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The feature sizes of only a few nanometers in modern nanotechnology and next-generation microelec-
tronics continually increase the demand for suitable nanometrology tools. Grazing incidence small-angle
X-ray scattering (GISAXS) is a versatile technique to measure lateral and vertical sizes in the nm-range, but
the traceability of the obtained parameters, which is a prerequisite for any metrological measurement, has
not been demonstrated so far. In this work, the first traceable GISAXS measurements, demonstrated with
a self-assembled block copolymer grating structure with a nominal pitch of 25 nm, are reported. The dif-
ferent uncertainty contributions to the obtained pitch value of 24.83(9) nm are discussed individually. The
main uncertainty contribution results from the sample-detector distance and the pixel size measurement,
whereas the intrinsic asymmetry of the scattering features is of minor relevance for the investigated grating
structure. The uncertainty analysis provides a basis for the evaluation of the uncertainty of GISAXS data in
a more general context, for example in numerical data modeling.

I. INTRODUCTION

Modern nanotechnology [1] offers a wide range of
prospective applications, for example in materials science,
electronics, communications, or drug delivery. One of the
strong driving forces is the microelectronics industry, to-
gether with the compliance with “Moore’s law” of dou-
bling the number of transistors on a chip every 18 months.
New materials and ever decreasing structure sizes down
to the atomic scale are needed for future devices because
traditional silicon MOSFET technology is reaching its lim-
its [2, 3]. Next-generation photolithography tools in the
extreme UV-wavelength regime (EUV lithography) [4] and
directed self-assembly of block copolymer (BCP) thin films
[5–10] are promising techniques for producing a wide vari-
ety of structures with great accuracy and dimensions down
to several nanometers [11, 12]. Not only microelectronics,
but also other emerging fields like organic photovoltaics
[13, 14], nanotemplating [15, 16], or surface functional-
ization [17, 18] make increasing use of structuring in the
nanometer range by thin film deposition, processing, and
self-assembly techniques.

What all these different applications have in common
is the need for suitable metrology tools to measure sur-
face and subsurface structural parameters with sufficient
accuracy, which is the field of dimensional nanometrology
[19, 20]. Although there is a large variety of different tech-
niques available, ranging from direct methods like critical-
dimension electron microscopy (CD-SEM) [21, 22] and
atomic force microscopy (AFM) [23, 24] to indirect meth-
ods like X-ray small-angle scattering (SAXS) and grazing in-

∗ contact: jan.wernecke@ptb.de

cidence SAXS (GISAXS) [25–27], critical dimension SAXS
(CD-SAXS) [28–30], or extreme UV (EUV) scatterometry
[31, 32], all of them have very specific advantages and
drawbacks. Moreover, only a few of them are traceable,
that is, related to the International System of Units (SI sys-
tem) by an unbroken chain of comparisons with known un-
certainty, which is ultimately required in order to associate
uncertainty values with any measured quantity.

A versatile technique that provides access to lateral and
vertical structure dimensions in the nanometer range in a
fast, non-destructive, non-contact, in-situ capable way is
GISAXS [33, 34]. It is a now widely used synchrotron
X-ray technique, especially for structured polymer films
[35–38], that offers access also to buried structures and
depth-resolved measurements [39, 40] in thin films and
layer systems. Moreover, the tunable photon energy of a
synchrotron beamline provides access to GISAXS measure-
ments of element-specific spatial distributions by anoma-
lous scattering and to contrast variation techniques. In
terms of nanometrology, GISAXS measurements on grat-
ings towards a traceable grating pitch determination have
been reported [26].

