd ‘should be varied at random several times between the mdasurements

nd.

ideal plane (xtz, ytz).

Thisaveraging furnishes significant Information about the deviations of the scanner z(x,y) from the

Fit a polynomial P(x,y) of appropriate order, with the maximum being of third order, into the

averaged data set.

Using the least-squares approach, fit a plane E(x,y) to P(x,y).

The Pt-value of the difference between the two functions, P(x,y) — E(x,y), is a measure of the guidance

deviation xtz or ytz, respectively (out-of-plane deviation).
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7.3.6 Summary

Good systems can reach P-Vvalues <10 nm for a scan range of 100 um. If the P-V values vary by less than
20 % over a prolonged period of observation, the polynomial P(x,y) can be used to correct measurements
carried out under identical conditions (same scan range, same scan speed). The amount of variation in
the P-V value should be taken into account in the uncertainty budget.

7.3.7 Extended calibration measurements

Depending on the type of instrument, its stability, and its intended use, further investigations might
need be carried out

— making|separate measurements at different scan ranges and speeds, ;\b‘
— using anpother direction of scan (forward <=> backward), (1:1/
— exchange fast (x-axis) and slow (y-axis) scan axis, and q%

— adjust the z-position of the scanner in such a way that the z-scanner oper '} by 20% (seq also
Figure 40) above or below the central position in the z-deflection range (s& o Figure 18 and 20).

500

«°
QO

?\
Key %Q
y-axis, in ;@

X-axis, in pm

measured by interference microscope
observed by SPM

U s W N

Figure 8 — Use of a flatness measurement standard to determine guidance deviations and noise

NOTE The lower plane shows the surface of a flatness measurement standard as measured with an
interference microscope. The upper plane is the same region but observed with an SPM with a tube scanner. The
deviations on the fast axis (x-axis) due to the scanner bow and individual peaks can be seen. In the direction of the
slow scan axis (y-axis), interference and drift effects are obvious. By taking the difference, the deviations from an
ideal guide plane can be determined.
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7.4 Calibration of x- and y-axis (Cx, Cy) and of rectangularity (¢xy) and determination of

deviations (xtx, yty, ywx)

7.4.1 General

The calibration of the lateral scan axes is usually done with 1D or 2D lateral measurement standards.
These show equidistant structures with defined features whose mean spacing (the pitch) serves to
calibrate the lateral axes (see Figure 11). Local deviations are a measure of the non-linearity of the axis
(xtx, yty), leading to distortions. In addition, the rectangularity deviation (ywx) and the cross-talk (xty,

ytx) between of the lateral scan axes can be determined.[41]

In mpasurements on lateral measurement standards, not only the selection of the scan raphge but also
the 4can speed or rate are of decisive importance, as the calibration factors are strongly influenced
by dynamic non-linearities and image distortions.[1Z][37] This is also true for systems’of

category B1 with active position control. In the basic calibration, the scan speed shall t
adjusted as is usual for measurements on ordinary specimens.

For the extended calibration, carry out additional series of calibrations.at"different sca
apprppriate. Depending on the scan speed and the scanrange, calibrationfunctions forimage

can glso be calculated.[37]

7.4.2 Definition of pitch py and py and rectangularity (¢x,)in'the x-y-plane

For definitions of grating properties, see IEC/TS 62622.

7.4.3 Measurement strategy

Lateral calibratien C,, Cy, ¢, Positional

andirectangularity

deviations xtx, xty, yty, ytx, ywx

etrological
herefore be

n speeds, if
rectification

Geometrical structures (1D, 2D)

Standards

Dimension, homogeneous g
good orthogonality (< 0,1°),
structural height, well measu

rating,
Emall
rable

Measurement strategy

Measurement

Noise, ambient conditions, sican
barallel to

parameters, scan direction (|
axes: a = 0, where appropri
forward/backward)
orientation of the grating ver]
scan axes, if possible, small
a

te, rotation

ical to
inclination

FFT, FFT with autocorrelatid
centre-of-gravity method; co
FFT and FT ("refined FFT")

mbination

n and

Theory/model

Analysis

Nyquist condition
noise,

waviness, stable probe

Criteria:

correlation length A of sample with

respect to roughness

Lateral calibration Cy, Cy, ¢y

Positional xtx, xty, yty, ytx and
rectangularity deviations ywx

Non-linearities

(if stated in calibration certificate)

Figure 9 — Flow diagram of calibration of the lateral axes[35]
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7.4.4 Selection of lateral measurement standards

Much valuable information on the selection criteria for lateral measurement standards can be found in
IEC/TS 62622. In the following, only some criteria specific for SPM will be discussed as a help for the
SPM user (see Table 3). Lateral measurement standards show regular periodical or two-dimensional
structures with a known, traceable grating period and thus allow the calibration factors Cx and Cy to
be determined for the x- and the y-axis. With 1D measurement standards the calibration factors can
be determined only successively in two measurements, with the measurement standard being rotated
by 90° between measurements. For two-dimensional structures, the angle, ¢y, or the deviation from
rectangularity of the structures can be determined. This also allows the orthogonality of the scan axes
to be checked.

The periods
(see 6.1) ang

Asarule, to
standards W

If complete
possibly als
are to be us
scan axes, iff

Another crif
7.4.7): For e
structures 3
modulation

of the measurement standards are selected according to the purpose of the measure
| the lateral lengths to be measured or the conventional scan ranges.

hllow the non-linearities of the lateral axes (xtx, yty) to be accounted for, a set gfmeasure
rith different periods (pitch values) is to be used.

investigations of the distortions within the x-y-plane (straightness, rectangularity
p angular errors) are envisaged, measurement standards with two-dimensional gra
ed. If axis calibration factors and distortions shall be determinéd only along the indiv
is sufficient to use a 1D measurement standard.[21]

erion for the selection of the measurement standards is thig evaluation method available
valuation in the local space, as good an imaging (low-neise in particular) of the indiv
s possible is to be aimed at; the tip motion should beable to completely follow the su
in order to reach a good signal-to-noise ratio. Asaule, at least seven pixels are neces

but preferalply more than 10 pixels per structural period,should be selected; where appropriatg
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the shape of]
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Where an ey
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The samplin]
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over a smal
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imber of pixels is, however, to be chosen higher depending on the shape of the struct
the tip and the interaction. Always severalperiods shall lie in the image (at least five) sd
al spacing can be averaged over an adeduate number of periods.[33](34][37]

raluation in the Fourier space hasto-be performed, the measurement standard used h
hny periods in the scan range envisaged, with the individual structures still being resg
g rate shall be sufficiently high,-that each period contains at least five pixels.

Cy-based evaluation, a finerstructure or a higher resolution than for evaluations in the

11l be imaged. At thie;same time, it needs to be taken into account that in a measure
number of perigdsthe statistical uncertainty of the position of the individual struc
on the measufement standard type) can be rather great due to the design and that
ging is to be performed over a sufficient number of periods with sufficient resoluti
pronourced distortions along its axes might not allow Fourier-based analysis.
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Table 3 — Evaluation methods and their significance (++ very good, + good, o fair)

Cx, Cy, xy Non-linearities Remarks

Manual image 0 No statement — Normally only a few structures are used
evaluation — Part of the data is not used
— Depends on the user

— Is time-consuming

— Great uncertainty involved

FFTI31][33][34] + No statement — The whole image information is used

— Less sensitive to noise
— Insensitive to punctual disturbandes

— Accuracy limited by mathematics

Cenfre-of-gravity + + — Sensitive to noise, reughness, loca] distur-
metfhod[311[33][34] bances (particles) and.waviness of thle specimen
(use of a waviness filter possibly required)

— Local structural defects detectabl¢

— Local scanner properties detectable

FFT|+ cross-corre- ++ + — Combines advantages of FFT and dentre-of-
lation[37] gravity method

Furthermore, the kinds of irregularity in the lateral measurement standards, and the extént to which
such|irregularities are present should be consides&d when selecting suitable lateral measurement
stanglards. In many cases, they show (relatively feeble) distortions produced during manufacturel25]
[33] qr there are local discontinuities of the grating constant, e.g. so-called “stitching ernors”.[30]. On
high{quality measurement standards, such irregularities are so small that in the scanned image they
are not directly visible to the naked eye, but.can be proved to be present uniquely by specific methods.
[301[33][34] In high-precision calibrations such as for category B instruments, they can, howeyer, produce
unintended errors.

