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High-volume fabrication of nanostructures requires nondestructive metrologies capable of
measuring not only the pattern size but also the pattern shape profile. Measurement tool
requirements will become more stringent as the feature size approaches 50 nm and tolerances of
pattern shape will reach a few nanometers. A small angle x-ray scattering(SAXS) based technique
has been demonstrated to have the capability of characterizing the average pitch size and pattern
width to subnanometer precision. In this study, we report a simple, modeling-free protocol to extract
cross-section information such as the average sidewall angle and the pattern height of line grating
patterns from the SAXS data. Diffraction peak intensities and reciprocal space positions are
measured while the sample is rotated around the axis perpendicular to the grating direction. Linear
extrapolations of peak positions in reciprocal space allow a precise determination of both the
sidewall angle and the pattern height. ©2004 American Institute of Physics.
[DOI: 10.1063/1.1773376]

INTRODUCTION

Nanometer scale control of lithographic pattern quality
is required as the semiconductor industry moves to mass
production of sub-100 nm devices.1 Specifically, metrologies
capable of providing information on the cross section of pat-
terns are a critical component to the development of practical
high-volume nanofabrication methods. Scanning electron
microscopy(SEM) has been the mainstay inspection metrol-
ogy in lithography.2,3 Other methods, such as atomic force
microscopy (AFM) and light scatterometry,4–6 have been
proposed as alternative methods to measure pattern quality.
All of these techniques face challenges as device features
continue to shrink to the scale of tens of nanometers. For
example, these three metrologies are expected to face chal-
lenge in measuring dense, high aspect ratio, as well as buried
features, with decreasing feature size.7–9 As a result, the de-
velopment of a metrology for measuring a sidewall angle
close to zero degrees and line-edge roughness(LER) on the
scale of only a few nanometers is listed as one of the five
major inspection metrology challenges in the most recent
“International Technology Roadmap for Semiconductors”
(ITRS).10

A technique based on small angle x-ray scattering
(SAXS) has been introduced as an alternative to current mea-
surement methods to characterize patterns with a critical di-
mension (CD) on the scale of nanometers.11–13 Critical
dimension-small angle x-ray scattering(CD-SAXS) has sev-

eral potential advantages over existing inspection metrolo-
gies including increased sensitivity to smaller features and a
capability of measuring dense high aspect ratio patterns or
buried patterns. Earlier results have demonstrated that CD-
SAXS can provide a fast and accurate measurement of the
average pitch size and pattern width of testing grating pat-
terns from the position and relative scattering intensity of
diffraction peaks. However, elements of the measured data
suggest that more detail about pattern shape and quality can
be extracted with more refined methods of analysis. As an
example, the peak intensity along the diffraction axis decays
more rapidly than predicted from a simple rectangular model
for the pattern profile.13 A more rapid decay has many po-
tential origins such as a random deviation in pitch size, line-
edge roughness(LER), and a nonrectangular grating shape
profile. This information is critical for the manufacture of
nanometer scale devices.14

In this paper, we describe a general methodology for
measuring the cross section of grating patterns. We then ap-
ply the methodology to extract the average sidewall angle of
photoresist gratings prepared by optical lithography. In this
particular case, a trapezoid is used to model the cross section.
Thus, analysis of SAXS data can provide the entire cross
section of the pattern as well as the average pitch size and
pattern width. The results are compared to cross-sectional
SEM images of the same patterns.

EXPERIMENT

The samples consist of a series of equally spaced parallel
lines prepared directly on a 200 mm diam single crystal sili-
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con wafer. 248 nm optical lithography was used to produce
this grating structure with a nominal 150 nm linewidth and a
1:1 line space ratio. The samples discussed here are labeled
as sample A and B, and were imaged with a depth of focus
deviation from the optimal condition by 0.4mm and 0.2mm,
respectively. Cross-sectional SEM images(Fig. 1) taken with
a tilt angle of 30° indicate that the cross section(in X–Z
plane defined in Fig. 2) of the patterns is approximately trap-
ezoidal with a noticeable difference between the sidewall
angles for these two samples. The sidewall angle from the
SEM image of sample A is estimated to be 7° and its precise
value is not available since the micrograph(Fig. 1) was not
taken from a quantitative SEM.

