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Small angle x-ray scattering for sub-100 nm pattern characterization
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Characterization of sub-100 nm photolithographic patterns with nanometer scale resolution is
demonstrated using small angle x-ray scattering. The transmission scattering geometry employed
potentially enables high throughput measurements for future technology nodes of the semiconductor
industry, organic and inorganic nanoscale devices, and three-dimensional structures. The method is
demonstrated through the characterization of a series of polymer photoresist gratings using a
synchrotron x-ray source. Quantities, such as periodicity and line width, are extracted using minimal
modeling. Additional quantities and the potential of a laboratory-based x-ray system are briefly
discussed. ©2003 American Institute of Physics.@DOI: 10.1063/1.1622793#
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The mass production of semiconductor devices poss
ing sub-100 nm features requires the development of
trologies capable of rapid measurement of pattern shape
size with subnanometer precision.1 To serve the broade
community of micro- and nanoscale devices, a techni
should possess equivalent capabilities for a range of ma
als including organic, inorganic, conducting, insulating, a
semiconducting. The technique must allow routine meas
ment of test patterns used to evaluate photoresists and
cess quality, typically on the order of 50350mm. Current
measurement techniques, including scanning electron
croscopy ~SEM!, electrical critical dimension, and atom
force microscopy all face serious challenges in their appl
tion at the current 100 nm regime and beyond.2,3 Light scat-
terometry has recently emerged as a significant tool in b
development and process characterization,4 however, the
sensitivity of large wavelength probes~; 400 nm! is reduced
as the dimensions of dense structures continue to shrink
report initial results from measurements of a series of p
toresist gratings, using transmission small angle x-ray s
tering ~SAXS! measurements~see Fig. 1!. The results dem-
onstrate a capability of determining feature shape and qu
with nanometer-scale resolution for patterns produced u
current photolithographic methods. This technique is rea
extended into future technology nodes.

The advantages of subnanometer wavelength scatte
in submicron patterns have been demonstrated through a
riety of scattering techniques.5–11However, these demonstra
tions have often lacked a general applicability to actual
dustrial test structures. These limitations are overcome u
a transmission geometry with a pinhole geometry to prov
an appropriate beam spot size,50350mm. The resulting

a!Author to whom correspondence should be addressed; electronic
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data are then interpreted with established diffraction the
The relatively small interaction between x rays and m
materials allows a general application of the technique t
wide range of materials, including inorganic, such as ox
or metallic, and organic materials such as in photoresi
The lower relative electron density of photoresists is an
propriate test of SAXS capabilities since other materials
cluding copper and silica have a higher electron den
which results in higher diffracted intensity. Cases with co
per line patterns will be presented in future articles.

As a demonstration of this technique, we provide init
results from measurements of photoresist gratings posses
a critical dimension (CD)'180 nm. Photoresist gratings
shown in Fig. 2, are often used to evaluate photoresist q
ity and imaging conditions, and therefore serve as an ap
priate sample for these initial experiments. The three grati
are composed of different photoresist formulations, wh

il:

FIG. 1. Image of SAXS intensity on the two-dimensional detector, wh
the beam size is approximately 40340mm. Also shown in the inset is a
schematic of the scattering geometry, showing the scattering angle, 2u, and
the sample rotation axis,v.
9 © 2003 American Institute of Physics
 license or copyright; see http://apl.aip.org/apl/copyright.jsp
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each sample is imaged with the same mask at optimal c
ditions for the resist. SAXS measurements were performe
the 9ID beamline of the Advanced Photon Source~Argonne
National Laboratory! using a two-dimensional charg
coupled device detector 543 cm from the sample. Beam
tics included a monochromator, two focusing mirrors alo
normal axes, and two beam definition slits before the sam
The intensity,I, is recorded as a function of the scatteri
vector, q @54p sin(u)/l, where 2u is the scattering angle
measured relative to the direct beam andl is the wave-
length#, as shown schematically in Fig. 1.

The choice of wavelength is key to the application
transmission SAXS to patterns on a silicon wafer. As sho
in Fig. 1, interaction with the patterns, typically on the ord
of 500 nm in height, occurs after passing through nearl
millimeter of substrate material. A wavelength of 0.095 nm
chosen to reduce substrate absorption while retaining acc
able resolution. At this wavelength, the measurement tim
a single sample is on the order of seconds. In Fig. 1, diffr
tion spots from an array of photoresist lines are obser
beyond the 14th order of diffraction~the first order is
blocked by the beamstop!. Initial measurements presente
here ~in Figs. 3 and 4! employ a beam spot size of 10
3100mm, however later refinements of the optical eleme
produced a beam spot size more amenable to test stru
dimensions with a size of 40340mm ~shown in Fig. 1!.
While a smaller beam size is more convenient, the results
not alter the precision or accuracy of the results from
larger beam size.

