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INTERNATIONAL ELECTROTECHNICAL COMMISSION

NANOTECHNOLOGIES — DESCRIPTION, MEASUREMENT AND
DIMENSIONAL QUALITY PARAMETERS OF ARTIFICIAL GRATINGS

FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote interna-
tional co-operation on all questions concerning standardization in the electrical and electronic fields. To this
end and in addition to other activities, IEC publishes International Standards, Technical Specifications, Tech-
nical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC Publica-
tion(s)”). Their preparation is entrusted to technical committees; any IEC National Committee interested in the
subject dealt with may participate in this preparatory work. International, governmental and non-governmental
organizations liaising with the IEC also participate in this preparation. IEC collaborates closely with the Interna-
tional Organization for Standardization (ISO) in accordance with conditions determined by agreement between
the two organizations.

The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an international
consensus of opinion on the relevant subjects since each technical committee has representation from all inter-
ested IEC National Committees.

IEC Publications have the form of recommendations for international use and are accepted by IEC National
Committees in that sense. While all reasonable efforts are made to ensure that the technical content of IEC
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for any misinter-
pretation by any end user.

In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
transparently to the maximum extent possible in their national and regional publications. Any divergence be-
tween any IEC Publication and the corresponding national or regional publication shall be clearly indicated in
the latter.

IEC itself does not provide any attestation of conformity. Independent certification bodies provide conformity
assessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for any
services carried out by independent certification bodies.

All users should ensure that they have the latest edition of this publication.

No liability shall attach to IEC or its directors, employees, servants or agents including individual experts and
members of its technical committees and IEC National Committees for any personal injury, property damage or
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and ex-
penses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC Publica-
tions.

Attention is drawn to the Normative references cited in this publication. Use of the referenced publications is
indispensable for the correct application of this publication.

Attention is drawn to the possibility that some of the elements of this IEC Publication may be the subject of
patent rights. IEC shall not be held responsible for identifying any or all such patent rights.

The main task of IEC technical committees is to prepare International Standards. In excep-
tional circumstances, a technical committee may propose the publication of a technical speci-
fication when

the required support cannot be obtained for the publication of an International Standard,
despite repeated efforts, or

the subject is still under technical development or where, for any other reason, there is the
future but no immediate possibility of an agreement on an International Standard.

Technical specifications are subject to review within three years of publication to decide
whether they can be transformed into International Standards.

IEC 62622, which is a technical specification, has been prepared within the joint working
group 2 of IEC technical committee 113 and ISO technical committee 229.
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The text of this technical specification is based on the following documents:

Enquiry draft Report on voting

113/133/DTS 113/143/RVC

Full information on the voting for the approval of this technical specification can be found in
the report on voting indicated in the above table. In ISO, the standard has been approved by
16 member bodies out of 16 having cast a vote.

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

The committee has decided that the contents of this publication will remain unchanged until
the stability date indicated on the IEC web site under "http://webstore.iec.ch" in the data re-
lated to the specific publication. At this date, the publication will be

3

transformed into an International Standard,
reconfirmed,

withdrawn,

replaced by a revised edition, or

amended.

A Bilingual version of this publication may be issued at a later date.

IMPORTANT — The “colour inside” logo on the cover page of this publication indicates
that it contains colours which are considered to be useful for the correct understanding
of its contents. Users should therefore print this publication using a colour printer.
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INTRODUCTION

Artificial gratings play an important role in the manufacturing processes of small structures at
the nanoscale as well as characterization of nano-objects.

For example, in high volume manufacturing of semiconductor integrated circuits by means of
lithography techniques, grating patterns on the photomask and the silicon wafer are optically
probed and the resulting optical signal is analyzed and used for relative alignment purposes
of mask to wafer in the different lithographic production steps in the wafer-scanner production
tools. In semiconductor manufacturing as well as in other manufacturing processes requiring
high positioning accuracy at the nanoscale, often length or angular encoder systems based on
artificial gratings are used to provide position feedback of moving axes. Another area of appli-
cation for artificial gratings in nanotechnology is their use as calibration standards for high
resolution microscopes, like scanning probe microscopes, scanning electron microscopes or
transmission electron microscopes which are necessary tools for the characterization of na-
noscale structures.

The quality of the artificial gratings used for position feedback generally influences the
achievable accuracy of alignment systems or positioning systems in manufacturing tools. This
also holds for the application of artificial gratings as standards for calibration of image magni-
fication of high resolution microscopes, where the quality of the grating plays an important
role in the achievable calibration uncertainty of the standard and thus for the attainable
measurement uncertainty of the microscope.

This technical specification concentrates on specifying quality parameters, expressed in terms
of deviations from nominal positions of grating features, and provides guidance on the appli-
cation of different categories of measurement and evaluation methods to be used for calibra-
tion and characterization of artificial gratings
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NANOTECHNOLOGIES — DESCRIPTION, MEASUREMENT AND
DIMENSIONAL QUALITY PARAMETERS OF ARTIFICIAL GRATINGS

1 Scope

This technical specification specifies the generic terminology for the global and local quality
parameters of artificial gratings, interpreted in terms of deviations from nominal positions of
grating features, and provides guidance on the categorization of measurement and evaluation
methods for their determination.

This specification is intended to facilitate communication among manufacturers, users and
calibration laboratories dealing with the characterization of the dimensional quality parame-
ters of artificial gratings used in nanotechnology.

This specification supports quality assurance in the production and use of artificial gratings in
different areas of application in nanotechnology. Whilst the definitions and described methods
are universal to a large variety of different gratings, the focus is on one-dimensional (1D) and
two-dimensional (2D) gratings.

2 Normative references

The following documents, in whole or in part, are normatively referenced in this document and
are indispensable for its application. For dated references, only the edition cited applies. For
undated references, the latest edition of the referenced document (including any amend-
ments) applies.

ISO/IEC 17025, General requirements for the competence of testing and calibration laborato-
ries

ISO/TS 80004-1:2010, Nanotechnologies — Vocabulary — Part 1: Core terms

3 Terms and definitions
For the purposes of this document, the following terms and definitions apply.

3.1 Basic terms

3.1.1

feature

region within a single continuous boundary, and referred to a reference plane, that has a de-
fining physical property (parameter) that is distinct from the region outside the boundary
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Side view Top view IEC 1791/12

Figure 1 — Example of a trapezoidal line feature on a substrate

EXAMPLE In Figure 1 a feature with a trapezoidal cross-section on a substrate is shown.

Note 1 to entry: This definition is adapted from [1]1 (SEMI P35 (5.1.5 feature (lithographic)).

Note 2 to entry: In general, a feature is a three-dimensional object. It can also be a nano-object (defined in
ISO/TS 80004-1:2010, 2.5). It can have different shape, e.g. it can be a dot, a line, a groove, etc. It might be sym-
metric or non—symmetric. It can have the same material properties as the substrate or different ones. It can be
located on the surface of a substrate or within the substrate (sometimes called “buried feature”).

Note 3 to entry: In [2] the term ‘geometrical feature’ is generally defined as point, line or surface.

3.1.2

reference plane

user-defined plane approximating the surface of a substrate and containing a feature coordi-
nate system

Note 1 to entry: This definition is adapted from [1].

3.1.3

feature coordinate system

coordinate system

Cartesian coordinate system defined by the reference plane as x-y plane, the x-axis defined
by the main grating direction and the origin defined by a suitable, specified reference position

Note 1 to entry: Often, the position of a particular feature is chosen as the origin of the coordinate system, e.g.
the first feature in a 1D grating, or the lower left feature in a 2D grating.

Note 2 to entry: In other cases, the origin can also be defined from an analysis of the positions of all features of
interest, e.g. the mean value of all positions in the x-direction for a 1D grating. In the case of a 2D grating the
origin can also be defined by a least squares regression fit over all measured x- and y-positions of all features of
the 2D grating allowing translation of the origin and rotation of the whole 2D grating (so-called multi-point align-
ment). In these cases the origin of the feature coordinate system no longer corresponds to a particular feature.