In this work, we report the first traceable GISAXS mea-
surements, demonstrated on a self-assembled BCP thin film
grating with a nominal pitch of 25 nm. The sample system
has been chosen because it offers GISAXS data analysis of
the structure factor alone, thus primarily yielding the ex-
perimental uncertainty contribution. Nanostructured BCP
thin films are not just academic model systems, but are
highly relevant and in use in new technology fields such
as, for example, block copolymer lithography [10, 41] and
in organic photovoltaics [13].
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Figure 1. GISAXS scattering geometry. The coordinates (x , y, z)
denote the laboratory coordinate system, (qx, qy, qz) the recipro-
cal space coordinates, and (dh, dv) the horizontal and vertical de-
tector coordinates. The enlargement shows an illustration of the
self-assembled block copolymer grating with a nominal pitch P of
25 nm.

II. THEORY

GISAXS is a technique that probes the reciprocal or mo-
mentum transfer space. The momentum transfer is defined
as the difference between incident X-ray beam ~ki and elas-

tically scattered beam ~kf by ~q =~ki −~kf =
�

qx, qy, qz

�T
. The

components of ~q are related to the angles of incidence and
scattering (Figure 1) according to

qx = k
�

cosθf cosαf − cosαi
�

,

qy = k
�

sinθf cosαf
�

,

qz = k
�

sinαi + sinαf
�

,

(1)

with the wave vector k = 2π/λ. In GISAXS geometry, the
grazing incidence angle αi is kept at a fixed value around
or below 1° and the 2-dimensional X-ray detector is placed
several meters away from the sample. Thus, the detec-
tor surface is almost fully congruent with the qy-qz plane
of scattering [34]. X-rays are scattered due to changes of
the complex refractive index n = (1− δ) + iβ in the pene-
trated volume. A critical angle αc =

p
2δ (valid for negli-

gible absorption, which means δ� β) exists below which
total reflection occurs at the interface to a denser mate-
rial. A significant amount of multiple scattering-reflection
events contributes to the scattering pattern especially in
the case of αi u αc. In general, such multiple scattering
effects are accounted for by using semi-kinematic theories

like the Distorted Wave Born Approximation (DWBA) [42–
44], dynamic multilayer theory [45, 46], or rigid vector
theory. Due to the phase problem, that is the loss of phase
information in the recorded scattering image, this involves
the selection of appropriate models for the form factor, the
structure factor, and the distribution function to simulate
the experimental GISAXS data [47, 48].

The particular case of GISAXS on surface gratings has
been extensively investigated [27, 49–52] and shall be only
briefly reviewed. In the perfectly parallel alignment of
the projected incident beam and grating lines, the GISAXS
pattern consists of sharp spots aligned on a semicircle,
equidistantly spaced along qy. The pattern can be under-
stood within the framework of reciprocal space construc-
tion [50]. The semicircular shape is a consequence of the
condition of elastic scattering, |~ki| = |~kf| with a radius of
2π/λ (Ewald sphere). The reciprocal space representa-
tion of a (perfect) line grating with a pitch (period length)
P consists of rods that are extended in the qz direction
with a periodicity of ∆qy = 2π/P in the direction of qy,
the so called grating truncation rods (GTR). The scatter-
ing pattern on the detector is the intersection of the Ewald
sphere with the reciprocal space representation of the grat-
ing, hence the appearance of maxima equidistantly aligned
on a semicircle. It is known that the GISAXS pattern is
very sensitive to smallest azimuthal rotations ϕ away from
the parallel orientation. Deviations of 0.002° can already
be observed by a visual distortion of the scattering image.
Due to geometrical reasons [51], the intersection of Ewald
sphere and GTRs bends up in one direction and the GTR
scattering spots move along ±qy.

The parameter that can be extracted directly from such
data without any semi-kinematic or dynamic modeling is
the grating pitch P, which is termed as “direct analysis”
throughout this article. This is essential for the evalua-
tion of the experimental uncertainties of parameters deter-
mined with GISAXS as it avoids the complex analysis by
numeric simulation, which would induce unknown addi-
tional uncertainties by model assumptions. Thus, for small
angles, the grating pitch P can be determined in this simple
picture by the grating equation, which is equivalent to the
structure factor of a grating in reciprocal space [52, 53].