Wheh procuring the measurement'standard, it should therefore be checked whether local ifregularities
can e avoided in measurements by careful navigation to intactregions, or whetherirregulajregions can
actually be identified in the méasured data afterwards and be accounted for in the evaluatjon process.

7.4.3 Basic calibration — Adjustments and measurements

In prfinciple, calibration measurements should be carried out under the same conditions ag are usually
used|when making measurements on ordinary specimens and using the same instrument settings, as
the lateral calibration factors Cx and Cy, are more strongly influenced by the measurement|parameters
than|othefealibration parameters. Attention should be paid in particular to the stable-state conditions
referred to below; in addition to the instrument settings the scope and times of the prescan, for example,

h dBo docriranntnd +0 Ancien that ol o ne fannaciivarannte o bk e nctanan e S o rri d t in
ShourerBe-aoctHReRteato-eRsSHretatr s sequenteastrements e otaer speeHnensare—- eda ou

the same way and that comparability of the results is guaranteed.

Preparation:

1. Mount the lateral measurement standard in such a way that mechanical stress is minimized and
preferably aligned such that

— its plane lies as nearly parallel as possible to the x-y scan plane, i.e. 6; is as small as possible, and

— the grating is oriented as nearly perpendicular as possible to the scan axis/axes considered (1D
measurement standard: lines vertical to the fast scan axis or, after rotation by 90°, vertical to the
slow scan axis).
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2.
3.
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4. Repeatf
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same.
Calibration:
5. Thelast
6. Make mf
7. Whenu
— rotatet
— use the
— make ty
— compar
— stat
— che
— che
8. Whenu

Then adjust the z-position of the scanner so that it operates symmetrically around the central
position in the z-range (see also Figure 18).

Carry out all the measurements described below:

in the certified reference field of the measurement standard;

symmetrically around the central position of the ranges of the x- and y-scanners;

using the usual scan direction (forward/backward, fast scan direction parallel to one of the scan
axes, angle 0°);

an speed usually used tor the scan range concerned.

he measurements using the maximum scan range under identical conditions untila sui
tate is reached, i.e. until two successive measurements of the structural spacings ar

measurement from item 4 is taken as the calibration measurement:

that a sfiitably stable state is reached.

— conppare the measurements.in item 7 with the last measurement made in item 6;

rotate t

use the

he measurement standard by 90°;

fast/slow scan axis as before;

o measurements over the last measurement range used in item 6;
e the two measurements, as follows:

ement on the stability after repositioning of the measurement standard;

ck whether identicalcalibration factors are obtained;
ck the angles forted by the two scan axes.

sing a 1D measurement standard(21]

he measurement standard by 90°;

fast/slow scan axis as before;

asurements using smaller scan ranges, e.g. half, one-quarter,or.one-eighth of the maxi
scan rapge. Depending on the stability reached in item 4, carry out\at least one prescan to er

sing a 2D measurement standard, the following cross~check is recommended:

tably
e the

mum
sure

repeat item 4 and item 6 to calibrate the slow scan axis.

7.4.6 Extended calibrations (scan speed, angle, and eccentric measurements)

In many cases, it will be beneficial for the user to also investigate quantitatively the dynamic behaviour
of the scan system, as the scan speed frequently has a greater influence on the selection of the calibration
factor than the size of the scan range.[17]

Particularly for systems of category B, it is advisable to state the factors Cy and Cy as a function of scan
range and scan speed and possibly to add the factor Cyy for the coupling between the two lateral scan
axes. This ensures that the user reaps optimum benefit from the position sensors.

In many cases, the instrument or evaluation software supports the application of such corrections to
the measurement data. With position-controlled scanners as are available commercially today, the

20
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remaining uncertainty can thus be reduced to a few 10-4 so that it is smaller than that usually offered
by the pixel resolution.

7.4.7 Evaluation

Different methods are used here. Table 3 gives the methods most frequently used as well as their
significance as regards calibration factors and non-linearities.

1. After alignment along distinctive structural features (e.g. structure edges, peaks), the position of
the individual structures can be determined

’

— here Fourier-based methods are used, by cross-correlation.[37][40] This is done ‘by| calculating
the cross-correlation of a grating element (mesh) cut from the total image with the [total image,
determining the centre-of-gravity coordinates of the resulting correlation peaks, and|plotting the
¢entre-of-gravity coordinates thus determined against the desired positions resulting from the
fespective reference value of the grating. In the case of 2D measurement'standards, canry out these
perations separately for the x-coordinates of the centres of gravity withpy, and for the y{coordinates
f the centres of gravity with p,,.

Y 4 ///3\\

Key

fast/scan direction

slow scan direction

rows of the 2D grating

centres of gravity of structures constituting the grating
angle of rotation (in this example, against the y-axis)
upper level

threshold

bottom level

O N O U1 D W N

Figure 10 — Evaluation in the local space
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Application of a simple centre-of-gravity method by rotating the measured image until the columns of

grating markings stand vertically in the image, followed by averaging over all lines of the measured image, and
reading an integer multiple (here the sixfold multiple) of the measured grating period from the averaged profile.
Note that the lower part of the figure shows the introduction of a threshold line (mathematically more complex)
and determination of the centre of gravity of each grating marking.[33][34]

2.

Carry out an orthogonality check (only if a 2D measurement standard is used)

in the local space: by alignment of two straight lines, each parallel to the grating directions and

determination of the enclosed angle. For averaging, this is repeated in several regions of the image,

and
in the F

The measur]

burier space: by determination of the angle between the two vectors describing the gr4

ed angles are compared with the reference value yyy of the measurement standdrd. W

provided foy by the software, deviations should be compensated for by a calibration facter, taking

account that such a modification has effects on the calibration factors for the axes so thattle calibr

measuremehts in question (items 4 to 6) will need to be repeated.

3. Determjne the calibration factors Cy, Cy in the local space, as follows:

— Fit two [regression lines g and g, through centres of grating structures:in one column close t
left-hand and another column close to the right-hand edge of the image (see Figure 10) unde
conditign that both lines are parallel.

— Raise a pertical sy to the two straight lines gg and gy,

— Calculate the average pitch by determining the distance Getween the points of intersection
with goland gy, and dividing by the number of enclosed grating periods n.

The quotien
calibration f
inclination g
gnforman 4

Cy is detern
close to the

NOTE
deviations off
might be a di
edge of the sg
of all intermd

4, Alterna

Determine t
in the FFT ij

types of evalus

t of the reference value pyrer and the meaSured value pymes of the grating period i
actor Cy; if need be, so-called cosine errors can be taken into account, i.e. a pitch or spec
orrection cos6;, for a pitch angle 6; and'arotation correction cos¢; if the straight lines
ngle ¢; with the slow scan direction.

ined in an analogous way to Cy, Using regression lines through lines of grating struc
upper and lower image edges.

This method is, for simpli¢ity, based on the first and last rows of structures only. Consequ|

the positions of these{two rows from their normal positions will affect the calibration result
sadvantage, as it needs to be noted that distortions are often particularly pronounced close {
anned image, i.e, inthese two rows. A more secure method that also takes into account the pos
diate rows asdes¢ribed in 7.4.8 is therefore recommended.

