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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 microscop®0@ American Institute

of Physics. [DOI: 10.1063/1.1489708

This letter presents experimental verification of simula-photoresist on bare silicon. Superimposed on the intensity
tion predictions from electromagnetic scattering analysis foversus wavelength plots is the modeled photoresist profile
typical structures of interest in semiconductor technologiesthat was used to generate the modeled intensity versus wave-
Measured profiles of these structures using scanning electrdength curve. As can be seen, close agreement was obtained
microscopy (SEM) and atomic force microscopyAFM) between the measured and simulated intensity profiles. We
measurements are compared here with electromagnetic sc&gave carried out a detailed study where this same structure is
tering computations. Close agreement is obtained for the eréxamined under considerably different focus-exposure con-
tire nanoscale sidewall profile of these line structures. At thdlitions, thereby generating lines both narrower and broader
end of this letter, we briefly comment on why this is achiev-in width, as well as different heights. In each case, agreement
able, despite that the detailed structural shapes are well b¥€ry similar in character to that shown here was obtained
low the incident wavelength. With the use of recently re-between the measured and simulated reflectivity curves.
ported advanced algorithm developmehtspmbined with _ Figure 2 illustrates another example of in_terest: va_\s_tly
the general methddof scatterometry measurements, it ap_dlf'ferent TE and TM measured spectroscopic reflectivity
pears that practical, rapid, and nondestructive measuremerfis’ves, for the same structure, are superimposed on corre-

for use in advanced microelectronic and nanoelectronic tectsPOnding simulated reflectivity curves. The simulated struc-
nologies are attainable for 2D and 3D structures. tures for each set of polarization are superimposed on top of

The experimental setup used here consisted of an instru-

ment similar to a standard optical microscope, but also con- Size (nm)

taining a polarizer, spectral separator, and a light intensity 0 —S500 1000 1500 2000
detector. A broadband source of light was used to illuminate i

periodic 2D microelectronic structures. Reflected spectral in- 025 £\ 11200
tensity was measured in the visible wavelength ratige, - . .
450-800 nm with 6 nm bandwidth. A 5 objective lens 0.20F w00 £
with the smallest possible numerical aperture was used tcg 0.15: 1 %
achieve near-normal incidence. Polarization was achievecg | N . 5’
with a high-efficiency double-prism polarizer placed in the ™ g0} Ao
postocular reflected path. Measurements could be taken fo -

two sets of polarization at each wavelength, namely, for light 005} o ]

in a transverse electriCTE) mode, where the electric field K - 6\0(.)/ . s 0

was oriented in a direction perpendicular to the direction of Wavelength (nm)

the grating lines, and for transverse magnéfidt) field ori-

entation, where the electric field is oriented parallel to theFIG. 1. Two sets of plots are shown in the same figure. One plot, using the

grating lines left and bottom axes, show reflected light intensity vs wavelength, for both

. ’ the experimental datésmooth curve and simulated resulidotted curve

Figure 1 shows scatterometry measurements for a 100he other plot, using right and top axes, show the modeled photoresist

nm periodic line/space structure created using Shipley 3008rofile used to generate the dotted intensity vs wavelength curve. From

comparing the modeled intensity vs wavelength curve to the measured

curve, the following measurements were obtained: Line height is 937 nm;

3previously with: IBM Microelectronics, Essex Junction, VT 05452. linewidth at the bottom, midpoint, and top of the line profile are: 561, 328,
YElectronic mail: dccole@bu.edu and 231 nm, respectively.
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FIG. 2. TOK photoresist structure of norminal 500 nm lines and 1000 nm 200
periodicity. TE and TM polarization reflectivity measureme(sislid curve$ B
are shown, along with their corresponding simulated reflectivity curves. For [
each curve, a separate physical structure was deduced. These two physical
structure predictions are superimposed on top of each other here and are 0 \ \ . . r
virtually indistinguishable from each other, at all points along the profile, 200 300 400 500

including the rounded top and foot of the lines.
Line Width (nm)

each other and are virtually indistinguishable. FIG. 3. Raaged s data taken by SEM: the ofh _
. . . 3. Ragged curve represents data taken by ; the other curve is one
Such modeled profiles have been generated in the Pagken using the electromagnetic scatterometry method discussed here. The

using a rather computationally intensive approach involvingorizontal axis represents the total width, at each heighaxis), for the
optimizing the number and sizes of a large number ofphotoresist profile.