For the purpose of demonstrating the principle synchro-
tron x-ray source has been used. However, in the previous
paper12 the feasibility of using a laboratory x-ray source for

CD measurements was discussed. A molybdenum x-ray
source with the state of art optics and detector is now under
consideration for this purpose. The CD-SAXS measurements
were performed at the 5ID-DND beamline of the Advanced
Photon Source(Argonne National Laboratory) using a 2D
CCD detector. The x-ray wavelength was set to
s0.7289±0.001d Å using a double monochromator.15 At this
wavelength, there is still a transmission of approximately
20% of the incident beam through standard silicon wafers.
The beam was collimated by two sets of slits to a size of
s1203180d mm2 as measured at the sample position. In
these experiments, a smaller beam size is not necessary.
However, a further decrease of beam size to characterize
standard industrial test structures, over an area of abouts50
350d mm2, is feasible as demonstrated in our earlier experi-
ments. One ion chamber was used to monitor the incident
beam intensity. No large intensity fluctuations or drift of the
incident beam was observed during the measurement. The
sample was rotated around the Y axis, as defined in Fig. 2,
from nominal −20° to 20° with a step size ofs1±0.05d°. The
2D detector was placeds700±1d cm from the sample. The
detector has a resolution ofs78.75±0.01d mm per pixel with
2048 pixels in each direction. In contrast to our prior experi-
ments, the air scattering is greatly reduced here with the use
of an evacuated sample chamber with a pressure on the order
of 10−1 Pa.

In order to make a consistent comparison between scat-
tering data from different rotation angles, a correction of the
beam path length is necessary due to the attenuation of the
x-ray beam by the silicon substrate. As we rotate the sample,
the effective transmission path changes asd/cosw, whered
is the thickness of the silicon substrate(approximately
1 mm). The pattern height(approximately 0.3mm) is negli-
gible in this correction.

RESULTS AND DISCUSSION

The average cross section of the grating patterns is mod-
eled as a trapezoid. The predicted scattering intensity con-
tours in Fourier space representing the form factor of an
isolated trapezoid are shown in Fig. 3. For clarity a 3D rep-
resentation of the form factor is also provided in this figure.
In this plot, the bevel edges of the patterns result in a series
of scattering peaks along lines offset at an angle of ±b from
the qx axis in theqx–qz plane. The constructive interference
of scattered x-ray from multiple periodically arranged trap-
ezoids results in vertical ridges with a spacing of 2p /D,
where D is the pitch of the grating. The complete Fourier
transform of the grating structure is therefore described as a
set of vertical ridges with positions defined by the reciprocal
lattice of the grating and intensities defined by the form fac-
tor of an isolated trapezoid.

The determination of the pattern cross section requires a
measurement of the scattered intensity in theqx–qz plane.
However, in earlier work, the beam was normal to the sub-
strate and primarily probed the scattering inqx–qy plane,
with a limited range inqz at larger scattering angles. There
are several approaches to probe theqz dependence of the
scattering intensity. One is to measure the scattering at a very

FIG. 1. SEM micrograph of the grating patterns with +0.4 and +0.2mm of
focus depth deviation from optimal imaging conditions.