[ive determination of the calibration factors Cx, Cy in the Fourier space (see Figure 11)

he méasured mean grating periods by measurement of the position of the appurtenant

ting.

here
into
htion

0 the
r the

of sy

5 the
imen

go to

ures

ently,
This
o the
tions

peak
Vlany

age: Bearin mlnd that a pure FFT p0551b1y does not furnish the accuracy necessary |

e FFT,

calculate the cross- correlatlon of a unit cell of the gratlng with the total 1mage in order to determine
the centres of gravity of the resulting cross-correlation peaks in each individual grating mesh (see also
Figure 12). These centres of gravity allow the structural spacings, and thus the calibration factors Cy, Cy,

to be very pr

22

ecisely determined.[37]
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, yty (linearity of the axes)

idance deviations xtx,

d grating has to be used for this, i.e. the standard deviation of the pitch yalue should
andard deviation limits the determination of the non-linearity of the scanner.

eft-hand to the right-hand edge of the image (see Figure 10). The individual lines ¢an be fitted

ﬁ&zllel regression lines gg to g, through centres of the grating structures in each qolumn from

5

to the points using the least-squares method.

In good gratings, the mean values of the pitches of all the straight lines are a good approximation
and should be used for further evaluation. If this is not the case, the parallelism of the straight lines

is to be forced by fitting as above.

analysis very clearly shows the peaks belon
centries of gravity, the mean measured gra
by liges (left) and columns (right);

NOTHE 1

scan pxes, the main FFT peak can be.used to determine the measured mean pitches pymes (left) and{pymes (right),

respgctively. For y, a slight deviat

100Q nm.

7.4.9

Detefmination of t@%ﬂ
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— Determine the points of intersection So to Sy of the vertical sy with gg to gp.

— Raise a vertical sy to the set of straight lines gg to gp.
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Fit a regression line f(s;) = ms; + b through all the points of intersection j.

The inverse of gradient, m, is the calibration factor Cy based on all structures used in the calculation.

The deviation of the plotted positions of the regression line is a measure of the distortions xtx
occurring along the x-axis. This plot further allows the distortion function to be approximated
which in most cases can already be well described by a polynomial fit of the second or third degree

(example in Figure 15).
If the stability is appropriate, this polynomial can be used to correct the distortions.

The deviations determined are to be compared with the scatter of the positions of the individual
structures stated for the measurement standard in the calibration certificate. If the dewviations
determined agree within the scope of the uncertainty of measurement, the scanner behaves lin¢arly.

To determin
to the lower]

e yty, in analogy to xtx, regression lines through lines of grating structures front the ypper
edge of the image are to be used.

2D1000 ber

y-error = 0,132- 2,03-10% y + 7,02-106 y2 - - 100 y3
=0,998 y + 7,02: 10 y2 - 6,69-1 ngj_ﬂ

y-error{pixels]

Figure 12 — Investigation of the non:linearity in the y-direction for the topography
measurement of Figure 11[37]
NOTE1  Plptting of the “y-error” degiation of the measured y-coordinates of each grating marking (dimple)

from the respective positions of ap-ideal undistorted grating with the same pitches. So up to about the[80th

column (80 p
the middle of
can be appro
rectify the inf

NOTE2 Inf
from the refé
valid, the the

ixels from the left, y¢position 8 um), the measured y-coordinates lie somewhat too far to the 1
the image somewhattoo far to the right, and finally again slightly too far to the left. This distd
kimated by a third=degree polynomial (upper formula and regression curve); it can be exclud
age (lower formiila).

the case ef clear deviations of the specimen temperature (e.g. in deep-temperature applica
rence-temperature 20 °C in particular, for which the calibration of the measurement stand
'makexpansion is to be accounted for.

bft, in
rtion
ed to

ions)
ard is

7.4.9 Summary

At the end of these investigations, the calibration factors Cy and C), as well as the rectangularity ¢y
of the two lateral scan axes with respect to one another are to be retained, the selected measurement
parameters such as scan ranges, scan speeds and pixel numbers being also to be stated.

Particularly for the initial calibration of an instrument, the calibration measurements should be
so extensive that the user gets an idea of how strongly the calibration factors Cy and €y and possibly
also ¢y depend on the measurement parameters. Based on this, the user can decide whether it might
therefore be reasonable to repeat the calibration for different parameter settings. Also, a statement
on the magnitude of distortions is to be aimed at in order to decide whether a systematic correction
for distortion (as in Figure 11) is reasonable and necessary or whether the distortion is possibly to be
included in the uncertainty budget for all lateral measurements.
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7.5 Calibration of the z-axis Cz ¢xz, and ¢y, and determination of the deviations ztz,
zwx, and zwy

7.5.1 General

In many respects, the z-axis is calibrated in a similar way to the lateral axes, so the effort required is
comparable. The tip shall follow the changes in the specimen topography which can be rather abrupt.
Unlike lateral measurement standards, this requires fast reaction to deviations and high dynamics.
Control parameters (such as proportional unit, P, and integration time, ) directly influence the dynamic
behaviour of the SPM in the z-direction and, prior to the respective measurement, need to be thoroughly
adjuc“rpd bv for PY;\mpIP ;m;\]vcing and carefully minimizing the error cign;ﬂ of the control

Thelhasiccalibrationrelatestoanoperation ofthe z-scannerin which thelatteris operatingsymmetrically
arouhd half its maximum range (Figure 14). Suitable series of calibrations for othér-setgoints of the
z-scanner can be performed in an extended calibration.

Itne¢ds to be noted that contamination has even more serious consequences on'step height measurement
stanglards than on lateral measurement standards (Annex D). The exclusion' of contamingted regions
from| step height analysis often cannot be done automatically andis thereby timetconsuming.
Furthermore, contamination is in practice usually the largest contribution to the uncertginty of step
heiglht calibrations.

7.5.1 Definitions of the step height

1 groove
2 plane surface
3 glevation

Figurel3 — Cross-sections of two alternative types of step height measurement standards

NOTET  Left: Embodiment of the step neight above an indention, right: above an elevation with respect to the
surrounding plane surface.

NOTE 2  For the evaluation only the measurement values for regions A, B, and C are to be used.

On a plane surface there is either an elevation (bar) or an indention (groove, trench) whose middle
part is also plane and, in addition, oriented parallel to the plane surface (Figure 13). In this way two
plane-parallel planes are defined whose spacing embodies the step height. On both sides the step is
surrounded by the surface. One sided steps are not suitable for z-calibration. For application, these
planes are to be arranged in the instrument so that they are parallel to the x-y-plane; any remaining tilts
are to be eliminated when the evaluation is started. Measurements are always performed across two
complementary steps (i.e. either upwards-downwards or downwards-upwards combination) between
the two reference planes. For single steps other procedures have to be used.[40]
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7.5.3 Measurement strategy

Calibration of the vertical axis C,,
orthogonality deviations ¢, ¢,
deviations ztz, zwx, zwy

Geometrical structures (1D, 2D) Standards _Device characte_ristics: z-range
Width of the elevation/groove on the
standard
Measurement strategy Measurement Dimension: height, depth

Alignment of structure (lateral, min. tilt)
Measurement range along the
SUUCIUTE, SIZ€ Of Teference area 1o both
its sides, z-central elongation,
adjustment of control parameters

— 1 "4
Image processing: levellingy
subtraction of flatnesS)deviation,
accounting of scanher-bow, dynamics

=

Theory/model Analysis according to\lSO 5436-1 line-by-line
areal method similar to 1ISO 5436-1

v — =

Criteria:
ace.to ISO: widths selected for analydis
histogram: peak determination methog

DD

Scaling factor C,,
orthogonality deviations ¢, ¢4
deviations ztz, zwx, zwy«

Non-linearities, irregularities
(if stated in calibration certificate)

Figure 14 — Flow diagram for z-calibration[35]

7.5.4 Seldction of step height measurement standards

The step heljghts of the measurementstandards are selected as a function of the specific measurement
purpose (se Section 6.1) and the heights and depths to be measured. For further characterizatipn of
the z-axis, a|set of measurement standards with different step heights is to be used. Another criterion
for the sele¢tion of the measuteinient standards is the lateral scan range of the SPM to be calibrjated,
which requires suitable straetural widths of the elevation(s) and indention(s) (recommendation: the
scan range ghould be fourtithes the structure width).

