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Introduction
Due to their short wavelength (a few nanometers
to approx. 0.1 nm), EUV radiation and X-rays are
well suited to investigate structures with dimensions in the nanometer range. In many fields
of technology, in particular in semiconductor
industry, these structures are gaining in importance. Modern computer chips are very complex
3D structures, with typical dimensions of the
electronic single components in the range of a few
10 nm. Nanostructured surfaces are also increasingly used for many other applications such as, for
example, anti-reflective layers for solar cells or for
biologically and chemically active surfaces. Due to
its resolution, which is limited by the wavelength
of the light used, optical microscopy is no longer
sufficient to characterize these surfaces. Although
scanning microscopy techniques such as Atomic
Force Microscopy (AFM) and Scanning Electron
Microscopy (SEM) reach the required resolution,

they are very slow and only able to investigate
small areas. An alternative is the measurement
via the scattering of short-wavelength radiation
which allows – as in the case of Small-Angle X-ray
Scattering (SAXS) on nanoparticles [1] – information on the ensemble characteristics of the
scattering objects to be retrieved. The essential
difference is that for the investigation of surfaces,
the beam cannot be used in forward direction, as it
is absorbed in the substrate. Instead, the reflected
beam is observed. Due to the fact that in the
X-ray region, the radiation is reflected only under
Grazing Incidence (GI), this procedure is referred
to as GISAXS. In the EUV range, the radiation on
suitable structures is, however, also reflected at
almost vertical incidence, a fact which is exploited
in the so-called EUV scatterometry.

Measuring set-ups
GISAXS measurements can be carried out on the
FCM beamline in PTB’s laboratory at BESSY II,
whereas the SX700 beamline is suited for EUV
scatterometry [2]. These two beamlines provide
radiation with a very small divergence on the
sample. For the positioning of the sample, reflectometers are used [3]. At the FCM beamline, the
scattered radiation is measured with a CCD-based
detector or, meanwhile, mostly with the largearea, vacuum-compatible hybrid-pixel detector
PILATUS 1M [1]. At the EUV beamline, either a
CCD sensor is used for the region of very small
scattering angles or very low scattering intensities,
or the photodiode of the reflectometer [3].

Measurement method
Figure 1:
Geometrical scheme of a GISAXS measurement. The radiation hits the surface
under grazing incidence and the scattered radiation is measured with an area
detector vertical to the sample surface.
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The measurement geometry is shown in Figure 1.
Here, the coordinates for the scattering vector q
are related to the surface of the sample which is
oriented under grazing incidence. Thus, the fol-
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lowing relations are obtained:

(

qx = k0 cosθ f cos α f − cos α

)

q y = k0 sinθ f cos α f

(

qz = k0 sinα i + sinα f

) with: k

0

=

2π
= ki = k f
λ

with λ being the wavelength and ki and kf the wave
vectors for the incident and scattered radiation,
respectively. As shown in the article which deals
with the size determination of nanoparticles with
small-angle X-ray scattering [1], the measurements
performed as a function of the scattering angle and,
thus, of the momentum transfer – i.e. in the
so-called reciprocal space – can be used to draw
conclusions as to dimensional quantities from real
space. In the case of a sufficiently small wavelength
or of sufficiently large periodic structures, one
obtains a great number of diffraction orders, from
which the dimensions of the structures in real space
can be directly determined with the aid of Fourier
transformation. This is, however, only possible if the
surface can be described with an effective two-dimensional model. For more complicated 3D
structures, model calculations (for example: solving
of the Maxwell equations for the geometry to be
determined, and iterative adaptation of the calculated diffraction intensities to the measured diffraction
intensities) are required for the determination of the
structure parameters.
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preferred for the characterization of gratings with
GISAXS is the parallel orientation of incident
radiation and grating lines. The periodicity of the
grating then entails that the wave vector of the
scattered radiation kf ends on one of the planes
at a periodic distance parallel to the grating lines.
For elastic scattering, the additional condition is to
be met that the absolute value of the wave vector
must be preserved, i.e. the endpoint must also lie
on the so-called Ewald sphere. Furthermore, from
the boundary condition that no momentum transfer

Applications
Investigation of laminar diffraction gratings

     !

The procedure can be well presented by the
example of grating structures. The geometry

Figure 2:
Diffraction orders of a line grating in GISAXS geometry, measured with a CCDbased detector. Due to the logarithmic intensity scale, also weak satellite orders,
which are generated by periodic luctuations in the line width or line position, can
be seen in addition to the orders on the main circle.
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Figure 3:
Left: Intensity distribution of the diffraction orders of the grating on the main circle, determined from the scatter diagram (Figure 2).
Right: Correlation lengths (determined by Fourier transformation of the intensity distribution of the diffraction orders) for three different gratings
(A, B, C) with the same period P, but with different line widths GA, GB, GC.
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Figure 4:
Parameterization of the line structure of a Si grating with a SiO2 layer on the surface. Left: SEM image of a cleavage edge through a grating.
One sees a largely lat upper surface of the lines, whereas the bottom of the etched channel between the lines is strongly rounded.
Right: Discretization of the structure for the numerical solution of the Maxwell equations.

takes place in x-direction, it follows that the wave
vector lies on a cone whose opening angle is twice
the angle of incidence αi of the radiation to the
surface. From these conditions it follows that the
diffraction orders of a grating in this geometry lie
on a circle in the plane of the detector (as shown

Figure 5:
Diffraction orders of a line grating with a period of 100 nm and a nominal line width
of 50 nm in GISAXS geometry.