Note 3 to entry: The origin can also be chosen as the position of a specified alignment feature or auxiliary feature
within the reference plane.

Note 4 to entry: In case of angular gratings the feature coordinate system can favorably be defined as a polar
coordinate system: r, ¢ or a cylindrical coordinate system: r, ¢, z.

3.1.4
feature pattern
set of features, specified by number, type, and positions of features

1 Numbers in square brackets refer to the Bibliography.
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IEC 1792/12

Figure 2 — Examples of feature patterns

EXAMPLE Figure 2 shows examples of different types of feature patterns.

Note 1 to entry: Different kinds of features can be arranged differently in a set to form feature patterns. These can
be rather simple e.g. a single cross structure as a combination of two orthogonal line features, complex like, e.g. a
double cross-structure or a line array or even more complex, e.g. irregularly spaced line features.

3.1.5

feature position

Xi» Yis Zj

coordinates describing the position of a prescribed point of the i feature of a number N of
features projected onto the reference plane relative to a specified coordinate system

Note 1 to entry: For 1D gratings the x-positions of the features are primarily of interest assuming the direction of
the grating, i.e. the direction in which the number of grating features per unit length is maximal, is the x-direction,
whereas for 2D gratings their x- and y-positions are of interest. In both cases, their z-positions are usually of minor
interest, assuming the reference plane is already well aligned to the axes of the measurement instrument.

Note 2 to entry: Depending on the chosen criterion for the feature position evaluation (see Note 3), the measured
feature position is dependent on the interaction of the measurement instrument used with the feature characteris-
tics, like its shape, size and material properties.

Note 3 to entry: The determination of the feature position is often based on the analysis of a microscopic image of
the feature. The microscope image signals can be analyzed in different ways to determine the feature position.
Mostly the centre position of the feature is of interest which can be determined, e.g. by calculation of the centroid
or by determination of the mean value between the position of the left and the right edge of the feature.

Note 4 to entry: If only parts of the feature are of interest, e.g. the edge position of a line feature, the determina-
tion of the position of the respective edge(s) should be based only on the parts of the feature that are of interest.

Note 5 to entry: The above definition for the feature position can also be applied to a feature pattern.

Note 6 to entry: If angular gratings are analyzed, it is favorable to express the feature position in polar coordi-
nates r, @ or in cylindrical ones r, ¢, z.

3.1.6

distance between features

d

difference of the feature positions determined on equivalent or homologous feature character-
istics in the direction of interest

Note 1 to entry: The distance d between two consecutive features, i and i-1, in the x-direction is:
d = abs (Xi - Xi.1)
Note 2 to entry: The distance d between two consecutive features in the reference x,y plane generally is:

]0.5

d = [(Xi - Xi-1)? + (Yi - Yi1)?
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Note 3 to entry: The distance d between two consecutive features at the positions x;, yi, zi and X1, Yi-1 zi.1 in the
general case is:

d = [(%i - Xi0)2 + (Yi - Yi)? + (20 - 2i)]] *°

Note 4 to entry: Usually the distance between features is of interest for the centre positions of the features. In
some cases however the distance can also be of interest for positions on the feature edges.

3.2 Grating terms

3.2.1
grating
periodically spaced collection of identical features

Note 1 to entry: In [3], which provides a vocabulary of diffractive optics, a grating is defined as a “periodic spatial
structure for optical use” (3.3.1.2). In this technical specification, gratings are not restricted to optical use only.

Note 2 to entry: Often gratings show a ratio of the distance between neighboring identical features to their size
that is close to one. However, the definition is not restricted to these cases and also includes so-called sparse grat-
ings and thus in principle line scales, too.

Note 3 to entry: Although this technical specification is primarily addressing periodic gratings, the definition of
grating quality parameters should also be applicable to non-periodic gratings, like chirped gratings (3.3.5.2) as far
as possible. Limitations might occur in particular for spatial filtering approaches of feature position data.

Note 4 to entry: Sometimes a grating can be divided into several sub-gratings having different features.

3.2.2

pitch

p

distance between neighboring features of a grating

Note 1 to entry: Often, the feature centre positions are used to determine the pitch. In some cases, however, also
the distance between equivalent edges of a pair of features is used to determine the pitch values.

Note 2 to entry: This definition is in alignment with the definition for pitch as specified in [1] (5.1.14).

3.2.3
nominal pitch

pnom
intended pitch value, indicated in the specification of a grating

3.24

number of grating features

N

result of a summation over all identical features of the grating in the direction of interest

Note 1 to entry: The number of grating features can be different in the different directions for 2D and three-
dimensional (3D) gratings. The total number of features in 2D and 3D gratings is the product of the number of grat-
ing features along the 2 or 3 different directions (e.g. dots in the case of 1D features).

3.2.5
mean pitch

Pm
average pitch value determined over all identical features of the grating

Note 1 to entry: The mean pitch is not necessarily the arithmetic mean pitch, but any statistically characteristic
pitch.

Note 2 to entry: If all feature positions of the grating are known, the mean pitch of a grating can be determined by
a linear least squares regression fit of all measured feature positions x; m to the nominal feature positions X nom. If
the uncertainties of the measured feature positions are equal, a standard linear regression fit can be applied. In
case of a variation of the uncertainties u,; of the measured feature positions x;, m, a weighted linear regression fit
should be applied, using the inverse variances as weights (w; = 1/(ux)?). The resulting slope m of the regression
line (yielding values for slope m and intercept b) can be used to calculate the mean pitch value pn = m-pnom taking
into account the position information of all features of the grating.
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Note 3 to entry: The mean pitch of a grating is often also called the period length or grating constant A of the
grating.

Note 4 to entry: For an ideal grating, the values for the mean pitch, the local pitch and the pitch for all neighbor-
ing features are identical. For real gratings, however, the values would be different, depending on the quality of the
grating and the different length ranges over which the local pitch value will be evaluated. In addition, the capability
of measurement methods to determine the different pitch values on non-ideal gratings is different. The measure-
ment methods, therefore, can be classified in different groups, see 3.5.

Note 5 to entry: If the boundary length of a grating L, (3.2.8) and the number of grating features N; (3.2.4) are
known, an approximation to the mean pitch can be determined by the equation: pm =Ly / (Nf- 1); N¢> 2. The same
pitch value results if the arithmetic mean value of all pitch values over all neighboring features is calculated. In the
sum =V (X1 - Xi) / (Nf -1) for calculation of the arithmetic mean value of all pitch values of a grating all feature
position values x; cancel out except for the first and last feature. In both cases the resulting approximation of the
mean pitch value is based on the positions of the first and the last feature in the grating only and thus less repre-
sentative of the whole grating than the mean pitch determined by a linear regression fit [4].

3.2.6
local pitch
Ploc (Xc* lr)

average pitch value determined over a defined length range |, of a grating centered around a
defined feature position x.

EXAMPLE |If a local pitch pioc of a nominally 1 mm long 1D grating with 100 nm nominal pitch is evaluated around
a central position at x; = 400 um over a length range I, of 20 um, the resulting local pitch should be expressed as:
Pioc (400 pm, 20 pum) or pioc (4001, 201) if expressed in number of features of the grating.

Note 1 to entry: The local pitch can also be defined over a specified number of features N, centered around a
specified feature with index Nc. In this case the notation for the local pitch is: pioc (N¢, Ni).

3.2.7
nominal length of grating

Lnom
intended length of a grating, indicated in the specification of the grating

Note 1 to entry: The length of a grating is defined in the direction of the grating, i.e. the direction in which the
number of grating features per unit length is maximal.

3.2.8

boundary length of grating

Lp

distance between the first and the last feature of a grating

Note 1 to entry: The center to center distance is the default case.

3.2.9

characteristic length of grating

I‘C

length of a grating, based on the mean pitch and the number of grating features

Le =Py (N -1)

Note 1 to entry: For an ideal grating the nominal length, the boundary length and the characteristic length values
of a grating are identical. For real gratings, however, they are different.