If the elevdted or indénted regions of the measurement standard consist of different materials,
differences [in the<tip-specimen interaction can occur which give the deceptive impression ¢f an
additional tppography contrast. It is therefore recommended to use measurement standards with the
same materjal-all over the reference field, or to have the measurement standard coated.

Furthermore, it cannot be precluded that the individual SPM indicates slightly different values for the
step height depending on which mode of operation is used (e.g. “contact” or “non-contact”) and which
setpoint has been selected for distance control. This can, for example, be a measurement artefact which
is due to the design of the detection system.[20]

7.5.5 Basic calibration — Adjustments and measurements

z-position of the scanner: It is first to be adjusted such that the z-scanner operates symmetrically about
the central position its z-range (Figure 15, left).

Lateral positioning: The structure to be measured on the measurement standard should be positioned
in the centre of the x-y-scan range and preferably show no disturbing particles or defects.
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Alignment: In the normal case it is advisable to align the line or the groove (in the case of measurement
standards with one-dimensional structures) or one edge of the structure (for measurement standards
with two-dimensional structures) perpendicular to the fast scan direction, as this allows any
subsequently required line-by-line background subtraction to be most safely carried out.

Levelling: The step height measurement standard should be so aligned that its surface preferably lies
parallel to the x-y-scan plane.

Measurement values: It is to be ensured that a sufficient number of measurement values are obtained
on the plateau of the elevation or on the bottom of the indention. The range of measurement has to be at
least four times the line or groove width w, respectively.

Adjuptment of the control parameters and of the scan speed: The controller deviations({grror signal)
at the edges of the structure should preferably be small, i.e. overshoot and roundedcinages are to be
avoided as otherwise the evaluation might be falsified. Similarly, phase jumps are' te be qvoided (see
impdrtant note below).

Probje: For the measurements a conventional probe with a stable tip is to be used- Indicationg of potential
chanjges in the tip shape, e.g. a conspicuous broadening of the measuredystructure widths are to be
notegl; if need be, the measurement is to be repeated with a probe of gréater stability.

Disturbing influences of the detection system are to be noted (exg. for optical detectipn systems:
distyrbing interferences which are due to reflections from the spécimen surface).

1 1
A A
T S
T 3b ..............................................................................................
— e FHHi | B
4 |~ 4 | e M
4a B
Key

1 z-scanner elongation
2a pxtrapolated z-sCanner behaviour based on measurement at one step height measurement standard
2b  pctual true z-s¢ahner behaviour

3a pxtrapolated maximum position of z-scanner
3b pctuaktrue maximum position of z-scanner
4a pxtrapolated minimum position of z-scanner

4b  actUAlTIUe MU posItion of Z=Scanmner
5  calibrated range

Figure 15 — Calibration of the z-scanner about its mean deflection

NOTE Left: When calibration is carried out with only one step height measurement standard, conclusions
regarding the behaviour of the z-scanner over its total deflection range are insufficient. Right: For a basic
calibration a set of step height measurement standards is to be used whose reference areas are each symmetrical
about the mean z-scanner elongation.

To account for the non-linearities of the z-scanner ztz, these measurements are to be carried out on a
set of measurement standards with different step heights covering the deflection range of the scanner
(Figure 18, right). It is thus possible to calculate individual calibration factors, C,(h) for the different
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(step) heights, h.[17] Considering the associated uncertainties (see 9.2), the calibration factors thus
determined allow appropriate calibration factors to be determined by interpolation for heights lying
in-between (Figure 19).

If the subsequent measurements on the user’s objects are also carried out about this central position,
this basic calibration will be sufficient.

Important

When operating in “non-contact” or “intermittent” AFM mode, abrupt phase jumps can occur at the edges
that translate into apparent, false topographic jumps. It is therefore mandatory to record, in addition
to topographyand error signal the phase signal simultaneously i e the phase difference hetween the
alternating jelectric voltage applied to drive the cantilever in (or near) its resonance frequengy} and
the mechanjcal response of the cantilever as detected by the detection system. Abrupt jumps ih the
phase image are an indication for false heights in the topography image. Any images with abrupt larger
phase jumpg are to be excluded from step height analysis. Counter-measures: Sometimes-aimore r¢bust
operation of the cantilever (i.e. increase of drive voltage and thereby cantilever oscillationl amplitudle, or
lowering of ¢ontrol setpoint) will help, but this in turn leads to stronger tip/specimen'weéar. Alternatjvely,
a change of the cantilever is recommended.

1,03 A
1,02 3 =L d =t

101

1,00
0,99
— 0,98
0,97
0,96
0,95 -
0,94

0,03

092 B At
19 100 1000

Key
1  z-calibration factorg,
2 reference step hreight/nm

Figure 16 — z-calibration factors, C,(h) determined with a set of step height measurement
standards for five different heights measured symmetrically about the mean z-scanner
deflection (example)

7.5.6 Extended calibrations

If the user actually intends to measure with the z-scanner operating around another mean elongation
significantly differing from half elongation, further series of calibrations on the measurement standards
need to be carried out in analogy to 7.5.5 around further positions in the z-deflection range (e.g. about
10 %, 30 %, 70 %, and 90 % of the maximum deflection, see Figure 17) to determine separate calibration
factors Cy for the different z-deflections, and there each time possibly also for several step heights.
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2  100%
90 %
80 %
70 %
60 %
3 50 %
40 %
30 %
20 %
10 %

4 0%

Key

1  z-scanner elongation (deflection)
2 aximum deflection

3 £edium (central) deflection

4 inimum deflection

Figure 17 — Extended z-calibration

NOTH Repetition of the measurements at systematically varied z-deflection, here, for example, neasurement
about 10 %, 30 %, 70 %, and 90 % z-deflection,)in addition to the basic calibration about 50 %|deflection in
Figune 18.

7.5.7 Evaluations

Two different methods are suitable for data analysis: in analogy to ISO 5436-1 (see Figure|18) and the
histqgram method (Figure 19). For simple, smooth measurement standards, the two methods furnish
similar values[17] (for an éxample, see Annex E).

It is @ prerequisite forthe application of the two methods that the background which results from the
inclijpation of the specimen ¢; and the guidance errors of the scanner is appropriately allowed for. The
guidance errors-¢an be eliminated subsequently if the measurements in question have Heen carried
out ynder identical conditions on a traceable flatness measurement standard (see 7Z.3). Otherwise, the
results of the'preliminary characterization of the measuring system (Clause 6) valid for the conditions
of meastirement selected here are to be taken into account when subtracting the background. The
remdining inclination of the specimen ¢; is to be excluded by first-order plane subtraction.

Noise influences on the step height evaluation will be minimized in both methods if averaging over a
great number of data points is carried out.

In step height evaluation, the handling of contaminations and wear phenomena is most critical; surface
regions which have demonstrably undergone a change since the calibration of the measurement standard
should preferably be excluded from the evaluation.

7.5.7.1 Profile evaluation in analogy to ISO 5436-1

This method has been derived from the step height determination in profiles performed according to
[SO 5436-1 (Figure 18) such as it has been established long ago for contact stylus instruments. Therefore
the procedure is line by line. It is based on the fit of two parallel straightlines in three user-defined areas
A, B, and C of a scan line:
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For the one straight line - besides the parallelism requirement - the determination uses only an area C
in the middle of the indention or elevation whose width can be selected by the user; it is usual to select
one (according to ISO 5436-1) to two-thirds (Figure 18) of the total width w of the indention/elevation.