P =
mλ

2cosϕ sin(θf)m
. (2)

By replacing the photon wavelength λ and the azimuthal
scattering angle (θf)m of the m-th order GTR by the actual
experimental input parameters photon energy Eph =

hc
eλ

(h – Planck constant; c – speed of light; e – elementary
charge), sample-detector distance Ls, detector pixel size
Lpx, and GTR distance dGTR in detector pixel units, we ob-
tain the equation

P =
mh c

e Eph

1

2cosϕ
dGTR Lpx

Ls

. (3)

Before the analysis is carried out, the applied assump-
tions of the approach need to be discussed. Following the
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Born approximation and the convolution theorem, the scat-
tered intensity can be written as a product of the form
factor, which describes the average object shape, and the
structure factor, which describes the arrangement of ob-
jects [54]. The structure factor of a grating with a pitch P
gives rise to the discussed GTRs, separated by δqy = 2π/P.
The form factor requires a suitable model for the scatter-
ing objects, for example spheres, cylinders or more com-
plex shapes. This is problematic for traceability, because it
is impossible to evaluate the ‘correctness’ of the model se-
lection itself by an uncertainty analysis within the model.
The intensity of the GTR peaks depends on the form factor
as well as on the structure factor [55], but their positions
are solely governed by the structure factor, hence, indepen-
dent from the actual cross-sectional line shape. Thus, by
restricting the analysis to the peak positions to determine
the grating pitch P, additional non-traceable assumptions
about the form factor of the grating lines are avoided. The
underlying assumption of this approach is the translational
symmetry of the grating within the illuminated area.

III. EXPERIMENTAL SETUP

A. Sample preparation

Directed self assembly of a lamellar phase of polystyrene-
poly(methyl methacrylate) block copolymer (PS-b-PMMA)
on a 25 mm × 25 mm silicon wafer was carried out via
a frequency quadrupling process by the following proce-
dure [56]: A line grating template with a nominal pitch of
100 nm was prepared with 193 nm water immersion lithog-
raphy, followed by the deposition of a neutralization layer
and a lift-off process. The PMMA blocks were etched off
and the resultant PS line gratings possess a nominal pitch
of 25 nm (sample courtesy of J. Y. Cheng, IBM Almaden Re-
search Center, CA). The silicon substrate was fully coated
with the polymer film. Details of the sample preparation
can be found in the literature [56].

B. Instrumentation and Traceability

All GISAXS measurements were performed at the four-
crystal monochromator (FCM) beamline [57] of the PTB
at the synchrotron radiation facility BESSY II of the

Certain commercial equipment, instruments, or materials are identi-
fied in this report in order to specify the experimental procedure ad-
equately. Such identification is not intended to imply recommendation
or endorsement by the National Institute of Standards and Technology,
nor is it intended to imply that the materials or equipment identified
are necessarily the best available for the purpose.

Helmholtz-Zentrum Berlin (HZB) [58]. The beamline cov-
ers a photon energy range of 1.75 keV to 10 keV with a
beam size of 0.3 mm× 0.3 mm. Traceability of the energy
scale has been established by relating the photon energy
Eph to the lattice constant of silicon via back-reflection from
a silicon single crystal. For photon energies above 2.1 keV,
four Si(111) crystals are used in the monochromator. The
resolving power is above 104, which yields an uncertainty
of u(Eph = 10000 eV) = 1 eV for the performed measure-
ments [57]. A sample chamber equipped with six axes for
sample movement is attached to the FCM beamline [59].
For SAXS and GISAXS measurements, the SAXS instrument
of the HZB [25, 60] is installed behind the sample cham-
ber, which provides the positioning of the 2D detector. The
CCD-based detector (MarCCD, sensitive area diameter of
165 mm) is installed on a movable sledge and connected to
an edge-welded bellow to allow for any sample-to-detector
distance between 2.3 m and about 4.5 m, and a vertical tilt
angle up to 3° without breaking the vacuum. The vertical
movement is realized by two translation axes. Both ver-
tical axes as well as the horizontal distance variation axis
are equipped with optical encoders (calibrated Heidenhain
LC 182, ST 3008, and MT25B) which measure the displace-
ment with an accuracy of 0.001 mm (ST 3008 and MT25B)
and 0.005 mm (LC 182), respectively. These encoders es-
tablish the traceability of the detector displacement along
these axes. The rear end (detector side) of the bellow holds
a movable beamstop to block the intense transmitted or
specularly reflected fraction of the beam. Figure 1 shows
the orientation and notation of the various coordinate sys-
tems (laboratory, detector, reciprocal space). Note that the
sample was mounted in an upright position to determine
the GTR distance and the pixel size along the traceable ver-
tical direction. Consequently, the qz axis is parallel to the
horizontal detector coordinate dh to comply with the com-
mon orientation convention of the qx,y,z coordinates.