3.3 Grating types
3.3.1

1D grating
grating in which features are repeated in only one direction within the reference plane
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IEC 1793/12

Pitch p is defined in the direction of the grating.

a) ideal 1D grating;

b) 1D grating with local pitch variation;

c) ideal 1D grating with misalignment by angle p to the instrument axes x and y;
d) 1D grating with local pitch variation and misalignment to instrument axes.

Figure 3 — Examples of 1D line gratings

EXAMPLE Figure 3 shows examples of 1D line gratings.
Note 1 to entry: 1D gratings are also denoted as one-dimensional gratings.

Note 2 to entry: According to the Note 2 to entry of 3.2.1 a line scale can be understood as a sparse 1D grating,
too.

3.3.2

2D grating

grating in which features are repeated in two, non-parallel directions within the reference
plane
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IEC 1794/12

Pitches px and py are defined in the directions of the grating:

a) ideal 2D grating;

b) 2D grating with local pitch variation in both directions;

c) ideal 2D grating with misalignment by angle p to the instrument axes x and y;

d) 2D grating with deviation from orthogonality (o = 90 °), different pitch values and misalignment to instrument
axes x and y.

Figure 4 — Example of 2D gratings

EXAMPLE Figure 4 shows examples of 2D gratings
Note 1 to entry: Often the two directions are nominally orthogonal to each other, e.g. along the x- and y-direction.
Note 2 to entry: 2D gratings are also denoted as two-dimensional gratings.

Note 3 to entry: The deviation from orthogonality of the 2D grating can be described as in 3.4.13 and [5].

3.3.3

3D grating

grating in which features are repeated in three, non-parallel directions, containing the refer-
ence plane

Note 1 to entry: Often the three directions are nominally orthogonal to each other, e.g. along the x-, y- and z-
direction.

Note 2 to entry: 3D gratings are also denoted as three-dimensional gratings.

Note 3 to entry: An example of a 3D grating is a 3D photonic crystal.

3.3.4
angular grating
grating which extends along a circular direction within the reference plane

Note 1 to entry: In most cases the angular gratings extend over the full angular range of 2x rad (360 °), i.e. the
first and the last feature of the angular grating are neighboring features.

Note 2 to entry: Angular gratings are also denoted as radial gratings.
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3.35
complex grating
grating characterized by more than one nominal pitch value in the direction of interest

3.3.6
double pitch grating
complex grating characterized by two different nominal pitch values in the direction of interest

3.3.7

chirped grating

complex grating characterized by an intended, monotonic variation of pitch values in the di-
rection of interest

Note 1 to entry: Monotonic variation means that the pitch values always increase, or decrease, along the direction
of interest.

3.4  Grating quality parameter terms?2

3.4.1

deviation in boundary length

oLy,

difference between the measured boundary length and the nominal length

8Lb = Lb, m -~ I-nom

where
Ly, m is the measured boundary length;

Lhom is the nominal length.
3.4.2
relative deviation in boundary length
8|-b, rel

deviation in boundary length relative to the nominal length

8Lb, rel = 6Lb / I-nom

3.4.3
deviation in characteristic length
oL,
difference between the measured characteristic length and the nominal length
8Lc = Lc, m I-nom
where
L. m is the measured characteristic length;

Lhom is the nominal length.

Note 1 to entry: The parameter deviation in characteristic length SL. is a quality parameter of a grating. In some
applications, however, the characteristic length L. of a grating is only of secondary interest; 3L. is of minor im-
portance in these cases.

3.4.4

relative deviation in characteristic length

SLC’. re.l . . . . .

deviation in characteristic length relative to the nominal length

2 The definitions of grating deviations in 3.4 provide grating quality parameters, which can be determined for
every type of grating. However, the impact of these grating quality parameters can be of varying importance for
different applications.
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8Le rel = 8be / Lyom

3.4.5

deviation in feature position

e

difference between the measured feature position and the nominal feature position, based on
the nominal pitch

8% =X m - Pnom * (i -1)
where

X.

i m IS the measured feature position of the i feature in a grating — oriented along

the x-direction;
Prhom IS the nominal pitch of the grating.

Note 1 to entry: This definition assumes a grating with one nominal pitch value. It can be extended, however, also
to complex gratings, like e.g. chirped gratings, provided all the nominal feature positions are specified.

Note 2 to entry: If the orientation of the grating features is in other directions, the definition can be adapted ac-
cordingly, i.e. 8y, 8z.

Note 3 to entry: In case of angular gratings over 360 °, the sum over all deviations in angular feature positions da;
always is zero because the circular angle 2z rad (360 °) is a natural, invariable and error-free angle standard. This
fact is the basis of application of error separation techniques, which allow for determining the deviations in angular
feature position of angular gratings with very small uncertainties in the nanoradian range [6].

3.4.6

relative deviation in feature position

OXi, rel N | . "
deviation in feature position relative to the nominal feature position

8Xi, rel =X/ (Ppom - (i -1))

where
OX;

Phom IS the nominal pitch of the grating.

is the deviation in feature position of the i feature in a grating;

3.4.7

feature position deviation from linearity

X | - B
difference between the measured feature position and the calculated feature position, based
on the measured mean pitch

8Xi, nl = Xi, m= (pm . (| '1) + b)

where
Xi m is the measured feature position of the i feature in a grating;
Pm is the measured mean pitch of the grating;
b is the intercept of a linear least squares regression line, determined according

to 3.2.5, Note to entry 2.

Note 1 to entry: As a result of the mean pitch definition, the sum over all feature position deviation from linearity
values of a grating is zero.

3.4.8
relative feature position deviation from linearity

8Xi nl, rel
feature position deviation from linearity relative to the nominal feature position

8Xi I, rel =% ni ! (Ppom - (i -1))
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where
dX; is the feature position deviation from linearity of the i" feature in a grating;
Prom is the nominal pitch of the grating.
3.4.9
peak-to-valley deviation from linearity
SLp p.y

difference of the maximum and the minimum value or range of the feature position deviations
from linearity of all grating features

8Lnl, P-v = 6Xi,nl, max - 6Xi,nl, min
where
3Xi nl. max IS the maximum of all feature position deviations from linearity;

3Xi i min IS the minimum of all feature position deviations from linearity.
3.4.10
relative peak-to-valley deviation from linearity
E3“|-nI,P-V, rel Lo . . . . :
peak-to-valley deviation from linearity relative to the nominal length of a grating

8L, p-v, rel =8Lni, p-v/ Lnom
where
8Ly, p-y is the peak-to-valley deviation from linearity;

Lrom is the nominal length of a grating.

3.4.11
rms deviation from linearity

SLnI rms
square root of the arithmetic mean of the squares of the feature position deviation from linear-

ity over all N; features of the grating

Ol rms = [ENfi=1 (6)(i,nl)2 / Nf]u5

where
3Xi i is the feature position deviation from linearity of the i" feature in a grating;
N; is the number of grating features.

3.4.12

relative rms deviation from linearity
8|-nI, rms, rel . . . . .
rms deviation from linearity relative to the nominal length of a grating

oL = oL /L

nl, rms, rel nl, rms nom

where

3L rms is the rms deviation from linearity over all features of the grating;
Lrom is the nominal length of a grating.

3.4.13
deviation from orthogonality

8o rtho
deviation from n/2 rad (90°) of the nominally orthogonal directions of 2D or 3D gratings

Note 1 to entry: The term squareness is often also used as a synonym for orthogonality.
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3.4.14

filtered grating deviation terms

Xy~ (A, P)

any grating deviation term as defined in 3.4, however determined on the basis of filtered val-
ues of the deviations in feature positions

5XyF(4e, B, P)

where

X is a general symbol to be replaced by one of the defined quantities in 3.4 for a
particular case;

Y is a general subscript symbol to be replaced by one of the defined indices in
3.4 for a particular case;

F is a general superscript symbol to be replaced by a suitable term which une-
quivocally describes the characteristics of the filter algorithm applied for the
analysis of the deviations in feature position of a grating;

c is a parameter which describes the critical filter length of the applied filter;
is an additional (optional) parameter to describe the filter characteristics;

P is a parameter describing which spectral parts of the filtered data are to be an-
alyzed. P can either be LP for low-pass, HP for high-pass or BP for band-pass
data.