Taking account of the parallelism requirement, the second straight is selected through two areas A and
B which lie symmetrically about the indention/elevation and usually show the same width as C. The
distance of A from the left edge and of B from the right edge of the indention/elevation is, as a rule,
to be selected equal to the distance between C and the left or right edge, respectively, i.e. A and B lie
symmetrically about the middle of the indention/elevation and A and C lie symmetrically about the left
edge and B and C about the right edge of the indention/elevation.

adla 3 1o daot 3 43 £l i Laoialas L3 A | Ao 21 1 ) P £ 1
As to the m trrerates; e aerermmattotror tne-Stepneignt s reauceato e tarcuratioiror oty one

regression ljne by appropriately shifting the points area by area by +h/2 and -h/2, respectively.
— For an ipdention, the points are lowered by h/2 in areas A and B and raised by h/2 in area C.
— For an dlevation, the points are raised by h/2 in areas A and B and lowered by h/2(n-area C.

This line-bytline evaluation is to be carried out successively for many (normally,all)lines (as indi¢ated
in Figure 1§, left) to achieve a stable mean value for the measured step height A/ The variation qf the
step heightd, h; of the individual scan lines provides information about the¢stability of the step height
determinatipn; it is to be accounted for in the uncertainty analysis.

Important

If the evaluation reveals that the plane area within the indention /elevation is narrower than the sel¢cted
width for afea C, the width of C is to be selected so small that C lies completely in the plane arga as
otherwise the evaluation is not valid.

In analogy,
the edge tr
the edge is tp
area.

the following holds for the distance of areas A/and B from the structure edges: If offsho¢ts of
nsition or control artefacts such as oversheots project into area A or B, their distance ffrom
be increased, or the width of A and B is:to be reduced, until they lie completely in the plane

In many practical cases (e.g. often for steps with trapezoidal cross-sections), the widths for the secfions
in C on the ¢ne hand and for A and B on the other hand cannot be set identical. However, the widths in
section A anld B need to be identical tg allow for a balanced analysis.

It is recommended to zoom into(critical sections to better identify plane deviations and to reducg the
widths accordingly. The selectédywidths for section C as well as for sections A and B are to be enfered
into the resyllt report.

Powrs i ows3 t 2wi3
A C B
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Figure 18 — Step height determination according to ISO 5436-1 (left: step height measurement
standard 6 nm)
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7.5.7.1.1 Alternative areal evaluation

If a line-by-line evaluation in analogy to ISO 5436-1 cannot be performed or can be performed only at
unreasonably high expense, it is possible, as an alternative, to carry out an areal evaluation over the
same three rectangular areas (Figure 19) which would be used in an evaluation successively carried out
line by line. If need be, a line-by-line background subtraction is to be made prior to the calculation taking
account of the preliminary investigations as regards the handling of line skips (Section 6).

Itis also advisable not to include the first and last lines in the evaluation as the guidance deviations here
are, as arule, greatest.

To folow the prnr‘nﬂnrn of ISQO 5436-1 as r]ncn]y as pnccih]o, a p]:\nn isto he fitted fhrnng areas A, B

and (, the points being shifted - as in the fit of straights - area by area by +h/2 or -h/2, respgctively. The
genefal conditions — especially deviations from the procedure described here - are tg-be recorded.

Figure 19 — Alternative areal evaluation in as close agreement with ISO 5436-1 as|possible
(Account is taken of the areas delineated by a dashed framing line)

7.5.7.2 Histogram method

The histogram method comprises arepresentation of the frequency distribution of the meagured height
valugs. For step height measurement standards, two peaks are thus obtained: one with the Height values
of the substrate and one with. the height values of the step (indention/elevation) itself. These peaks
shall|be identified to determine their respective centres of gravity. For the determination ¢f the centre
of grpvity of each of these.two peaks, it is expedient to set a lower threshold value (e.g. thg half value)
in thie frequency distribution in order to minimize the influence of outliers and any irrggular edges
(Figyre 20). The difference of the height values determined for both centres of gravity correspond to
the skep height, K

A careful background subtraction as described at the beginning of 7.5.7 is absolutely nece$sary before
the histogram is made as otherwise the histogram peaks are broadened or split and thel step height
valug détermined is incorrect.

7.5.7.3 Comparison of the evaluation methods

In practice, the selection of the evaluation method depends in most cases on the evaluation procedures
available oreasiertorealize and possibly also on the shape of the indention/elevation on the measurement
standard used.

Compared to the histogram method, evaluation according to ISO 5436-1 has the advantage that the
edges themselves are not accounted for. Apart from edges that preferably show contaminations and
roundings, control errors at the steep transitions are substantially greater than in the plane areas and
sometimes produce non-symmetrical histogram peaks. A tilt of the measurement standard which has
possibly not been subtracted completely has no significant influence on the result. As experience has
shown, evaluations according to ISO 5436-1 have a tendency to show smaller deviations than evaluations
by the histogram method (Annex E). A drawback of the ISO 5436-1 method is that it is rather sensitive to
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contamination. It is therefore recommended to exclude contaminated regions carefully and/or exclude
whose lines from further consideration that show a step height significantly deviating from the most
frequent step heights determined for cleaner lines.

It is an advantage of the histogram method that it can be applied in the same way when step height
measurement standards with two-dimensional structures with plateaus of any shape (i.e. including
shapes with non-straight edges) are used, whereas the application of ISO 5436-1 is restricted to one-
dimensional structures (line, groove) or two-dimensional structures with straight edges parallel at
least in one direction. Particular care is, however, to be taken to ensure as complete a background
subtraction as possible, as a tilt of the measurement standard as well as potential guidance deviations
falsify the result directly.

£ g-range 131 nm
=k <
: h,=12.63 nm
0.3 D
N
2 N
7N
- O
(3. 0.2 TN
i 3 o= hy-h ,=74.89 h,=87.52 nm
h, =75.60 nm <<
= C,=1.00
X
RN :
£ &
= sl e (i S ol i R
-40 nm 0 pm 40 um

20 30 X 40 50 1 60 70 80 90 [100

Key
1  height, in nm

2 frequendy of the measured height values
3 thresholgds

Figure 20 — Histogram method (example) — Setting of thresholds to half-value height,
determination-ef the centre of gravity above the threshold

NOTE Tlt\e continuous cufve is the integral of the frequency distribution. hy measured step height, hc
reference vale from the calibration certificate of the measurement standard.

7.5.8 Summary

At the end of the'investigation of the z-axis, a set of calibration factors, C;(h), for measuremerts at
different helghts is available, operation taking normally place symmetrically about a mean deflection of
the z-scanner. For the interpolation of the calibration factor to be applied, a diagram similar to that in
Figure 16 can be set up.

7.6 3D measurement standards for alternative and extended calibration

7.6.1 General

As an alternative or, where applicable, in addition to the lateral and step height measurement standards
described in 7.4 and 7.5, 3D measurement standards can be used.[41] They allow all three scan axes to
be calibrated simultaneously but require an evaluation software specifically created for this task.[42][43]
Basically, this type of measurement standard is even suitable to determine some additional calibration
factors which, using the measurement standards described in 7.4 and 7.5, cannot be determined at all or
only at great expense.
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At the end of this section, the advantages and disadvantages are dealt with in detail.

7.6.2 Requirements for 3D measurement standards

3D measurement standards show simple geometric bodies (usually pyramids) on their substrate surface.
They serve as supporting structure for markings on different planes of the multi-step pyramids. The
supporting structures can either be positive (elevations, see e.g. Figure 21) or negative (i.e. groves), or
both. While the heights and widths of the supporting structure are not meant as measures for calibration,
the markings act as reference points for this kind of calibration and will in the following be referred to
as nanomarkers.