Traceability of the pitch determination with GISAXS is
established by tracing all input quantities of equation (3).
Hence, the uncertainties of sample-detector distance, az-
imuthal angular misalignment from parallel orientation,
pixel size, and GTR positions are discussed and evaluated
one by one in the following section. Then, the grating pitch
is determined in a traceable way with these input parame-
ters and corresponding uncertainty contributions according
to the Guide to the Expression of Uncertainty in Measure-
ment1 (GUM) [61].

IV. RESULTS AND DISCUSSION

A. Sample-detector distance

The HZB SAXS instrument is equipped with a Heiden-
hain encoder to measure the relative position of the detec-
tor along the x-axis, LHH, with µm precision, but the entire

1 available at http://www.bipm.org/en/publications/guides/gum.html.
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Figure 2. The vertical reflection spot positions at different relative
detector positions and different incidence angles αi were simul-
taneously fitted by linear functions with a common intersection
point at LHH = Loff.

setup can be moved with respect to the beamline. Thus, it
is necessary to determine the offset distance Loff between
the sample and the position of the instrument to obtain the
sample-detector distance Ls by Ls = Loff − LHH (LHH value
decreases with increasing sample-detector distance). This
is achieved by triangulation with the incoming X-ray beam.
The incident beam is specularly reflected from the sample
surface and impinges on the detector at a designated po-
sition (dh,spec, dv,spec). The vertical spot position dv,spec is
determined for six different incidence angles αi ranging
from 0.15° to 0.65° and at 13 relative detector positions
to cover a range of LHH of 1.6 m (Figure 2). Then, the
data are grouped by incidence angle and simultaneously
fitted with linear functions that have individual parameters
for the slope and a common intersection point (Loff, dv,isp).
The intersection point position Loff indicates the offset dis-
tance under the assumption that the position of reflection
on the sample surface is independent of αi and LHH, which
was verified by visual observation. The resulting value Loff
and its standard deviation of (4621± 3) mm and the rel-
ative detector position during the GISAXS measurement of
LHH = (1797.704±0.003) mm yield a sample-detector dis-
tance Ls of

Ls = (2823± 3) mm. (4)

It has to be noted that the geometric footprint of the
beam along the incidence direction of V

tanαi
with a vertical

beam size of V = 0.3 mm is larger than the sample length
of 25 mm. Hence, Ls is more precisely the distance be-
tween the sample rotation axis αi and the detector surface.
Throughout this manuscript, “sample-detector distance” is
still used as it is the term that is the most familiar to most X-
ray scattering users, but it should be understood according
to the above definition.
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Figure 3. GISAXS pattern in parallel alignment of lines and in-
cident beam. The boxes are so defined as to enclose the grating
truncation rods (GTR) (-3,. . . ,+3) and the specular axis (labeled
as ’0’) without truncating the rod or including additional scatter-
ing features. Within each box, the center-of-mass position of the
GTR is determined.