EXAMPLE 1 |If the deviations in feature position 6x; of a grating are analyzed after an arbitrary filter algorithm F
with wavelength A. and high-pass characteristic has been applied to the original data, the filtered deviations in fea-
ture position are denoted by 8x;7 (4., , HP).

EXAMPLE 2 If the relative rms deviation from linearitydLn, ms, rel Of @ grating is of interest in case a linear profile
filter with Gaussian low-pass filter characteristics and an assumed cut-off wavelength of 80 nm is applied to the
original data, the filtered relative rms deviation from linearity should e.g. be denoted as 8L, ms, rel - -C (80 nm, , LP)
(FPLG stands for Filter Profile Linear Gaussian).

Note 1 to entry: Clause 5 discusses the different classes of existing filter algorithms applicable to grating devia-
tion terms in more detail.

3.5 Measurement method categories for grating characterization

3.5.1

global methods

GM

measurement methods which probe the grating of interest as a whole

Note 1 to entry: Examples of grating characterization methods which belong to the GM category are given in
Clause 5 and in Clause A.2.

Note 2 to entry: Global methods sometimes are also called integral methods.

3.5.2

local methods

LM

measurement methods which probe the grating in a small region of interest only and which do
not offer a sufficient displacement metrology capability to link the information from subse-
guent measurements of the grating phase-coherently

Note 1 to entry: Examples of grating characterization methods which belong to the LM category are given in
Clause 5 and in Clause A.2.

3.5.3

hybrid methods

HM

measurement methods which probe the grating in a small region of interest and which in addi-
tion allow to link the information from subsequent measurements over the whole grating
phase-coherently by use of suitable displacement metrology
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Note 1 to entry: Examples of grating characterization methods which belong to the HM category are given in
Clause 5 and in Clause A.2.

4 Symbols and abbreviated terms

AFM atomic force microscopy

CCD charge-coupled device

DOE diffractive optical element

DUV deep ultraviolet

EUV extreme ultraviolet

GM global method

GPS geometrical product specifications
HM hybrid method

HR-OM high resolution optical microscopy
IR infrared

LER line edge roughness

LM local method

LWR line width roughness

oD optical diffraction

oM optical microscopy

SEM scanning electron microscopy
SPM scanning probe microscopy

TEM transmission electron microscopy
Vis visible spectrum

5 Grating calibration and quality characterization methods

5.1 Overview

Artificial gratings play an important role in the manufacturing as well as characterization of
structures on the nanoscale. The use of the term nanoscale shall conform to
ISO/TS 80004-1:2010, 2.1 where it is defined as "size range from approximately 1 nm to
100 nm". In this Clause 5 different categories of measurement methods for grating calibration
and characterization of grating quality are given. Guidance is provided to choose a measure-
ment method category which best fits the requirements set for the characterization in terms of
global and local quality parameters of a particular grating.

5.2 Global methods

The category of global methods comprises measurement methods, which probe the grating of
interest as a whole. All of the methods in this category are based on the use of electromag-
netic radiation, mainly but not exclusively in the optical region, with a known wavelength to
probe the whole grating. The measurement of the reflected, diffracted or transmitted light is
then analyzed to extract information about the dimensional grating parameters. A short de-
scription of some global methods follows below.

In diffractometry the grating under test is illuminated by monochromatic light which extends
over the size of the grating. The diffracted light is then analyzed with respect to the diffraction
angle. Often, the diffracted light is measured in the Littrow configuration, i.e. the direction of
the negative first order diffracted beam is parallel to the direction of the incoming beam and
also more than one optical wavelength is used [7]. In most cases, the direction of the diffract-
ed beam is measured by means of a rotary table and a photo detector or CCD device serves
to measure the beam intensity. A diffractometer usually measures the diffraction angles of the
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diffracted beams only, from which the mean pitch of a grating can be determined with very
small uncertainty. However, it usually does not provide information about local pitch variations
of the grating. The radiation bandwidth and the lack of full spatial and temporal coherence of
lasers are to be given due consideration in the diffractometry results.

In scatterometry, the intensity and polarization of optical radiation diffracted by a grating,
sometimes in addition to the diffraction angles (as in diffractometry), is measured, and used to
extract information about the geometrical characteristics of the grating as well as the optical
material properties of the grating [8]. Different types of scatterometers exist, namely those
with variation of wavelength of the incoming radiation only but no variations between the di-
rections of incoming beam and detector (spectral scatterometry), those with measurement of
diffracted intensities at different diffraction angles for monochromatic incoming radiation only
(goniometric scatterometry) or a combination of both [9]. Scatterometry measurements which
do not probe the non-specularly diffracted radiation have substantially reduced sensitivity to a
grating’s pitch in exchange for high sensitivity to feature dimensions. Scatterometry is applied
in different parts of the wavelength spectrum, from IR over Vis to DUV and EUV and thus al-
lows one to analyze a broad spectrum of different gratings with largely varying pitch values.

To make full use of the information measured by scatterometry the measurement results are
usually backed up by appropriate simulations of the diffraction spectra by means of rigorous
optical diffraction calculations. In this way, the measured spectra can be compared with simu-
lated spectra, which are calculated for some model geometries of the grating topography. By
variation of model parameters a close correlation with the measured spectra can be obtained.
In addition to the mean pitch of the grating, also variations of the pitch values over the grating
can be inferred along with information about the mean height, width and sidewall angle of the
grating features [10].

Another example of a global measurement method for grating characterization is the use of
Fizeau interferometry with the grating being arranged in Littrow configuration [11]. In this con-
figuration, the interferometer is sensitive to the wavefront distortions caused by the pitch vari-
ations of the grating within the aperture, thus the local pitch variation of the grating can be
determined by this method.

The common advantage of the global methods is that they allow measurements to be per-
formed over the whole grating quickly. It is possible to obtain very small uncertainties for the
determination of the mean pitch with a comparatively simple optical setup (diffractometry).
Other optical configurations allow for determining local pitch variations in case these varia-
tions occur over length ranges which are larger than the lateral resolution of the setup (Fizeau
interferometer). To determine a larger set of dimensional parameters of interest of a grating
(pitch, pitch variation and in addition height, width, sidewall angle of features) from the analy-
sis of the measured diffraction signal from the grating in a dedicated (scatterometer) setup
requires the application of complex rigorous optical modeling approaches.

5.3 Local methods

The category of local methods comprises measurement methods, which allow a small region
of the grating to be probed and which do not offer a sufficient displacement metrology capabil-
ity to link the phase information from subsequent measurements of the grating signal coher-
ently. In order to determine the phase difference of the periodic grating signals measured in
subsequent images taken at two different sites of a grating, the relative displacement of the
grating sample to the microscope in between the two images has to be determined with high
precision (phase-coherent link).

Examples of local methods are all types of high resolution microscopy methods, which image
a part of a grating within the field of view defined by the chosen magnification of the micro-
scope. Typical microscopy methods applied for the characterization of gratings include SPM
including AFM, SEM, TEM, and OM.

Within the field of view, the local methods are able to measure the local pitch of the grating
and also possible pitch variations. To determine the mean pitch of the grating and to estimate
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the variation of the local pitch over the whole grating using local methods, repeated meas-
urements at different locations of the grating have to be carried out using the microscope.

A common advantage of the local methods is that they provide information on individual fea-
ture qualities like feature parallelism, line edge roughness and defects as well as the local
pitch within the field of view. Due to the limited field of view, the measurement uncertainty of
the local methods for the mean pitch usually is larger in comparison to the global methods.
Also the measurement speed for a complete characterization of gratings is relatively low, in
particular for the SPM methods.

5.4  Hybrid methods

The category of hybrid methods comprises measurement methods which probe the grating in
a small region of interest and which in addition link the information from subsequent meas-
urements over the whole grating in a phase-coherent way by use of suitable displacement me-
trology.

