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Comparison of electromagnetic scattering measurements to simulation
for microelectronic structures
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We present an electromagnetic-based method that enables prediction of microlithographic structures
of 100 nm and below, for analyzing manufacturability of next-generation microchip technology in
real time,in situ. The method is robust, versatile, precise, and fast, and experimentally verified by
using both scanning electron microscopy and atomic force microscopy. ©2002 American Institute
of Physics. @DOI: 10.1063/1.1489708#
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This letter presents experimental verification of simu
tion predictions from electromagnetic scattering analysis
typical structures of interest in semiconductor technolog
Measured profiles of these structures using scanning elec
microscopy ~SEM! and atomic force microscopy~AFM!
measurements are compared here with electromagnetic
tering computations. Close agreement is obtained for the
tire nanoscale sidewall profile of these line structures. At
end of this letter, we briefly comment on why this is achie
able, despite that the detailed structural shapes are wel
low the incident wavelength. With the use of recently r
ported advanced algorithm developments,1 combined with
the general method2 of scatterometry measurements, it a
pears that practical, rapid, and nondestructive measurem
for use in advanced microelectronic and nanoelectronic te
nologies are attainable for 2D and 3D structures.

The experimental setup used here consisted of an ins
ment similar to a standard optical microscope, but also c
taining a polarizer, spectral separator, and a light inten
detector. A broadband source of light was used to illumin
periodic 2D microelectronic structures. Reflected spectral
tensity was measured in the visible wavelength range~i.e.,
450–800 nm! with 6 nm bandwidth. A 53 objective lens
with the smallest possible numerical aperture was use
achieve near-normal incidence. Polarization was achie
with a high-efficiency double-prism polarizer placed in t
postocular reflected path. Measurements could be taken
two sets of polarization at each wavelength, namely, for li
in a transverse electric~TE! mode, where the electric field
was oriented in a direction perpendicular to the direction
the grating lines, and for transverse magnetic~TM! field ori-
entation, where the electric field is oriented parallel to
grating lines.

Figure 1 shows scatterometry measurements for a 1
nm periodic line/space structure created using Shipley 3

a!Previously with: IBM Microelectronics, Essex Junction, VT 05452.
b!Electronic mail: dccole@bu.edu
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photoresist on bare silicon. Superimposed on the inten
versus wavelength plots is the modeled photoresist pro
that was used to generate the modeled intensity versus w
length curve. As can be seen, close agreement was obta
between the measured and simulated intensity profiles.
have carried out a detailed study where this same structu
examined under considerably different focus-exposure c
ditions, thereby generating lines both narrower and broa
in width, as well as different heights. In each case, agreem
very similar in character to that shown here was obtain
between the measured and simulated reflectivity curves.

Figure 2 illustrates another example of interest: vas
different TE and TM measured spectroscopic reflectiv
curves, for the same structure, are superimposed on co
sponding simulated reflectivity curves. The simulated str
tures for each set of polarization are superimposed on to

FIG. 1. Two sets of plots are shown in the same figure. One plot, using
left and bottom axes, show reflected light intensity vs wavelength, for b
the experimental data~smooth curve! and simulated result~dotted curve!.
The other plot, using right and top axes, show the modeled photore
profile used to generate the dotted intensity vs wavelength curve. F
comparing the modeled intensity vs wavelength curve to the meas
curve, the following measurements were obtained: Line height is 937
linewidth at the bottom, midpoint, and top of the line profile are: 561, 3
and 231 nm, respectively.
1 © 2002 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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each other and are virtually indistinguishable.
Such modeled profiles have been generated in the

using a rather computationally intensive approach involv
optimizing the number and sizes of a large number
‘‘slabs’’ of photoresist to yield a reflectivity versus wave
length curve that most closely match the intensity data. T
approach was originally pursued by two of us
microelectronics;2 other researchers have also made inve
gations in scatterometry along these lines, or via match
precalculated libraries of shapes.3–5 However, we have since
completely revised and reformulated such approaches to
able a far more computationally efficient and robust algor
mic approach.1 Indeed, this recently reported work exten
2D work by making use of a ‘‘single combined integral equ
tion,’’ solved by the use of dyadic Green’s functions so th
the microelectronic structure can be treated as a local
object embedded in a layered medium. By following th
new approach, very fast and accurate 2D and 3D struct
can be deduced, including contact holes and entire mem
cell dimensions.