Care has to be taken that the sample height has to be
properly aligned to the half beam position at all times as
small deviations can already change the sample-detector
distance by several millimeters. During the measurements,
this can be checked with a photodiode at the direct beam
position behind the sample, which should show half the
signal of the full beam diode current at an incidence angle
of 0°. Additionally, the position of the specularly reflected
beam on the detector should be monitored during the mea-
surements.

B. Misalignment from parallel orientation

A typical GISAXS pattern of parallel orientation of in-
cident beam and grating lines is displayed in Figure 3.
In GISAXS geometry, the symmetry of the pattern is very
sensitive to smallest deviations from parallel orientation
[26, 50, 52]. Since a misalignment ϕ 6= 0° (Figure 4a)
would directly result in a distortion of the pitch by a factor
of cos(ϕ), it needs to be quantified for a traceable pitch
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Figure 4. Evaluating the misalignment from parallel orientation
of incident beam and grating lines: (a) Definition of the azimuthal
tilt angle ϕ. (b,c) Smallest and largest tilt angle -0.020° and
0.010° (step size 0.005°), respectively. The boxes of GTRs ±2
(red) and GTRs ±1 (blue), as defined in Fig. 3, indicate the re-
gions used to determine the center-of-mass positions of the GTRs
(vertical line inside each box). (d) Plots of horizontal top/bottom
spot pair distances divided by their sum,∆xnorm =

dh(top)−dh(bottom)
dh(top)+dh(bottom)

,
of GTRs ±2 (red) and GTRs ±1 (blue) as a function of ϕ. The
intersection ∆ϕ represents the misalignment from parallel orien-
tation of beam and lines.

determination. A series of 7 GISAXS images at a fixed
photon energy of 10 000 eV and a fixed incidence angle
of αi = 0.57° has been recorded for different azimuthal
rotation angles ϕ = (−0.020° . . . 0.010°) around the most
parallel position at ϕ = 0° (Figure 4a-c).

The misalignment is evaluated by the following objec-
tive procedure: Boxes were defined to surround each GTR
as well as the specular axis on one of the GISAXS images
(Figure 3). The placement and dimensioning of the boxes
follow two rules: (i) The rod and diffraction spot must not
be truncated and (ii) additional scattering features must

Table I. Vertical detector displacement positions, nominal values
and values measured with Heidenhain encoders attached to both
lifting axes.

nominal value / mm: 0 2 4 6 8
measured value / mm: 0.000 2.002 4.009 6.010 8.007

not be included in any image of the rotation series. After
this initial placement, the boxes remain fixed in size and
position for every rotation angle. Within each box, a filter
is applied to cut off the lowest 10 % of counts inside the box
to remove the detector background, cosmic radiation, and
other weak irrelevant scattering features. It was checked
beforehand to ensure that the effect of the filter is neg-
ligible for the determined GTR position (variation within
0.5 pixel for a filter threshold between 5 % and 95 %).
Then, the center-of-mass (COM) position (dh,COM, dv,COM)
of the GTR is determined for each evaluated box to find the
diffraction peak position.

The misalignment was analyzed by the diffraction peak
positions dh,COM of the GTR pairs ±2 (red boxes in Figs. 3
and 4b,c) and ±1 (blue boxes) determined throughout the
rotation series. Parallel alignment of grating lines and in-
cident beam is reached if dh,COM of both spots of a GTR
pair (±2 and ±1, respectively) is equal, which means
dh,COM top − dh,COM bottom = 0. In order to compare both
GTR pairs, the difference is normalized by the sum of both
positions, ∆xnorm =

dh,COM top−dh,COM bottom

dh,COM top+dh,COM bottom
. The intersection of

∆xnorm as a function of ϕ of GTR pair ±2 and ±1 yields the
misalignment ∆ϕ as well as the deviation from perpendic-
ular orientation of the sample surface and the detector∆xis
(Figure 4d). The obtained values of ∆ϕ = −0.0003° and
∆xis = 0.0006 illustrate that the detector is well aligned in
terms of incident beam and grating lines as well as qz be-
ing parallel to dh at ϕ = 0°. Since cos (−0.0003°) deviates
by less than 10−10 from unity, the term can be completely
neglected for the calculation of the pitch P and its uncer-
tainty.