FIG. 2. Schematic of the small angle x-ray scattering geometry illustrating
the scattering angle 2u, the sample rotation anglew, and sample sidewall
angleb.
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large scattering angle, where theqz dependence of the scat-
tering intensity cannot be neglected. Another approach is to
vary the x-ray wavelength, which will push the surface of the
Ewald sphere forward or backward(i.e., probing different
qz’s). But, the diffraction peak intensity decays very fast as
the scattering angle increases. In addition, a variation of the
x-ray wavelength is not always convenient or practical. A
third method of probingqz dependence is to measure the
small angle scattering from samples at different sample rota-
tion angles,w, as indicated in Fig. 2. Experimentally, diffrac-
tion peaks occur at the intersections between the reciprocal
lattice and the Ewald sphere in theqx–qy plane. By collect-
ing data over a range ofw, the reciprocal space map of the
sample is rotated relative to the Ewald sphere, and the posi-
tions of the diffraction peaks can be transformed back to the
original qx–qz plane. In this way, the theoretical map of Fig.
3 can be obtained. The advantage of this approach is the use
of the smallqx regime, providing relatively high signal to
noise data over the alternative methods.

Using the sample rotation protocol, the intensity of a
given diffraction peak as a function of sample rotation angle,

w, traces a vertical line in Fig. 3(i.e., approximately constant
qx). The direct correspondence of the angle between the line
traced by the peak positions in Fig. 3 and the sidewall angle,
b, provides a simple and intuitive way to extract the average
sidewall angle from scattering data. It further suggests that
the scattering intensity of all diffraction orders reaches a
maximum as the rotation anglew approachesb.

Figure 4 shows the rotation angle dependence of the
peak intensity for the fifth order diffraction peak. The mid-
point between the two primary peaks was chosen as the ori-
gin (i.e., w=0) on the abscissa because of a lack of precise
sample alignment in the current experimental system. How-
ever, this step is not necessary if high precision sample align-
ment equipment is utilized for future work. The theoretically
calculated peak intensity with only one varying parameter
(the sidewall angle of the pattern) shows a qualitative agree-
ment with the experimental data. The fitting result gives a
sidewall angle of<5°. Good agreement between the experi-
mental values and the calculated ones was also observed for
the second maximum in Fig. 4. In contrast to the complicated
modeling required to build data libraries in light scatterom-
etry, CD-SAXS provides an estimate of the average sidewall
angle of the sample simply by locating the sample rotation
anglew where every diffraction peak reaches its global maxi-
mum. No data modeling or fitting is required for this proce-
dure. The results from sample B indicate that the sidewall
angle is <3.0°. These results agree qualitatively with the
SEM results given in Fig. 1.

Also in Fig. 4, the observed peak intensity shows mul-
tiple maxima and minima as a function of the rotation angle.
Figure 5 provides a set of calculated results of the peak in-
tensity of the fifth, sixth, and seventh order diffraction peaks
over a range ofw for a sidewall angle of 5°. Regardless of
the peak order, all intensities reach their global maximum at
the same rotation anglew. However, the rotation angle spac-
ing between maxima for higher order peaks is smaller than
lower order peaks. This can be understood from Fig. 3 where
the line representing the Ewald sphere touches point 38 at
lower w than that for point 18.

While the approach demonstrated in Fig. 4 can provide

FIG. 3. Contour plot of the scattering intensity based on the analytical form
factor for a trapezoidal cross section on theqx–qz plane. The lattice points of
an equally spaced grating are given as a set of vertical lines. The Ewald
sphere is approximately depicted as a straight line at a rotation anglew. The
dimensions of the trapezoid used in this calculation are: height=2000 Å,
width at middle=1200 Å, sidewall angleb=26.57°, repeat of the grating
=2000 Å. A 3D presentation of the above contour plot of the form factor
alone is also given.