Figure 6:
Comparison of the measured and of the reconstructed diffraction intensities of a
line grating with the geometrical parameters from Table 1.
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in Figure 2). After the three-dimensional parameters have been neglected, only the distances and
the widths of the lines remain as parameters to
be determined for an evaluation according to the
simplified method of the Fourier transformation.
Here, this procedure is shown on the basis of the
data of three gratings (A, B, C) with a period of
P = 833 nm and nominal widths of the lines of
GA = 541 nm, GB = 583 nm and GC = 625 nm.
Figure 3 (left) shows an exemplary intensity
distribution of the numerous diffraction orders,
and Figure 3 (right) shows the correlation lengths
which have been obtained by Fourier transformation and which reflect the nominal structure
widths very well (i.e. in addition to the period
and to the line widths, also their differences LA, LB
und LC). This strongly simplified procedure which
allows only a few parameters to be determined,
has, however, the advantage that – in addition to
the quantities which are directly accessible to the
measurement – no further assumptions regarding a model are included. This makes this type of
measurement directly traceable [4].
For the determination of additional parameters
such as, for example, corner radii, numerical
models are required to determine the diffraction
intensities. For this purpose, complex program
packages such as, for example, JCMsuite from
JCMwave [5, 6] are needed. Figure 4 shows the
cross section measured on a cleavage of a prototype and the discretized mesh model of JCMsuite
for a grating with a period of 100 nm and a line
width of 50 nm. This model was used for the
evaluation of the corresponding GISAXS data
(Figure 5) [7]. As, due to the smaller period,
clearly less diffraction orders are visible than for
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the grating shown in Figure 2, the Fourier method
is applicable here only to a limited extent. Furthermore, the edge angle, the line height and the
rounding of the upper and lower edges are to be
determined in addition to the line width. Figure 6
shows the good agreement of the measured diffraction intensities with the values calculated for
the optimized geometrical model. The geometrical
parameters determined in this way are summarized in Table 1.
Investigation of EUV photomasks
Another technologically very important class of
samples are line structures on Bragg-reflecting
multi-layer systems (Figure 7). They are used in
the manufacture of lithographic photomasks for
EUV lithography, which are currently being introduced in production in the semiconductor industry for the manufacture of future structure widths
of 16 nm and smaller [8, 9]. The investigation of
these structures is particularly challenging, as they
are used in reflection at a wavelength of 13.5 nm.
For the inspection with optical systems, the contrast is very low, and the reflection in Mo/Si-Bragg
multi-layer systems cannot be determined by
measurements with SEM or AFM. An investigation at the working wavelength is, therefore,
indispensible. The use of scattering procedures
allows a fast measurement to be performed and
does not require a sophisticated EUV imaging
system. The measurement geometry differs from
the GISAXS examples shown above, in particular
by the almost normal incidence on the sample
(Figure 8). Mathematical handling is, however,
equivalent. For many years, this measurement
procedure [10] has been investigated in detail at
PTB. This includes, in particular, investigations of
disturbances of the ideal structure (for example,
by edge roughnesses [10, 11]) and investigations
to determine the measurement uncertainties [12].

Figure 7:
Image of a grating structure on an EUV photomask.

Figure 8:
Scheme of EUV scatterometry. Here, the radiation hits the sample at normal
instead of grazing incidence. The grating lines are oriented vertically to the relection plane, and the diffraction orders are measured on a detector circle with a
photodiode.

Nominal value

Measurement

Period / nm

100

-

Line height / nm

50

49.6

Line width / nm

50

49.7

Edge angle / nm

90

89.8

Radius of the upper edges / nm

-

1.8

Radius of the lower edges / nm

-

23

hickness of the oxide layer / nm

-

4.8

Roughness (rms) / nm

-

2.4

Table 1:
Geometrical
parameters for the
reconstruction of
the line proile from
the GISAXS data in
Figure 5 and Figure
6 with the JCMsuite
software. The nominal values served
as starting values for
the itting procedure.
During modeling, the
period is, however,
ixed.
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A comparison with measurements on a metrologically traceable AFM shows fair agreement within
the scope of the combined uncertainties [13]. As
an example, Figure 9 shows the comparison of the
line width measurement (CD) with EUV scatterometry and AFM.
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