C. Pixel size

For pixel size determination, the relation between the
absolute length scale measurement and the correspond-
ing number of pixels on the detector needs to be estab-
lished [62]. For that purpose, the detector was shifted
vertically in steps of 2 mm up to a total displacement of
8 mm (nominal values). GISAXS images (similar to Fig-
ure 3) at Eph = 10000 eV and αi = 0.57° were recorded at
each position and the real displacement was measured with
the Heidenhain encoders attached to both lifting axes (Ta-
ble I). The beam footprint at this incidence angle is 30 mm,
which is longer than the sample length. The uniformity of
the GISAXS patterns and the GTR positions within 1 pixel
has been verified by comparing images recorded at differ-
ent sample stage positions along both directions parallel
to the sample surface. Moreover, a change of horizontal
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Figure 5. Pixel size determination: (a) Exemplary vertical profile
Sk(dv) of the vertical displacement series. Each point of the pro-
file represents the sum of counts within the dh range [1530,1820]
(see Fig. 3 for orientation). (b) Reciprocal of the difference pro-
file
�

∆Sk,l(∆s)
�

between the profile Sk(dv) and the shifted profile
Sl(dv+∆s) for all combinations of vertical positions k and l (sym-
bols). The reciprocal values of the ∆Sk,l profiles are used in order
to fit Lorentzian functions (lines) to the peaks for sub-pixel reso-
lution of the offset peak positions.

beam width from 0.3 mm to 1.0 mm did not cause any de-
tectable changes of the GTR positions on the detector. The
measured displacement values are the mean of both en-
coder readings, which had a relative standard deviation of
≤ 0.2 % in all measurements.

From each image, the relevant section containing the
scattering pattern is extracted (dh range is [1530, 1820];
full dv range). The row-wise sum (i.e., along dh) of ev-
ery subimage is calculated, which results in five profiles
Sk(dh), one for each vertical detector position k = (1, . . . , 5)
(Fig. 5a). For each pair

�

Sk(dv), Sl(dv)
�

(i.e., 10 combina-
tions), one of the two profiles is shifted with respect to the
other along the dv axis by ∆s; the absolute difference be-
tween both profiles is calculated and summed over dv, i.e.
∆Sk,l(∆s) =

∑

dv

�

�Sk(dv +∆s)− Sl(dv)
�

�. For a more conve-
nient analysis, the reciprocal of∆Sk,l(∆s)was calculated so
that it yields maxima∆smin,k,l at the offsets between the two
vertical positions k and l (Fig. 5b). The peak positions can
be determined with sub-pixel accuracy by fitting Lorentzian
functions, f (x) = A0/π

1+
� x−x0

σ

�2 + A1. The fitted position of a

peak x0 represents the position of the least squares mini-
mum; the amplitude A0 is used as a weighting factor. The
offset positions∆smin,k,l of each pair are associated with the

1675 1700 1725
dh / px

960

975d v
/

px

10 100 1000
detector counts

Figure 6. Asymmetric shape of a GISAXS GTR maximum.

absolute length measurement of the corresponding vertical
displacement vk,l. The data points are fitted by a linear
function; each point is weighed by the peak amplitude A0.
The slope of the fit function yields the pixel size Lpx; the
square root of the fit variance σ2 defines the uncertainty,

Lpx = (79.2± 0.2) µm. (5)

There is still potential for a further reduction of the un-
certainty by a larger dataset with a wider vertical displace-
ment range, however, this was not possible at the time of
the measurements due to technical constraints.