Like the local methods, the hybrid methods are characterized by application of high resolution
microscopy for measurements on individual grating features, but are combined with a high
accuracy positioning system that enables to determine the displacements of the grating be-
tween subsequent positioning, and imaging steps with an accuracy that allows a phase-
coherent stitching of the grating intensity signals in the different fields of view.

In this sense, the hybrid methods combine the advantages of the local methods (ability to
characterize individual feature quality) and the global methods (determination of the mean
pitch over the whole grating with small uncertainties). They also have the capability to detect
phase jumps in the periodicity of the grating. However, the hybrid methods require high accu-
racy positioning and displacement metrology systems in addition to high resolution micro-
scopes.

An example of a hybrid system based on an SEM and a laser-controlled positioning stage
which was used for characterization of a 2D grating with 100 nm nominal pitch is given in [12]
and is also discussed in Clause A.2. In reference [13] the calibration of the mean pitch and
the linearity deviations of two gratings with a ratio of nominal pitch values of 1:4 by a hybrid
calibration method and their application to serve as a 1:4 magnification standard for lithogra-
phy lenses are described. The results of a bilateral comparison on a grating standard with
nominally 25 nm pitch by means of hybrid methods, in this case so-called metrological SPM,
are given in reference [14]. It should also be mentioned here that calibrations of line scales
are also based on the application of hybrid methods.

5.5 Comparison of methods

Table 1 shows a compilation of the characteristics of the different measurement methods and
categories for grating calibration and grating characterization. This table in combination with
the descriptions given in 5.2 to 5.4, information in the references and Clause A.2 provide
guidance in choosing a suitable characterization method or set of characterization methods
for a specified set of requirements for the qualification of a grating.
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Table 1 — Comparison of different categories

— 21 -

for grating characterization methods

Method Method type Ability to Ability Ability to Ability Meas. Complexity Complexity
category measure to measure to speed of of data
mean pitch | measure feature measure measurement analysis
with small local dimen- feature setup and
uncertainty pitch sions on dimen- measurement
variation | individual sions effort
features on
grating
features
Global Diffractometry ++ -- -- -- ++ low medium
methods
Global Scatterometry:
methods | — goniometric ++ + -- ++ + high very high
— spectral o] - -- ++ ++ medium very high
Global Fizeau inter- o] + - ++ high medium
methods | ferometry in
Littrow config-
uration
Local Optical mi- - + + + o] low low
methods | croscopy
Local SPM - ++ ++ ++ - medium medium
methods
Local SEM - ++ ++ + o] high medium
methods
Local TEM -- ++ ++ ++ -- very high high
methods
Hybrid Based on ++ ++ ++ ++ very high high
methods | HR-OM, SEM, o}
SPM, -
TEM --

Symbol legend:

++ very good;

+ good;

o satisfactory;

- poor;

-- insufficient

5.6

5.6.1

General

Other deviations of grating features

In the definitions of grating deviation terms in Clause 3 it was assumed that the grating fea-
tures only showed deviations from their nominal positions in the direction of the grating. Other
parameters which also influence the grating quality and limit the measurement uncertainty of
gratings are listed below. In this technical specification, these additional influences are just
mentioned but not discussed and analyzed in detail.

5.6.2

5.6.2.1

Out of axis deviations

General

These are deviations which extend perpendicular to the direction of the grating. If, for exam-
ple, the intended direction of a 1D grating is the x-direction, the out of axis deviations are in y-
direction.
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5.6.2.2 Non-parallel line features

If the line features are not parallel over the entire grating, there will be a dependence of the
measurement results for the deviations in feature position on the chosen measurement area
along the lines. If the deviations from the parallel orientation of the line features change over
the grating, these deviations will result in an increased variation of local pitch values.

5.6.2.3 Curved line features

If the line features are curved over the entire grating, there will be a dependence of the
measurement results for the deviations in feature position on the chosen measurement area
along the lines. If the deviations from the ideal shape of the line features change over the
grating, these deviations will result in an increased variation of local pitch values.

5.6.3 Out of plane deviations
5.6.3.1 General

These are deviations which extend perpendicular to the plane of the grating. If, for example,
the intended orientation of a 1D or 2D grating is in the x-y plane, the out of plane deviations
are in the z-direction, perpendicular to the x-y plane.

5.6.3.2 Topography of the features

A change of the height of the features over the grating might have only a minor influence on
the grating quality parameters defined in Clause 3. However, the influence of height variations
has to be analyzed individually for the different measurement methods applied for grating
characterization.

5.6.3.3 Topography of the substrate

Effects of topography changes z(x,y) on measured deviations in feature position, e.g. due to
the bending of a kinematically mounted substrate by gravity forces are well-known from line
scale metrology, see e.g. [15]. These substrate bending effects also have to be taken into ac-
count properly for analysis of the measurement results of linear and angular encoders.

5.6.4 Other feature deviations
5.6.4.1 General

In this subclause 5.6.4 the remaining influences on grating quality and measurement uncer-
tainty of grating parameters due to size, shape and material variations of the features are dis-
cussed.

5.6.4.2 Line edge roughness and line width roughness

Line edge roughness (LER) describes the deviations of a line feature contour from an ideal
straight line. Line width roughness (LWR) describes the deviations of the local widths of a line
feature from an ideal constant value. For decreasing line feature widths, the relative im-
portance of LER and LWR is increasing and becomes a major issue for further progress in
lithography [16]. Both effects result in a dependence of the measurement results for the de-
viations in feature position on the chosen measurement area along the lines and in addition in
an increased variation of local pitch values.

5.6.4.3 Changing material properties

Changing material properties of the grating features or of the substrate will affect the meas-
urement results for the feature position and the mean pitch. However, the magnitude of this
influence is dependent on the measurement technique used for characterization of the grating
and can thus not be estimated in a general way.
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5.7  Filter algorithms for grating quality characterization

For the characterization of the quality of gratings it is often necessary to apply suitable filter
algorithms to the original measurement data of feature position deviations. For example one
might be primarily interested in the high frequency variations (small spatial wavelength) of the
feature position deviations for one application, whereas in another application the position
deviations with larger spatial wavelengths might be of interest, while the higher frequency de-
viations could be efficiently suppressed by a filter with low-pass characteristics.

Standardized filter algorithms for the evaluation of deviations in feature positions of artificial
gratings do not yet exist. The evaluation of measurement data of feature position deviations
shows some similarities to the analysis of surface texture profile data. In surface texture me-
trology, a series of documents on filtration of areal (3D) as well as profile (2D) surface texture
data already exists and will be developed further. ISO/TS 16610-1:2006 [17] provides guid-
ance on the series of documents on filtration and classification of different filter algorithms. In
reference [18] an overview on the historical developments as well as recent trends of filtration
within the GPS framework of ISO standards is given. If profile filter algorithms from the field of
surface texture are applied to the analysis of feature position deviations, their designation
should follow those specified in ISO/TS 16610-1:2006.

It has not yet been fully investigated which of the standardized profile filters of surface texture
metrology (linear filters (Gaussian, spline, spline wavelet), morphological filters and robust
filters) can also be applied for the analysis of deviations in feature positions of artificial grat-
ings in a meaningful way. Moreover, profile filter algorithms developed for purposes other
than surface texture metrology could in principle also be applied for the analysis of feature
positions of artificial gratings.

An example of a simple moving average phase-correct filter to remove the waviness in a pro-
file of position deviation data is given in [4]. In reference [19] a multipoint linear error com-
pensation scheme is described, which allows the impact of encoder errors in position control
applications to be reduced. In Clause A.2 examples of measured grating feature position de-
viations are shown, which have been evaluated by application of a spline filter.

For the evaluation of data of the feature positions of artificial gratings the applied filter algo-
rithms should offer the following capabilities: no sensitivity to end effects (in case the whole
grating has to be analyzed), determination of spectral content of data in terms of characteris-
tic wavelengths or wavelength bands (high-pass, band-pass, low-pass filter), phase-correct
filtering, sensitivity to detect phase jumps in the position data, robustness to outliers, applica-
bility for feature position deviations at the nanoscale, ability to be applied also on complex
gratings.