The panomarkers need not lie in a regular grating or at discrete step heights, respt vely, as the
thre¢ spatial coordinates of each nanomaker are used for the calibration (so-called landmark-based

calibjration). For this procedure a clear nomenclature is needed allowing each indivi nahomarker to
be uniquely identified. <0(1/
O\

#11#00#112 #0113 #114  #115  3H16

#161  #162  #163  #164  #165 #4166

>
Figure 21 — Exa@lé of a 3D measurement standard SEM micrograph
NOTH Left, size: appr S)um X 24 pm, height of pyramid approx. 3 pum, i.e. about 1 pm [per step and
nomgnclature of the pun& m nanomarkers (right).

The ¢alibration of t %’M takes place by comparison of the coordinates measured for each hanomarker
with|the respe tQ'e reference data which have been determined in the (certified) calibrjation of the
meas uremen@ﬁdard.

From th/{ atements, the following requirements are obtained for 3D measurement stanfglards:

— sﬂzggragg surface equipped with one or several bodies tapered upwards and preferably with

smooth side faces and without sharp edges (so as to avoid control problems during scanning as far
as possible and allow the probe to easily follow the shape of the body);

— substrate surface and body from the same material (to avoid material-induced contrasts, with
cross-talk to the measured height value);

— bodies shall show several (largely) flat areas at different height levels above the substrate surface in
which the nanomarkers are located;

— nanomarkers shall lie at an appropriate distance from the edge of the flat areas referred to, have
a characteristic shape (e.g. indention in the form of a hole, a cross or a ring) differing clearly from
other structures to be found on the surface, and be very homogeneous in their form over the entire
measurement standard (ideal case: congruent).
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It shall be possible for the measurement standard with its bodies and nanomarkers to be uniquely
mounted as regards its orientation (unique markings/shape for left-right and top-bottom orientation), or
the evaluation software needs to automatically determine the orientation of the measurement standard
in the instrument by asymmetric features in its reference field.

The measurementstandard shallbe distributed or made available together with the following documents:

nomenclature for the nanomarkers (unique designation of each nanomarker);

for each nanomarker, all three reference coordinates shall be available (calibration values for each
nanomarker), at least in a digital data format supported by the specific evaluation software;

the method used in the calibration of the measurement standard to determine the refefence
coordinates shall be stated or described, respectively;

form anld size of the nanomarkers shall be stated.

For the evalluation, a specific evaluation software distributed or made available together with the

measuremept standard and the reference data can be used.

7.6.3 Seldction of the 3D measurement standards

7.6.4 Caryyingseut of the basic calibration

34

The refprence surface or body with nanomarkers should preferably be entirely covered by the
lateral §can range of the SPM. It needs to be noted that the method performs best if all nanomarkers
are megsured. Consequently, the reference field should be slightly smaller than the maximum|scan
range tg allow for navigation/positioning inaccuracy.

The height of the bodies with nanomarkers shall not exeéed the maximum z-deflection range ¢f the
scanner]; furthermore, it is to be ensured that the measurement standard can be positioned in the
z-defledtion range so that both elevated and indented areas are actually accessible for the grobe
(questidn of offset adjustment for specimen/probeholder).

The nanomarkers should be covered with @iminimum number of typically 9 x 9 pixels when the
necessary reference range is scanned (question of maximum number of pixels and their convefsion
to the r?Ecessary size of the range of measurement). Certain shapes of nanomarkers might require
a higher number of pixels for safe\evaluation; this should be indicated in the manual of the
measurgment standard.

It shall be possible for the easured data to be reliably converted to a format supported by the
specificlevaluation software; if need be, conversion programs are also to be obtained.

The evaluation software shall have been certified or have otherwise been provably testefd for
correct ffunction.

To avoid influences by wear of the tip: mounting of a probe with dimensionally stable tip which is
still sharp enough (possibly already slightly used so that the phase of initial wear is already over).

Mounting and alignment of the 3D measurement standard ensuring that the reference range is
completely covered by the following scan. The specimen shall be positioned in such a way that
both elevated and indented areas are actually accessible to the tip (suitable offset adjustment of
specimen/probe holder); if need be, the approach is to be repeated in an area of the specimen lying
at mean height.

Adjustments for measurements: A sufficient number of pixels (atleast 9 x 9 pixels per nanomarker)
are to be ensured; as a rule, the greatest number of pixels is to be selected. Measurement with the
conventional scan parameters (control parameters optimized, scan speed as otherwise usual).

If need be, a prescan is to be made, i.e. rejection of measurements performed under the influence of
initial drifts until the instrument is stable according to the investigations of Clause 5.
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— The valid measurement is to be repeated at least three times. Images with sudden jumps are
to be excluded from further analysis. Furthermore, it is recommended to calculate the height
differences between subsequently recorded images to identify smaller jumps (e.g. due to pick-up of
contamination particles) or remaining drifts and eliminate these images as well.

Measurements to be repeated also for smaller scan ranges: repetition of the points above. The

minimum possible scan range is reached when less than 25 nanomarkers lie in the scan range or
when the distribution of the nanomarkers in the scan range is no longer homogeneous.

7.6.5 Evaluation of the measurements

The
avail
requ

Ifred
the s

q

Reading-in of the measured data into the nanomarker search program.jThis program s¢
3ll to determine the measured lateral coordinates of the nanomarkets which includes t}

evaluation of the measured data is carried out using Specific software furnishe
able which supports the subsequent evaluation steps. These steps thus also repriesel
rements for the evaluation software.

uired for the evaluation, the measured data are first to be converted to a datajformat s
pecial software.

[omparison of the measured nanomarker coordinates with the reference data set

or already
't minimum

upported by

erves first of
le following:

marking/elimination of nanomarkers in the image whiclrare’damaged or contaminated;

extraction of a zoom cutout with a nanomarker frdm“the total image with the
having to lie in the middle of the cutout with subpixel accuracy; or use of an artific
image of a nanomarker exactly centred in the template image;

cross correlation of the cutout with the totalimage;

setting of a threshold value for the ctd8s correlation peaks, determination of t
gravity within the correlation maxima thus outlined, writing of the lateral coord
table/database stating the designation of the nanomarker;

determination of the z-coordinate of each nanomarker: according to the form of the
the accompanying documents, or the specific program directly, contain the defi
z-value; determination in'the same way as stated for the reference data.

Alignment of tHe-data sets: The program compares the two data sets and translateg
the measured-data set such that optimum agreement with the reference data is
parameters;three translational, three rotational ones).

AdmiSsion of three further parameters: Cy, €y, and C; (calibration factors for the
another fit in which the values for Cy, Cy, and C; are adjusted such that the deviati

nanomarker
ial template

he centre of
nates into a

ﬂ\lanomarker,

ition of the

and rotates

reached (six

three axes),
ns between

the measured coordinates thus corrected and the reference coordinates are minimized; the

program also states the mathematical uncertainty contribution.

Repetition of the evaluation for all three images measured under identical condi
whether the calibration factors are in agreement within their uncertainty; in the

tions; check
affirmative:

the calibration factors are valid; in the negative: the measurements are again repeated three

times until stability is reached, or a substantially greater uncertainty of measurem
be stated.

Evaluation of the images with smaller scan range.

ent needs to

At the end, a set of calibration factors for the individual scan ranges (at the selected scan speed) is
available.
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7.6.6 Extended calibrations
Measurements

The calibration measurements can be repeated for different scan speeds — in analogy to calibrations
against lateral measurement standards in order to determine the dependence of the axis calibration
factors on this parameter.