FIG. 4. Experimental data of sample A and the corresponding theoretically
calculated peak intensities of the fifth order diffraction at different rotation
angles.
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an estimate of the sidewall angle, one can enhance the pre-
cision by analyzing the entire data set collectively. To illus-
trate this higher precision approach, data from Sample A are
used to determine the sidewall angle. In Fig. 6, we plot the
positions of the maxima and minima of all the observed
peaks in terms of their coordinates on theqx–qz plane. The
positions of the diffraction peaks follow the form predicted
theoretically in Fig. 3. Importantly, linear extrapolations
through the positions of the first maxima from both positive
and negativeqz branches intersect the origin of theqx–qz

plane providing confidence in theqx–qz values. However, in
this representation of the data, the lines within each positive
and negative branch ofqz are not perfectly parallel. This is
especially obvious for the first minima data points. This de-
viation may have several origins. One possibility is that the
cross section of the pattern is not a trapezoid. However, the
linearity of theqz with respect toqx in Fig. 6 shows that the
trapezoid model is at the least a good approximation of the
average cross section in our case. In addition, uncertainties in
the determination ofqx and qz may arise from imperfect
sample alignment with respect to the incident beam or small
rotational offset differences between the rotation axis and

Y-axis. These shortfalls can be overcome with a high preci-
sion sample alignment tool. Finally, the intensity around the
minima is not distinguishably higher than the background
scattering. This causes a significant uncertainty in determin-
ing the actual position of the minima. Therefore, only peak
maxima data points were used for sidewall angle determina-
tion. Using the linear fits of the major maxima, we determine
an effective sidewall angle ofs5.7±0.2d° for sample A.

In this analysis, we plot and analyze only the positions
of the maxima and minima. We clearly demonstrate a capac-
ity for accurate determination of the average cross section of
patterns. In future efforts, more detailed information on the
cross-sectional shape such as higher order deviations from a
simple trapezoid can be deduced through more detailed, but
straightforward modeling efforts that account not only for the
peak positions on theqx–qz plane, but also all the observed
peak intensities. For patterns with ever shrinking feature
size, this approach can be readily applied with x-ray equip-
ment of less stringent resolution requirements, e.g., quantita-
tive lattice information on protein crystals has routinely been
deduced using today’s laboratory based x-ray equipment.
Patterns with feature size of a few nanometers such as pro-
tein crystals are accurately easier to characterize using x ray
than patterns with 100 nm periodicity.

In our previous publication, we proposed to obtain the
pattern height from the absolute intensity of diffraction peaks
provided that the scattering cross section of the grating ma-
terial is given. Since experimental data are now available
over a wideqz range as given in Fig. 6, we can determine the
pattern height from the intercept of a line connecting the
secondary maxima(i.e., 18, 28, 38, etc. in Fig. 3). The height,
H, of the trapezoid is simply related to the intercept via
2p /Dqz, whereDqz is the value of the intercept of the line,
as given in Fig. 6. For sample A, the height is<318 nm,
which is consistent with the result from fitting the relative
peak intensity data. This provides a preferable way to obtain
pattern height since there is no need for a prior knowledge of
the scattering cross section of the grating materials and the
scattering intensity observed does not need to be reduced to
its absolute scale.

SUMMARY

Inspection of the cross-sectional profile for lithographic
patterns has been listed as one of the five major challenges in
the recent revised version of ITRS. Building upon the re-
cently proposed CD-SAXS metrology, we further developed
a protocol to determine sidewall angle of patterns by collect-
ing scattering data at various rotation angles. For illustration,
a simple trapezoidal cross section was chosen to model the
sample scattering. Data from two line grating samples were
collected and analyzed in terms of the positions of the inten-
sity maxima and minima of the diffraction peaks as the
sample is rotated. The sidewall angle determined is qualita-
tively in agreement with those observed in SEM micro-
graphs. In addition, this method also provides a convenient
measurement of pattern height. Work is in progress to deduce

FIG. 5. Calculated rotation angle dependence of the diffraction peak inten-
sities at three different diffraction orders. The sidewall angle in the model is
5.0°.

FIG. 6. Diffraction peak positions of the maxima and minima intensities of
sample A in theqx–qz plane. Lines are drawn to connect the observed
maxima.
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sidewall roughness from the scattering data, primarily from
the scattering intensities along theqy direction at each
node.16
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