Given in Fig. 1, a photoresist grating produces a o
dimensional series of diffraction spots. The intensities alo
the diffraction axis from each sample are plotted as a fu
tion of q in Fig. 3. The subtle differences observed in t
SEM micrographs are apparent as variations in relative p
intensities in Fig. 3~for example, see the 12th-order pea!.
For a given rotation angle,v, the diffraction peak spacing
Dq, is inversely proportional to the repeat period,L, pro-

FIG. 2. SEM images of photoresist gratings A~top!, B ~middle!, and C
~bottom!. Shown are the gratings in cross section~left-hand side! and top
down ~right-hand side! views.
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jected on the detector plane, whereDq52p/(L cosv). A
linear fit of the peak intensity position as a function of pe
order provides the periods for each sample as (L cosv)
5@55365.4# nm, @55066.4# nm, and @54364.5# nm for
the A, B, and C samples, respectively.12 For a system with
precise sample positioning, the anglev can be known to
within 0.001°. In the absence of a sample positioning dev
of high precision, we quote only the uncertainty in the pr
jected repeat distance. We believe the uncertainty inv
quoted here is primarily responsible for the large deviation
the reported values ofL cosv.

The average feature width is obtained from the relat
intensities of the peaks. The intensities are fit using the fo
I peak(q)5A* uP(q)u2, whereA is an arbitrary constant an
P(q) is the form factor of a line with rectangular cross se
tion @5sin(qd)/q, whered is the width of the line#. The use
of P(q) is general for obtaining an average feature width
the features were, for instance, contact holes with cylindr

FIG. 3. SAXS intensity as a function ofq for samples A~top!, B ~middle!,
and C~bottom!. Intensities are arbitrarily offset for clarity. For sample A,
fit of the productuS(q)* P(q)u2 is shown. The arrow indicates the 12th ord
of diffraction.

FIG. 4. SAXS intensity of sample C measured at sample rotations o
~top!, 3° ~middle!, and 5° ~bottom! of rotation. Intensities are shifted fo
clarity.
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symmetry, this analysis would provide the average rad
projected along the diffraction axis. A fit ofI peak(q) for each
of the samples yieldsd5@17163.6# nm, @15964.8# nm,
and @16762.7# nm for the A, B, and C samples, respe
tively. Because there is a conservation relation betw
pitch, linewidth, and the width of the spaces, the form fac
P(q) has two equivalent solutions representing the lin
widths and space widths. For the 1:2 spacing measured h
these two length scales are sufficiently separated and th
signment is trivial. For the case of 1:1 spacing where
differences in the two lengths are on the order of nanomet
assigning a value ofd based onP(q) alone becomes prob
lematic. For this case, the ability to distinguish between t
phases relies on absolute intensity. Here, the absolute in
sity will change as a function of the total amount of pho
resist. Future studies will be required to determine the lim
of precision of this type of analysis.

Fitting P(q) using a trapezoid rather than a rectang
ideally yields an average sidewall angle. Using this form
ism, the effective sidewall angles of the three samples
estimated at 88.2°, 87.9°, and 88.5° for samples A, B, and
respectively. We note that while these results appear con
tent with the SEM cross-sectional images of Fig. 2, th
numbers may be affected by other defects not included
this simple model including sidewall roughness and sho
therefore be considered only qualitatively. Additional info
mation on line shape is ideally obtained by measurem
along varying angles of sample rotation. Using this meth
with SAXS, an average sidewall angle has been previou
demonstrated.13 The measurement of a feature can be
proximated as a projection of the density of the material
footed feature will project a different distribution of electro
density than an undercut feature at a nonzero anglev. At
sufficient largev, the distanceH between the center of mas
of the feature to the silicon substrate can be determined
comparison between the measured value of H and the sa
height will help to differentiate a footed feature versus
undercut one. For a footed feature itsH is less than half of
the sample height and the opposite is true for an unde
one. The limits measurable by this technique, however,
rely on more complex models and are not determined by
current study. In Fig. 4, data from sample C as a function
v show an expected variation of projected repeat distan
but do not exhibit large changes in the form factorP(q). The
invariance ofP(q) suggests a relatively vertical sidewall.13

Continued efforts are required to develop more precise m
els distinguishing sidewall defects.

The application of this technique to sub-100 nm dime
sions will result in the same form of data as presented in
work, however theq range will now be expanded. The high
monochromatic beam (Dl/l'331025) used here provides
a nearly fixed resolution for even a relatively largeq range.
As a result, data analysis and structural determination
not change for future technology nodes.
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The prospect of conducting this type of CD measu
ment using laboratory x-ray equipment is of interest. T
issue is whether the scattering peak intensity from feature
1 mm in height is sufficient to be detected with a laborato
unit. To address this issue, the peak intensity of samp
similar to that reported here, is reduced to absolute inten
using a polyethylene blank with precalibrated x-ray scatt
ing cross section as the secondary standard. The peak in
sity ranged from 107 cm21 to 105 cm21 over theq range@0
to 0.025# Å21—the same range as shown in Fig. 3. Scatt
ing intensity of this magnitude is readily observable with
laboratory unit equipped with a sub-Angstrom x-ray sour

In conclusion, we have demonstrated the potential
SAXS as a measurement tool for pattern characterizatio
sub-100 nm lithographic processing. The technique w
demonstrated using a series of photoresist test gratings c
acteristic of scatterometry test patterns already employed
dustrially. The low contrast of organic patterns suggest
ready application of the technique to inorganic systems s
as is found in copper interconnects. The technique curre
provides resolution on the order of 3–4 nm, extendible
subnanometer levels with finer adjustments of x-ray optics
increased pattern quality.
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