NOTE Phase jumps can occur if the grating was manufactured by a sequential method, which is based on re-
positioning of the substrate and subsequent stitching of writing areas on the substrate. Phase jumps are difficult to
detect, but can be critical for the application of the grating.

6 Reporting of grating characterization results

6.1 General

The reporting of the results of the characterizations of artificial gratings shall conform with
ISO/IEC 17025. This standard also defines general requirements for an adequate documenta-
tion of the results of a calibration.

In addition to necessary information about the name and address of the calibration laboratory
as well as the client, the date of receipt of the specimen, the date(s) of the calibration and the
issue of report, the calibration report shall also provide sufficient information about specimen
details, the calibration procedure (instrument details, operating conditions, software used, val-
idation), and the measurement results including their uncertainties. In the following, the last
requirements are exemplified by the characterization of artificial gratings and the determina-
tion of their quality parameters.
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6.2 Grating specifications

The calibration report should contain the necessary information about the grating to be char-
acterized:

o manufacturer of the grating (if available);

e type of the grating (1D, 2D, 3D, angular, complex);

e nominal pitch(es) of the grating pyom:

e nominal length(s) of the grating L,,g;
o type (line, square, dot, etc.), material, nominal width and height of the grating features;
e substrate material of the grating;

e any alignment features to be used for orientation of the grating.
6.3 Calibration procedure

The calibration report should contain the necessary information about the measurement in-
strument and procedure used for characterization of the grating:

e measurement category (GM, LM, HM);

e description of measurement instrumentation used for calibration;

e traceability of the measurement;

e calibration procedure (description, number of repeat measurements, etc.);

e oOperating conditions.
6.4  Grating quality parameters

The calibration report should contain the necessary information about the measurement re-
sults of the grating quality parameters and their uncertainties. It shall be clarified between the
client and the calibration laboratory beforehand which of the grating quality parameters de-
fined in 3.4 are of importance for the application of the grating by the client and thus have to
be determined. The following list compiles some of the grating quality parameters:

e measured mean pitch p,, (optional: measured local pitch values p,.);

e deviation in boundary length 3L,

e deviation in characteristic length L.

e peak-to-valley deviation from linearity oLy p_y;

e rms deviation from linearity 8L (ys;

o relative deviations of the quality parameters, i.e. deviations in relation to L,
o filtered quality parameters.
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Annex A
(informative)

Background information and examples

A.1 Background information on length traceability at the nanoscale

Nanotechnology covers a broad spectrum of different applications at the nanoscale. The term
nanoscale itself is defined in ISO/TS 80004-1:2010, 2.1 as the “size range from approximately
1 nmto 100 nm”, i.e. it refers to the Sl unit of length.

Since 1983, the Sl unit of length, the meter, is defined as the length of the path travelled by
light in vacuum during a time interval of 1/299 792 458 of a second. It follows that the speed
of light is exactly 299 792 458 m/s and that the unit of length depends on the unit of time, the
second.

There are different possibilities for the realization of the unit of length on the basis of this def-
inition. Two methods are applied for this purpose:

a) measurement of the travelling time of light or other type of electromagnetic radiation, a
method which is mainly applied for measurement over longer distances, e.g. in geodesy,
astronomy or satellite based navigation systems; and

b) use of interferometric techniques with known laser radiation (e.g. nominal 633 nm for the
HeNe laser), which realizes a length measurement based on the analysis of the intensity
modulation of the interferometer signals which in turn depends on the wavelength of light
in the chosen environment of the interferometer.

The latter method thus offers a very direct way of traceability to the definition of the length
unit with corresponding small uncertainties and is therefore widely used in different measure-
ment and production machines. Different laser radiations are recommended for the realization
of the meter, as described in the Mise en pratique [20].

However, the variation of the laser wavelength with the parameters of air, like temperature,
pressure, humidity and residual gas composition can be disadvantageous, if the smallest un-
certainties for length measurements under ambient conditions are required. In addition, the
cost of laser interferometer equipment also has to be taken into account. It can thus be ex-
plained that alternative approaches for length metrology are also followed, and these are of-
ten based on the use of artificial or natural gratings, which — if calibrated — serve as length
standards or material measures of length.

In [3] a grating is defined as a “periodic spatial structure for optical use” and serves as a basic
component of different types of diffractive optical elements (DOE), which use diffraction of
optical radiation as their operating principle. Different realizations of DOE are addressed by
the definitions of amplitude DOE, phase DOE, transmission DOE, reflection DOE and active
DOE. An example of a technical realization of an active DOE is an acousto-optical modulator,
in which acoustic standing waves generate features within the material which diffract incoming
light in a defined way. Throughout this technical specification, however, gratings are not re-
stricted to optical use only.

Artificial gratings play an important role in the manufacturing as well as the characterization
processes of structures on the nanoscale. For example, in high volume manufacturing of sem-
iconductor integrated circuits by means of lithography techniques, grating structures are used
for alignment purposes of photomask to silicon wafer in the different lithographic production
steps in the wafer-scanner production tools. Here double patterning lithography currently puts
new requirements on grating and feature placement characterization methods. The smallest
structure size on the wafer today is already below 30 nm and overlay tolerances of a few na-
nometers have to be achieved during manufacturing of integrated circuits.
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Another field of application for artificial gratings in nanotechnology is their use as the calibra-
tion standards for high resolution microscopy techniques, which are necessary tools for char-
acterization of structures at the nanoscale. Here the manufacturing and characterization of
high quality grating calibration standards with sub-100 nm pitch are current challenges. There
are already several normative documents published or under development that describe the
use of grating based physical standards for calibration of image magnification of different
types of high resolution microscopes like TEM in [21], SEM in [22], SPM in [23] or optical mi-
croscopy in [24].

However, in all of the above-mentioned documents [21], [22], [23] and [24], the grating stand-
ards are assumed to be ideal in the sense that possible deviations of the grating structures
from their nominal values are not taken into account. In Clause 5 different types of instru-
ments for grating calibration and determination of deviations in feature positions are catego-
rized and described. Moreover, guidance is given to assist in the selection process of a
measurement category in alignment with the grating quality requirements set for a particular
application of a grating.

In addition to artificial gratings also natural crystal lattices can be used as length standards in
nanotechnology, provided the measurement method allows resolving the lattice structure, like
e.g. transmission electron microscopy or x-ray diffraction. Due to its good availability and high
purity, the silicon single crystal material plays an important role in nanometrology. The dis-
tance between Si atomic lattice planes is in the sub-nm range (d,,q = 0,192 nm) [25] and from
this it follows that the Si atomic lattice is an interesting, intrinsic reference for length metrolo-
gy at the nanoscale. It has been frequently used, for example, as a magnification standard for
high resolution TEM images.

Surface and volume natural crystalline lattices are well-defined structures and have been
dealt with in crystallography, solid state physics and surface science for many decades, see
Annex B for an overview on 2D and 3D Bravais lattices. In the context of this technical speci-
fication, crystal lattices may be considered as natural gratings in contrast to the artificial grat-
ings. Moreover, artificial gratings which would not show any deviations from the feature posi-
tions from their nominal values could be described with the terminology developed for crystal
lattices.

In incremental length or angle encoder measurement systems, artificial linear or angular grat-
ings are used as references for translational or rotational relative motions. The readout of the
encoder systems depends on the details of the optical design, but in general the length infor-
mation is deduced from the signals of the reading heads, which are based on the period
length of the artificial grating structures. These types of measurement systems sometimes are
also called “grating interferometers”. An example of a “grating interferometer” which makes
use of a natural grating is the so-called x-ray interferometer, which analyses the variations of
x-ray intensity signals when an x-ray is diffracted at a system of two fixed and one moveable
thin lamella in a special kind of interferometer made of single crystal material, like e.g. silicon.
[26]

It is instructive to compare the grating structures of magnification standards and of length en-
coder systems with classical length standards based on graduations, i.e. line scales. Line
scales have traditionally been used as length standards and they still play an important role in
the metrological infrastructure of today. There are nowadays outdated normative documents
for line scales that explicitly deal with the deviations of the positions of graduation lines [27]
(in German: Teilungsfehler).