D. GTR asymmetry

Before the positions of the GTRs are determined, a detail
needs to be discussed. A close examination of the diffrac-
tion lines, especially the ones further away from the central
line, reveals their lack of symmetry (Figure 6). The inten-
sity distribution and symmetry of the intersection of GTRs
with the Ewald sphere in grazing incidence geometry is also
governed by the form factor of the cross-sectional line pro-
file, see the discussion at the end of section II. Only the
structure factor is evaluated by determining the GTR po-
sitions in order to maintain traceability, hence, the asym-
metry is accounted for, but not quantitatively evaluated by
a form factor model. Fitting of the form factor and es-
tablishing traceability of the shape is a separate research
endeavour which is beyond the scope of this work. The
same applies for the additional scattering features that can
be seen in Figures 3 and 4b. These are caused by super-
structures within the polymer film and can be disregarded
for the pitch determination. It should be also noted that
the observed asymmetry of the diffraction intensity is not
caused by an asymmetric incident beam; the incident beam
shape was found to be symmetric in a short exposure time
image of the attenuated direct beam.

The asymmetry of the GTRs results in a slight variation
of the distance of a GTR from the specular axis, depending
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on the GTR order. This can be assessed by calculating the
pitches Pi from the individual GTR distances by

Pi =
hc

eEph

�

2cos∆ϕ

�

Lpx dGTR i

Ls |i|

��−1

,

with i ∈ {−3,−2,−1,+1,+2,+3},

and P =
1

Ni

∑

i

Pi ,

(6)

instead of averaging the center-of-mass positions of the
GTRs and using equation (3). A possibility to quantita-
tively evaluate the spot asymmetry is to record scattering
images at different azimuthal angles ϕ around the parallel
alignment in small steps (for example, 0.002°). In this way,
the GTR intersects the Ewald sphere at various distances
from the GTR center (most pronounced asymmetry close
to the sample horizon). Consequently, the peak intensity
of the spot on the detector varies as a function of ϕ. The
position of maximum intensity yields the center position of
the GTR. While this highlights the importance and the aris-
ing complexity of defining the ‘right’ center position of the
diffraction maxima, it should be noted that the asymmetry
corrections are usually minor. In the present case, as well
as in most other cases of gratings with well-defined line
structures, the asymmetry correction was insignificant, that
is, well within the pitch uncertainty. We calculated P with
both equations and found a relative deviation of 2× 10−5,
which is two orders of magnitude below the relative uncer-
tainty of the pitch uncertainty as shown in Table III.

E. GTR distances

The goal is to calculate the pitch P from the distances
of the GTRs from the corresponding specular axis (0). The
distance is determined by approximating the GTR and the
specular axis, each with a linear function and calculation
of the average distance of these two lines. We evaluated
the GTR distances in each of the five images of the vertical
displacement series (the same series that was used for the
pixel size determination, section IV C), the index k denotes
the GISAXS image, k = (1, . . . , 5). As before, the index i
denotes the GTR order, i ∈ {−3,−2,−1,+1,+2,+3}.

Boxes around the GTRs and the specular axis were de-
fined on each image as illustrated by Figure 3 and in the
same way as described in section IV B. As before, a 10 %-
threshold filter was applied to remove irrelevant weak scat-
tering features and background counts. Within each box, a
sub-box with full height and a width of 5 px was moved
horizontally along dh of the GTR box in steps of 5 px. At
every position j of the sub-box, the vertical center-of-mass
position inside the sub-box dv,COM( j) is determined. In this
way, a trace of the GTR (or specular axis) is created that
follows the highest intensity along the rod. The trace is
then approximated by a linear function dv( j) = m j + n
(with j = (1,2, . . . , N j)). The distance (dGTR i)k of the i-th
GTR from the specular axis (mspec, nspec) of GISAXS image

Table II. Weighted mean distance dGTR i and weighted standard
deviation σGTR i of the i-th GTR from the specular axis.