If the bodies on the measurement standard do not fill the entire z-range of the scanner, the scanner
as described for pure step height measurement standards, can be positioned that the measurements
are recorded at different z-deflections of the scanner. This allows non-linearities of the z-scanner to be
accounted for,

Evaluation

It is to be checked whether the available data sets can be brought into significantly better-agreement
with the reference data by introducing further correction parameters. These are in'their order of
suitability ipcluding

— cross-tdlk of the lateral scan axes with one another (xty, ytx),

— cross-tdlk of the z-axis to lateral scan axes (ztx, zty), i.e. check to what.extent the scanner sw¢rves
off in z-movements in the lateral directions, and

— introduftion of axis calibration factors of higher order (to compensate for distortions).

These additional correction parameters can be uniquely detérmined only if a greater numbgr of
nanomarkers lie in the image. Furthermore, their introductien‘s appropriate only if they allow clparly
better agregment with the reference data to be reached systematically, i.e. for all data sets to be taken
into account.

7.6.7 Advantages and disadvantages of the 3D'measurement standard

The use of|the alternative type of measuremient standard entails the following advantages| and
disadvantages.[41]

Advantages
— simultaheous determinationeof all three axis calibration factors Cy, Cy, and Cz;

— coverage of the entire 3P mréasuring volume by distributing nanomarkers as well as possible|over
the entife lateral and ¥veértical scan range;

— as ares}lt, objecttobe calibrated closer to conventional measurement tasks on 3D topographijes;

— Practicqlly, the.only type of measurement standard allowing the non-orthogonality of the Z-axis
with regpect to the x-y-plane to be easily determined (ztx, zty);

— easy standardized handling and operation, as these are possible only with special software which
carries out the evaluation for the user and largely precludes user-induced errors;

— application and evaluation less sensitive to contamination, as only contaminations of the
nanomarkers can have disturbing effects — however, this holds true only if the contamination does
not lead to sudden tip jumps;

— contaminated/damaged nanomarkers can be excluded from the evaluation without the result being
falsified.

Disadvantages:

— requires, as a rule, additional specific evaluation software;
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— newer methods, therefore not included in most of the available analysis software otherwise used in

SPM.

8 Report of calibration results

The result report (for pattern, see Clause 10) contains the following statements on the calibration of the
instrument:

— instrument that has been calibrated (manufacturer, type, serial number, inventory number);

Statéments on ambient conditions

From Clause 5: Preliminaryjinvestigations

metrological category of the instrument (A, B1, B2, C);

ate of last calibration.

ipment used

¢ategory

¢antilever type used

mode in which the calibration has been carried out
§pecimen stage used

mmeasurement standards used

¢valuation software used

lace of measurement (air-conditioning system, clean-room conditions, interfe]
eighbouring instruments)

etails of, for example, vibration{damping system, protective hood, electromagnetic sh

femperature (for measuring:chramber: comparison of inside/outside temperature)

Yvaiting times after‘ifistrument is switched on (temperature regulation especially whe
¢hambers are used) e.g. sound proofing hoods)

rocedure fof specimen/probe changes, repositioning, and other changes as well
aiting times

etails"of the performance of prescans (prescan times) intended to contribute to st§
inStrument for the measurement proper

kind and type of measuring head and scanner, including scan range (x-y-z) and relevant metrological

rence from

elding

1l measuring

hs resulting

ibilizing the

procedure in the case of deviations from the conventional conditions of measurement

Furthermore, the result report contains the following measurement results:

drift (5.2);
z-noise Rqz and Sqz (if determined);

x-y-noise Rqgx and Rqy (if determined).

From Clause 5: Calibration — Details of measurement standards, scan range, and scan speed

flatness: P-V or Pt, respectively, third-degree polynomial (Z.3)

flatness deviations: cross-talk xtz, ytz (7.3)
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(2.6)

:2014(E)

ularity of the lateral axes ywx (7.4)

ion values Cy, Cy, ¢xy, and non-linearities of the lateral axes xtx, yty (Section 7.4)

ion value C, and non-linearities of the z-axis ztz (Section 7.5)

Further statements

perforni
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9 Uncer
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in Measure
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the propert
method app

To illustratd
an unknowri

A more amp
lateral meafq

9.2 Verti

In the follov
of the meag
errors whilg
height mead

where applicable: rectangularity of the z-axis with respect to the lateral axes zwx, zwy (Section 7.6)

where applicable: further calibration values from measurements on 3D measurement standards

pance of the basic calibration
berformance of the basic calibration

features, remarks regarding the internal quality management system

tainties of measurement

ral

b uncertainty of measurementin accordance with the “Guide to the Expression of Uncert
ment” (GUM) (ISO/IEC Guide 98-3). Take account not only of the relevant instru
ics and of the particular measurement details including the set-up employed but al
es of the measurement standard used, of the object to be measured and of the evalu
ied.

the procedure, the relatively simple estiniation of the uncertainty in the determinati
| step height will be elucidated.

le analysis of the uncertainty contributions is given in Annex F, using the determinati
urands as an example.

ral measurand (heightand depth)

ping the determination of an unknown step height will serve as an example. By repet
urement it is possible to reduce uncertainty contributions which are based on raf
systematic errors persist. Assume that the instrument has been calibrated against a
urement standard whose traceable step height, h¢, with its expanded uncertainty U

known (valiie as stated;in the calibration certificate, not the nominal value). Assume further thg

measureme
to that expe

nt standard has been selected such that the value of its step height corresponds more o
cted for.the unknown step height.

hinty
ment
S0 of
htion

on of

on of

ition
1dom
step
95 is
t the
rless
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For the uncertainty calculation a suitable model is to be selected; in our case, it is given by Formula (1):

h
h, =h—c-hxm+25hi
cm

where

The
rem

roughness and inhomogeneity of the object to be measured, evaluation method, drift effect
meagurement etc. At temperatures slightly differing from 20 °C,tlie thermal expansion can |
for step heights below 1 pm (for conventional materials).

The

assuming that h. approximately h¢py-approximately hxm. The expanded uncertainty, U

hy value of the unknown step height;

(1]

hc value of the step height of the measurement standard as stated in the calibration certificate;

hem measured value of the step height of the measurement standard;
hym measured value of the step height of the unknown object to be measured;

h; other contributions (to the uncertainty of measurement).

pther contributions stem from errors such as stability and quality-efthe measureme
dining non-linearities of the scanner not to be systematically allowed for, cross-talk bg

standard uncertainty, uc(hy), can thus be calculated @sing Formula (2):

~

cz(hx):uz(hc)+uz(hcm)+u2(hxm)+u2(6hnon—lin)

+u 2 (6hcross—talk ) + Ll2 (5heva) +..

nt standard,
tween axes,
s during the
be neglected

[2]

95, is to be

calcylated from uc(hc) by k = 2 for a Gayssian distribution. For detailed uncertainty considg¢rations it is

absolutely necessary to better know the instrument characteristics. See relevant literature
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10 Report of results (form)
Report on the results of SPM axes calibration

according to ISO 11952 Surface Chemical Analysis — Scanning Probe Microscopy - Calibration of SPM scan axes at the highest level

Instrument (manufacturer, type, serial number, inventury number or similar, year of manufacture, lab location) Metrological cathegory
Oa et Os2 Oc

ref SPM dosed-loop open-loop no sensor

Meodifications of instrument and changes to the environment since the previous calibration

Date of previous calibration

Type of sensor head, type of probe-sample interaction detection (e. g. beam deflection, glassfiber interferometry, piezolever)

5 I
Sample stTge / sample mounting Probe type, scan mode (c, rﬁ\m

fa)

Type of coarse positioning lateral | Type of coarse positioning in z

ons (chapter

N of scanner eq nment for a

Bcanning Sample/Scanning Probe, actuator (e. g. piezo tube, piezo stack), nom. scan-range, metrolog. cate
N