In legal metrology there is the recommendation OIML R 98 which deals with specifications
and classification of high-precision line measures of length [28]. For the accuracy classes 0 to
3 maximum permissible manufacturing errors for the distances between any two marks of a
line measure are specified in ym between + (0,5 + 0,5 L) and £+ (5 + 5 L), where L is the nu-
merical value of the nominal length of the interval between those two marks in meters. Line
measures of class M (metrological class) are measures of high stability for which the manu-
facturing errors are not specified but are measured and indicated in a certificate.
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Under the auspices of the CCL, the Consultative Committee for Length of the CIPM (Comité
international de poids et mesures, International Committee for Weights and Measures), inter-
national comparisons on 1D gratings [29] as well as 2D gratings [5] and high precision gradu-
ated line scales of 280 mm length [30] were performed in recent years. These first series of
international comparisons in the field of dimensional nanometrology provided valuable infor-
mation on the existing measurement capabilities of the National Metrology Institutes (NMIs) to
support the emerging field of nanotechnologies.

A.2 Examples of application and characterization of artificial gratings in
nanotechnology

Artificial gratings are used in several applications in the field of nanotechnology. In some of
these applications, the total length of the grating has to be close to the nominal total length
value, especially when these gratings serve as length material standards as in length encoder
systems or magnification standards for high resolution microscopy methods. In other fields of
application, the total length is of secondary interest, but the nonlinearity deviations should be
as small as possible, as determined on all (filter) length scales of interest.

Example 1: Grating based length encoder system (L5, = 280 mm)

An example of an artificial grating used as a length material standard is shown below. In Fig-
ure A.1 one measurement result of a measurement comparison of three partners using vacu-
um length comparators on a length encoder system which was used as a transfer standard is
shown [31]. The transfer standard consists of a 1D (phase) grating with nominally 512 nm
pitch and 256 nm feature line width which extends over 280 mm on a Zerodur substrate. An
interferometric reading head is moved relatively over the grating and offers an optical resolu-
tion of displacement measurement of 128 nm, which — after electronic interpolation by a factor
of 4 096 — provides a displacement measurement resolution of about 30 pm. Such type of
high resolution length encoder systems are widely used in different high precision manufactur-
ing processes for axes position feedback, including applications in manufacturing on the na-
noscale.
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Figure A.1 — Result of a calibration of a 280 mm length encoder system
which was used as a transfer standard in an international comparison [31]
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Figure A.2 — Filtered (linear profile Spline filter with 4. = 25 mm) results of Figure A.1

An analysis of the data in Figure A.1 and A.2 with respect to the determined quality parame-
ters of the grating is given in Table A.1. The high-pass filtered data (unfiltered data — low-

pass filtered data) are analyzed for the linearity deviation quality parameters only.

Table A.1 — Grating quality parameters of the grating in Figures A.1 and A.2

Grating
quality
parameters:

Grating from
Figure A.1
with
Lnom = 280 mm
and
Prom = 512 Nm

Measurement
results
(unfiltered)

Measurement
uncertainties
(k=2)

Measurement
results
(filtered:
Spline
(25 mm,
B=0,LP)

Measurement
uncertainties
(k=2)

Measurement
results
(filtered:
Spline
(25 mm,
B =0, HP)

Measurement
uncertainties
(k =2)

Measured
mean pitch pn
(in nm)

511,999 95

0,000 01

511,999 95

0,000 01

Deviation in
boundary
length

SLp (in nm)

47

43

Relative devia-
tion in bounda-
ry length

8I—b. rel

1,7.1077

1,8.10°8

1,5:1077

1,8.10°8

Deviation in
characteristic
length

SL¢ (in nm)

-28

-28

Relative devia-
tion in charac-
teristic length
SLC, rel

-1,0.1077

1,8.10°8

-1,0-10°7

1,8.10°8

Peak-to-valley
deviation from
linearity

SLan,V (In nm)

91

82
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Grating Measurement | Measurement | Measurement | Measurement | Measurement | Measurement
quality results uncertainties results uncertainties results uncertainties

parameters: (unfiltered) (k=2) (filtered: (k=2) (filtered: (k=2)

. Spline Spline
Grating from (25 mm, (25 mm,

Figure A.1 _ _
i =0, LP =0, HP

with B ) B )
Lnom = 280 mm

and
Prom = 512 nm
Relative peak-
to-valley devi-
ation from 3,3:10°7 1,4.10°8 2,9-10°7 1,4.10°8 1,4.10°8 1,4-10°8
linearity
8I—ﬂl,F’-V, rel
rms deviation
from linearity 16 4 16 4 0.4 4
SLnI, rms
(in nm)
Relative rms
deviation from 8 8 -8 -8 9 -8
linearity 5,6-10 1,4-10 5,6-10 1,4-10 1,4-10 1,4-10
8Ln|, rms, rel

Example 2: 1D grating over > 1 mm (p,o, = 100 mm)

This example and the following one cover the characterization and use of fine 1D- and 2D-
gratings as magnification standards in high resolution microscopy. Figure A.3 shows the prin-
ciple of the measurement approach as well as the measurement results on a 1D grating with
nominally 100 nm pitch, which extends over an area of about 1 mm on a silicon chip. This
sample has been calibrated on a metrological SEM with an integrated 2D laser-controlled
stage [12]. The measurement strategy was to image parts of the grating in fields of view of
about 1,6 um to determine the local phase of the grating from the image signal and then to
move the sample in defined steps — controlled by the laser interferometer — to a subsequent
position where again the local phase of the grating signal was analyzed from the recorded
SEM image. By combination of the laser interferometer signal and the local phase information
of the grating, the whole grating could be characterized over the full 1 mm square area of the
sample by this hybrid measurement method, see 5.4.
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NOTE Results of a calibration of a 1D grating of about 1 mm size with nominally 100 nm pitch by a metrological
SEM using combined information from the laser interferometer of the sample positioning stage and the local phase
information of the grating from the SEM images. Shown are the measured deviations from mean pitch (99,947 nm)
as a function of the position for different horizontal measurement rows. For further details see [12].

Figure A.3 — Calibration of a 1D grating by a metrological SEM

An analysis of the data in Figure A.3 with respect to the quality parameters of the grating is

given in Table A.2.

Table A.2 — Grating quality parameters of the grating in Figure A.3

Grating quality parameters: Measurement results Measurement uncer-
Grating from Figure A.3 (row 38) with (unfiltered) tainties
Lhom = 1,16 mm and ppom = 100 nm (k =2)

Measured mean pitch py (in nm) 99,947 0,001
DeV|e_1t|on in boundary length 609 10
8Ly (in nm)
Relative deviation in boundary length 5.25.104 8,610
SLb, rel
DeV|e_1t|on in characteristic length 612 10
SLe (in nm)
Relative deviation in characteristic length 5.27.10 8,610
SLC, rel
Peak-to-valley deviation from linearity

. 8 2
SLnip.v (in NM)
Relative peak-to-valley deviation from linearity 6.9-10° 1,7.10°
SI—nI.F'-V. rel
rms deviation from linearity

. 1,8 2
ESI—nl. rms ('n nm)
Relative rms deviation from linearity 1,6:10° 1,710
SLnI, rms, rel
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A similar approach for characterization of gratings by a combination of a laser interferometer
controlled sample positioning stage and application of a high resolution SPM for local phase
tracking of grating structures has been described in [4, 32]. The instrument used in this case
is called large-range metrological SPM, because it offers a measurement range of
25 mm x 25 mm x 5 mm and thus also allows for the characterization of larger gratings.

Example 3: 2D grating over < 100 um (p,,om = 300 mm)

Figure A.4 shows an example of a grating standard, which suffers from a so-called “phase
jump” in the middle of the 100 um wide quality area. These phase jumps can occur in sequen-
tial writing and field stitching manufacturing processes. While in some application fields, these
deviations might be acceptable, they are critical in others and have to be avoided.
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IEC 1797/12

NOTE Results of a calibration of pitch (X) and straightness (Y) deviations on a 2D grating with nominally 300 nm
pitch by a metrological SEM using combined information from the laser interferometer of the sample positioning
stage and the local phase information of the grating from the SEM images For further details see [33].