In this formulation, the electric and magnetic fields
each layered homogeneous region of a microelectronic st
ture are expressed in terms of a single, effective electric
rent densityJeff flowing on the surfaceS of this region ac-
cording to the following formulation:

E~r ,v!5 j vA~r ,v!2¹F~r ,v!,

H~r ,v!5
1

m0
¹3A~r ,v!,

wherev indicates the Fourier frequency component of t
indicated field. The vector and scalar potentials ofA andF
are in turn expressed in terms of a surface integral over
boundary of the medium, where the integrand involves
scalar Green’s function and the single effective current d
sity field Jeff(x,v).1

To demonstrate the flexible, yet powerfully predictiv
capability of this approach, measurements of photoresist
files were taken by the far more standard metrology meth
of SEM, as shown in Fig. 3, and AFM, as shown in Fig.

FIG. 2. TOK photoresist structure of norminal 500 nm lines and 1000
periodicity. TE and TM polarization reflectivity measurements~solid curves!
are shown, along with their corresponding simulated reflectivity curves.
each curve, a separate physical structure was deduced. These two ph
structure predictions are superimposed on top of each other here an
virtually indistinguishable from each other, at all points along the profi
including the rounded top and foot of the lines.
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Figure 3 represents the total photoresist width versus e
height in the line profile; thus the average difference in m
surement, per edge, would be half that shown. As can
seen, despite a profoundly nonlinear edge profile, the ag
ment is extremely close. We calculated an average slope
ference of only about 1% between the two methods. Si
larly, Fig. 4 shows a very close agreement in edge profi
despite the presence of an indented foot at the bottom a
slight T shape at the top.

An important distinction that needs to be noted here
that SEM and AFM methods are often destructive. Moreov
they require special laboratory setups not available in s
dard manufacturing semiconductor lines. Indeed, to ens
an accurate SEM measurement in Fig. 3, the wafer w
cleaved so that the cross section could be scanned. The a

r
ical
are
,

FIG. 3. Ragged curve represents data taken by SEM; the other curve is
taken using the electromagnetic scatterometry method discussed here
horizontal axis represents the total width, at each height~y axis!, for the
photoresist profile.

FIG. 4. One sidewall of one of the structures above was measured u
AFM, as indicated, while the two full resist line profiles were comput
from the light intensity scattering data. This AFM curve was displaced to
right to show how closely the detailed side profiles correspond.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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cleaving, calibrating, and measuring all require precise, c
ful, labor intensive steps. The present electromagnetic s
terometry method does not have these limitations. Moreo
with the accuracy and speed in the newly developed algo
mic approach in Ref. 1, 3Din situ measurements are becom
ing practical realities.

It is interesting to note why this electromagnetic scatt
ometry method is so accurate. The results are precisely
posite to what most technologists expect considering that
incident wavelength is considerably larger than the nanos
profile features. Part of the explanation is that optical m
surements are conventionally treated in the geometrical
tical regime. A typical criterion for imaging in this regime
the Rayleigh resolution criteria,6 which relates the approxi
mate smallest geometrical spacing between objects to
wavelength of light used in the opticalimagingof these ob-
jects. However, this resolution criterion does not apply to
scatterometry method, which does not entail optical imag
Although a microscope setup is being used, the settings
not that for conventional geometrical imaging, but rather
set for achieving the detection of scattered light, for ea
polarization, at all wavelengths of reflected light. Thus, t
entire diffraction theory of light propagation is taken in
account, as fully embodied by all of Maxwell’s equations
classical electromagnetic theory.6,7 The signals of intensity
versus wavelength in Figs. 1–4 have little bearing on a g
metrical image of the structure. However, by properly tak
into account the scattering of electromagnetic radiation
these nanoscale structures, detailed information on the s
tural nature can be obtained.
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We conclude with the following observation. Sinc
about 1990, the technology of phase shift masks and s
resolution serif features has become a proven manufactur
means for printing photoresist structures with critical dime
sions smaller than the exposure wavelength. The ‘‘trick’’
achieving this was to not only recognize, but to take adv
tage of the fact that the optical mask can be engineered t
significantly different in structure from the intended printe
photoresist shapes. This can be achieved only by mov
away from the limitations of conventional geometrical r
optics so as to make full use of the diffraction theory of lig
when imaging and exposing photoresist.8,9 In this letter, we
see that provided the full electromagnetic scattering anal
is taken into account, detailed characterization of structu
much smaller than the incident wavelength can be accura
achieved.
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