Xx-axis (\/
y-axe AO
z-axis \\

Procedure|(e. g. idle time) when  a) changing the probe  b) changing the sample A

Prescan-time before| Other data
x-/y-calibration z-calibration

e specified idle time) | z-noise lateral noise A\“} Prescan-time before
vertical (ISO 11039) | Sqz, Rqz Rax, quo i

remaing drift }afterth
lateral %IS 1039)

artefact) used (manufacturer, type, serial number, Calipration certificate: numbertdate) Software and method used for analysis

-

AN
Scan-rangl Scan-speed Pt or P<§‘ Approximation of the flatness deviation (e. g. polynomial of 3rd order), remarks

©
¢O

Analysis rhethod (e. g. gravi method automised/manual, FF T-method, combined methods) Analysis software
)
Scan-range @(speed Standard (type, serial n,, certificate) Cx Cy ¢x,, Non-linearity|

s
2

Method (according to ISO 5436-1 linewise/plane, histogram)

Scan-range Scan-speed z medium elongation| Analysis software

Standard (type, serial number, reference value, calib.certificate Cz Remarks (e. g. on the kind of levelling)

ﬁw‘s report contains the most important results of caﬂ'-bratfbn. .Eurther cafbmtk:n results, remarks, efc. are to be noted on a separate sheet (Annex)
Enclosures: [] Results of calibration with 3D-standards (chapter 7.6) [_] Diagramsfor Cx/ Cy [ | Diagrams for Cz(h) [
Signature operator Signature supervisor

Remarks, reference to QM-System: Date
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Annex A
(informative)

Example of superposition of disturbing influences in the

topography image

Ly o vy Xtz(x) = -0.931067 +0.000288333x -1 8551E-8x” +3.17999E-13x° ytz(y) = 22,3955 -0.00344915x +8 B4477E-8x"
19.4
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X/ pm X/ um y/pm
Key
1  dynamic cross-talk of the fast scan axis x in z-direction-(fit)
2 ipitial drift in the first scanlines
3  qut-of-plane motion of the y-axis: crosstalk of y=axis in z-direction
4  dcanline-to-scanline noise (jumps in z when reversing the scan direction forward < - > backward
Figure A.1 — Topographyimage taken after the warm-up phase has elapsed

NOT
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sepa
(init}
The {
of th

-

E - Without levelling (left),appurtenant averaged x-profile (xtz, mean of all scan lines,
rofile (ytz, mean of att¢columns, right) from the middle of the image.

example shows ¢the superposition of various disturbing influences as can still occ
h-up phase of the instrument has elapsed; for the characterization of the instrument t}
Fated from.each other by careful investigations so that they can be differentiated int
al), permaitient and dynamic components and suitable countermeasures can be taken,

middle) and

ur after the
ley are to be

temporary
fnecessary.

ast scandirection is from right to left (x-direction) and the slow one (y-direction) from top (start

b measurement) to bottom (end of the measurement).

On tH
imag

Koo £t oo Figatiomo ahioly oo o ol sz 3 4 1 xzotion o Lo +1 3
COaSTS UTTUT CIICT TV CSTIg a CrOTES vV ITIC I a1 C IO T STIO W T ICT T tIirC OO SCT vV atrUTTS TT OTIT O

e can be interpreted as follows:

topography

— Atthe beginning (left: in the first scan lines, right at the top of the image) another initial drift can be
observed (diagram on the right side, at the far left) — a temporary effect which will no longer occur
when the measurement is repeated.

— In the y-direction, a bowed guidance deviation ytz dominates which is to be attributed to
shortcomings of the scanner design.

— Further, this individual y-profile shows the noise.

— In contrast, in the fast x-direction, dynamic guidance deviations xtz dominate. The higher the
scanning speed, the greater these deviations.
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NOTE According to the design and the operating conditions, the disturbing influences exerted on the
instrument can be most different. So observations similar to those made in the measurement discussed here can
also be due to other causes. In any case, further investigations need to be carried out to identify the causes for the
observations.
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Annex B
(informative)

Sound investigations: Effects of a sound proofing hood

F

ot

§

For
inad

The
an ej
recol
Duri

:_ I

inside&ing lined with bitumen and foam combs

ibration protection an (cplve vibration damping stage is used on which the AFM is acd
hamber (not to be seen here).

rternal sound; rce. As the measure of the influence of the sound the noise was selq
rded with the®probe approached and active force control in a simultaneous standstill m

surement the frequency of the sound was varied.

sound proofin@ct of the hood shown on the photo was investigated by exposing

influ

is ‘DQYR is possible to derive frequency spectra for the sensitivity of the measuremen
Cksom the standstill measurements. The diagram below shows three frequency

pure B.1 — AFM in a sound pr@}}hg hood consisting of a box of thin aluminium pflates, the

ommodated

the AFM to
cted; it was
basurement.

L to external
spectra, the

€S O € Ssounda be O reduced Ol O y DV O00d DUU alISO DV 4 d V DE

(Figure B2).

Below and above the frequency interval shown, the measurements did not exhibit any significant sound
influences.

NOTE

the measurement circle and sometimes also on the adjustments of the measurement parameters.
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12 S

10 -

0 4+ T T T T T T T T
130 140 150 160 170 180 190 200 _240 220 230
5
Key
1  without the chamber, specimen on thin Al plate
2 within the chamber, specimen on thin Al plate
3 within clhamber, photomask on mask holder
4 amplitude, in nm
5 frequendy, in Hz

Figure B.2|— Sound sensitivity without and with sound proofing hood as well as with diffefent
specimen holders

NOTE Noise in a standstill measurement as a function of the frequency of external sound to which
the instrumgnt is exposed, as. ameasure of the spectral sound sensitivity of the practical measurement
operation.
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Annex C
(informative)

Thermal isolation effect of a sound proofing hood/measuring

cabin
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Figure C.1 — Temperature variation inside and outside the sound proofing hpod
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diagram in Figure C1 jllustrates the temperature isolating effect of the sound pr
ented in Annex B. The, air temperature outside the hood (black curve) was comparg
rious places in theZhood. When all components of the apparatus in the hood are sw
erature is reachéd'inside the hood which is a little less than 1,5 K above ambient temp

der to identify-the causes of this warming, all heat sources in the chamber were swi
example, Fhursday, 12:00 h) and a waiting time of a little more than one day was obsg
m to ceoldown to ambient temperature. Subsequently, the potential heat sources were
thed ofragain. The active vibration damping stage with integrated power unit prov
1gést heat source (87 %) while the measuring head and the scan stage with capaci

bofing hood
d with that
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tive sensors
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In such cases, the individual heat sources and the time constants of the temperature variations need

to be determined for highly quantitative measurements in order to appropriately account for their influence; this
can be achieved, as shown in this example, by observing a defined waiting time after the chamber is opened. It is
also possible to take appropriate structural measures, e.g. to keep and design the measurement circle as compact
as possible and to use materials with small thermal expansion so that the position of the measuring probe in

relati
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on to the specimen does not vary with temperature.
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From the te

prolonged, 4

Table C.1 — Thermal loads

Thermal .
. Heat Warm-up period
. contribution
Heat source in the box component approx.
approx. . .
. in % inh
in K
Vibration damping +1,30 87 24
stage, switching-on
Measuring head, elec- +0,11 7 3
tronics on
Scan cfngn, electronics +n,nﬁ. 4 i
and control on
Vibration damping +0,03 2 2
stage, control on
Sum +1,49

mperature variation conclusions can be drawn for the waiting times-to be observed:

After

xtensive work on the instrument with the hood door opened (e.g¢specimen/probe chiange

with adjustients), the waiting time to be observed is approximately half a day-(e.g. adjustments op the

evening bef

is not to be tegarded as critical considering a time constant of about 7 h:

46

bre, start of the measurements in the next morning); temporaryopening for a few minutes
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