Figure A.4 — Calibration of pitch and straightness
deviations on a 2D grating by a metrological SEM

For example, the 2D standards shown in Figure A.4 could be used as calibration standards for
image magnification in high resolution microscopes. Depending on the calibration approach,
the phase jump region can be covered or missed by the calibration method, which would re-
sult in different measurement uncertainties of the mean pitch value of the standard. In the
same way, the phase jump region can — by chance — be captured or left out by the calibration
method of the user.

An analysis of the data shown in Figure A.4 with respect to the quality parameters of the grat-
ing for the measured deviations in x-direction (pitch) is given in Table A.3.
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Table A.3 — Grating quality parameters of the grating in Figure A.4

Grating quality parameters: Measurement Measurement un-
Grating from Figure A.4 (x-deviation) with results certainties
Lnom = 99 um and (unfiltered) (k=2)
Pnom = 300 nm

Measured mean pitch py (in nm) 299,86 0,02
Local pitch pioc (-25,3 pm, 48,4 um) = pioc (12, 23) (in nm) 299,89 0,04
Local pitch pioc (25,3 pm, 48,4 um) = pioc (35, 23) (in nm) 299,40 0,04
Deviation in boundary length 8L, (in nm) -36 7
Relative deviation in boundary length 8Ly, rel -3,6-10 7.10°°
Deviation in characteristic length L. (in nm) -47 7
Relative deviation in characteristic length 8Lc, re 4,7.104 7-10°°
Peak-to-valley deviation from linearity dLn p.y (in NM) 23 2
Relative peak-to-valley deviation from linearity 8Ly p.v. rel 2,3-10* 2,0.10°®
rms deviation from linearity dLni, rms (in NM) 5,5 2
Relative rms deviation from linearity SLui, rms, rel 5,6-10° 2,0.10°®

In the three examples of grating characterization discussed here, important quality parame-
ters of gratings, like the relative total length deviation and the relative linearity deviation vary
by 3-4 orders of magnitude. This should be taken into account, when discussing and choosing
suitable measurement methods for grating calibration and quality characterization based on
the guidance given in Clause 5. In application of the calibrated grating standards described in
the 3 examples for dissemination of the length unit it has to be pointed out, that to fully benefit
from the small measurement uncertainties specified in Tables A.1 to A.3 requires the users to
measure the standards over exactly the same sections of the grating and in the same support
conditions as during the calibration.

Example 4: International comparison on a 2D grating (poy = 1 000 nm)

Figure A.5 shows the results of a recent international comparison on 2D gratings [5]. The
graph shows the deviations from the reference value as well as the estimated measurement
uncertainties for the different participants and type of instruments used for the calibration of
the grating with nominal 1 000 nm pitch, extending over an area of nominal 2,5 mm x 2,5 mm.
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NOTE Results of an international comparison of national metrology institutes on a 2D grating with nominally
1 000 nm pitch by different participants and types of instruments: Optical Diffraction (OD), Metrological Scanning
Probe Microscopes (SPM) with standard scanning range (usually below 100 um) and a large range metrological
SPM. The results presented in this figure are the deviations from the weighted mean reference value and the com-
bined standard uncertainties u. estimated by the participants, labeled A to L. For further details see [6].

Figure A.5 — Results of an international comparison on a
2D grating by different participants and types of instruments

The optical diffraction methods, see [7, 34], achieve the smallest uncertainties below 0,01 nm,
because they are able to optically probe the whole area of the grating, while the metrological
SPM with standard scanning stages are limited in determining the mean pitch with an uncer-
tainty of about 0,1 nm. The large range metrological SPM however, can also measure the
grating over the full quality area comparable to the global OD methods but in addition it is also
capable to provide comparable information on the local pitch variation as the other high reso-
lution microscopy SPM instruments. This example thus shows that hybrid measurement meth-
ods and instruments are important tools for a full quality evaluation of manufactured gratings.

A large variety of different types of calibration grating standards exists. In reference [35] an
overview of existing calibration standards is given and this information will also be continu-
ously updated. Methods for SPM based calibration of pitch standards by application of image
processing algorithms are addressed in [36].

In several countries, national guidelines and standard documents exist, which cover grating
standards and grating characterization methods and their use as material measures of length
for different applications, mainly as image magnification standards of high-resolution micro-
scopes. Some of these documents are listed in the Bibliography [39-45].
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Annex B
(informative)

Bravais lattices

B.1 Bravais lattices

In geometry and crystallography, a Bravais lattice is an infinite array of discrete points gener-
ated by a set of discrete translation operations described by:

r=kxa+/xb+mxc

where k, I, m are any integers and a, b, ¢ are known as the primitive vectors which lie in

different directions and span the lattice. For any choice of position vector r, the lattice looks
exactly the same. A crystal is made up of a periodic arrangement of one or more atoms (the
basis) repeated at each lattice point.

In one dimension there is only one possible Bravais lattice (see Figure B.1) while in two di-
mensions there are five distinct Bravais lattices, and in three dimensions there are fourteen.
Further details about Bravais lattices can be found in standard textbooks on crystallography
or solid state physics, see e.g. [37].

—©0—0 006 90 0 0 0

a
IEC 1799/12

Figure B.1 — One-dimensional Bravais lattice

The absolute value of the primitive vector is also called the lattice constant of the one-
dimensional lattice, see also 3.2.5.

B.2 Bravais lattices in 2D

In two dimensions, there are five Bravais lattices, see Figure B.2. They are oblique, rectangu-
lar, centered rectangular, hexagonal, and square.
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Key (left to right):
oblique (¢ # 90°),
rectangular (¢ = 90°),
centered rectangular (¢ = 90°),
hexagonal (¢ = 60°), and
square (¢ = 90°)
Figure B.2 — The five fundamental two-dimensional Bravais lattices
illustrating the primitive vectors a and b and the angle @ between them

B.3 Bravais lattices in 3D

In three dimensions there are 14 Bravais lattices, which can be grouped as follows (see Fig-
ure B.3):

e primitive centering (P): lattice points on the cell corners only;

e body centered (I): one additional lattice point at the center of the cell;

o face centered (F): one additional lattice point at center of each of the faces of the cell;

e centered on a single face (base centering): one additional lattice point at the center of one
of the cell faces.
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Triclinic Monoclinic

Primitive Base centered
Orthorhombic
Primitive Base centered Body centered
@ )
Hexagonal Rhombohedral Tetragonal
Primitive Body centered
Cubic
Primitive Body centered Face centered

IEC 1801/12

Figure B.3 — The 14 fundamental three-dimensional Bravais lattices

The volume of the unit cell can be calculated by evaluating 5~(5x5) where a, b and c are
the lattice vectors. The volumes of the Bravais lattices are given in Table B.1 below:
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Table B.1 — Bravais lattices volumes

Crystal system

Volume

Triclinic:

azb=c
o#fB#y=90°

abc\/l—cos2 a — cos? p —cos? ¥y +2c0sacos fcosy

Monoclinic:
azb=c abc sina
a =y =90°%p = 90°
Orthorhombic:
azb=c abc
o= B =y= 90°
Tetragonal:
2
a=b=c ac
o= B =y= 90°
Rhombohedral:
a=bh=c 'a3\/1—30032a+20083a

=P =y#90°

Hexagonal:

3\/§a2c
a=b=c 2
o= =90°y=120°
Cubic: 3
a=b=c a

a:B:y:QO"

B.4 Quasicrystals

It is noted here that also aperiodic, but ordered natural crystalline structures exist, which do
not show full translational symmetry, like the Bravais lattices described above. These aperiod-
ic crystalline structures are called quasiperiodic crystals or quasicrystals [38]. There are two

types of known natural quasicrystals:

a) polygonal quasicrystals, which have an axis of eight, ten, or 12-fold local symmetry (they
are periodic along this axis and quasiperiodic in planes normal to it), and

b) icosahedral quasicrystals, which are aperiodic in all directions.
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