GTR dGTR i σGTR i P
i / px / px / nm

−3 534.7 0.9 24.79
−2 355.8 0.1 24.83
−1 178.0 0.1 24.82
+1 178.2 0.1 24.79
+2 354.5 0.1 24.93
+3 533.5 0.3 24.84

k is determined by the arithmetic mean

(dGTR i)k =
1

N j







N j
∑

j=1

(mi −mspec) j+ (ni − nspec)






, (7)

the corresponding square root of the variance (σ2
i )k is

taken as the uncertainty of (dGTR i)k. The resulting five
values (dGTR i)k and (σ2

i )k for each GTR i are then used
to calculate the weighted arithmetic mean dGTR i and the
weighted variance σ2

i (Table II) by

dGTR i =

∑5
k=1(σ

−2
i )k (dGTR i)k

∑5
k=1(σ

−2
i )k

,

σ2
i =

1
∑5

k=1(σ
2
i )k

.

(8)

F. Traceable pitch determination

With the values and uncertainties for the photon energy
Eph (section III B), sample-detector distance Ls, eq. (4),
pixel size Lpx, eq. (5), and GTR distances (Table II), the
grating pitch P can be calculated according to eq. (6). Note
that the misalignment term cos∆ϕ has been completely ne-
glected as it deviates only by 10−10 from unity. The pitch P
is the average of the six pitches Pi of the six GTR distances
(dGTR)i . The combined standard uncertainty u(P) is calcu-
lated according to the Guide to the Expression of Uncertainty
in Measurement (GUM) [61] from the uncertainty contri-
butions of the constituting input parameters as shown in
Table III. In this way, the pitch of the self-assembled block
copolymer grating is determined in a traceable way as

P = (24.83± 0.09) nm. (9)

V. CONCLUSIONS

In this work, the first traceable GISAXS determination
of the pitch of a self-assembled block-copolymer line grat-
ing is presented. The deviation from the nominal value
of only 25 nm is below 0.2 nm. Traceability is achieved
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Table III. GISAXS pitch uncertainty contributions u(xi) with their corresponding distribution (N = normal) and contribution type (A
or B) according to GUM [61], uncertainty components ui(xi), relative uncertainty components ui(xi)

xi
and estimated combined standard

uncertainty uc(P) of the grating pitch P = 24.83 nm.

Input quantity xi Distrib./type u(xi)
ui(xi)

xi
uc(P) / nm

photon energy Eph N/B 1 eV 1.0× 10−4 0.002
sample-detector distance Ls N/B 3 mm 1.0× 10−3 0.025
pixel size Lpx N/B 0.2 µm 2.9× 10−3 0.071
GTR distances dGTR N/A ≤ 0.87 px ≤ 1.6× 10−3 0.040

Combined standard uncertainty u(P) 0.09 nm

by the uncertainty analysis of the contributing parameters:
Sample-detector distance, detector pixel size, photon en-
ergy, and distance between the grating diffraction orders.
The GISAXS patterns have been evaluated by forward data
analysis of the GTR peak positions, which are exclusively
defined by the grating structure factor. In this way, no ad-
ditional assumptions on the form factor of the average line
cross-section have to be made, which would not be trace-
able anymore as the correctness of the model itself cannot
be evaluated from within the model. Hence, the basic ex-
perimental uncertainty of typical GISAXS measurements is
determined with the presented kind of analysis.

The predominant uncertainty contributions arise from
the sample-detector distance and the pixel size, thus, the
geometric parameters. Due to the high sensitivity of the
GISAXS pattern to angular deviations ∆ϕ from parallel
alignment of incident beam and grating lines, the effect can
be completely neglected in the uncertainty analysis once
the grating is aligned. The analysis showed that the scat-
tering spots of the GTRs have to be carefully examined for
possible asymmetries, which were also found in the GISAXS

images of the investigated sample. However, the imposed
corrections were minor and two orders of magnitude be-
low the combined standard uncertainty of the pitch in the
present case.

The presented uncertainty analysis may be used as an
input parameter for more complex, but common GISAXS
data analysis, for example within the framework of DWBA
modeling. In this way, it might become possible to establish
the traceability of structural parameters obtained from the
numerical modeling of GISAXS data.
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