“slabs” of photoresist to yield a reflectivity versus wave-

length curve that most closely match the intensity data. Thissigure 3 represents the total photoresist width versus each
approach was originally pursued by two of us inheightin the line profile; thus the average difference in mea-
microelectronic<; other researchers have also made investisurement, per edge, would be half that shown. As can be
gations in scatterometry along these lines, or via matchingeen, despite a profoundly nonlinear edge profile, the agree-
precalculated libraries of shap&s.However, we have since ment is extremely close. We calculated an average slope dif-
completely revised and reformulated such approaches to efierence of only about 1% between the two methods. Simi-
able a far more computationally efficient and robust algorithdarly, Fig. 4 shows a very close agreement in edge profile,
mic approacH. Indeed, this recently reported work extends despite the presence of an indented foot at the bottom and a
2D work by making use of a “single combined integral equa-slight T shape at the top.

tion,” solved by the use of dyadic Green’s functions so that  An important distinction that needs to be noted here is
the microelectronic structure can be treated as a localizethat SEM and AFM methods are often destructive. Moreover,
object embedded in a layered medium. By following thisthey require special laboratory setups not available in stan-
new approach, very fast and accurate 2D and 3D structuratard manufacturing semiconductor lines. Indeed, to ensure
can be deduced, including contact holes and entire memoryn accurate SEM measurement in Fig. 3, the wafer was

cell dimensions. cleaved so that the cross section could be scanned. The act of
In this formulation, the electric and magnetic fields in

each layered homogeneous region of a microelectronic struc

- . ) i Size (nm)
ture are expressed in terms of a single, effective electric cur- o 500 1000 1500 2000
rent densityJ.¢ flowing on the surfaces of this region ac- S T - . . . T
cording to the following formulation: L AFM EDGE 11200
E(r,w)=joA(r,w)—Vd(r,m), 3 -
2 g
1 q 800 o
H(r,w)=—VXA(r,w), 8 ol 5
Ho £° 2
an
where w indicates the Fourier frequency component of the

0.1

indicated field. The vector and scalar potentialsAcand ®
are in turn expressed in terms of a surface integral over the
boundary of the medium, where the integrand involves a
scalar Green'’s function and the single effective current den-
sity field Jgg(X, ®).1 Wavelength (nm)

To demonstrate the flexible, yet powerfully predictive _ _
capability of this approach, measurements of photoresist prde: 4 One sidewall of one of the structures above was measured using
. AFM, as indicated, while the two full resist line profiles were computed
files were taken by the far more standard metrology methodgom the light intensity scattering data. This AFM curve was displaced to the

of SEM, as shown in Fig. 3, and AFM, as shown in Fig. 4.right to show how closely the detailed side profiles correspond.
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cleaving, calibrating, and measuring all require precise, care- We conclude with the following observation. Since
ful, labor intensive steps. The present electromagnetic scagbout 1990, the technology of phase shift masks and sub-
terometry method does not have these limitations. Moreovergsolution serif features has become a proven manufacturable
with the accuracy and speed in the newly developed algorithmeans for printing photoresist structures with critical dimen-
mic approach in Ref. 1, 3 situ measurements are becom- sions smaller than the exposure wavelength. The “trick” to
ing practical realities. achieving this was to not only recognize, but to take advan-
It is interesting to note why this electromagnetic scattertage of the fact that the optical mask can be engineered to be
ometry method is so accurate. The results are precisely oignificantly different in structure from the intended printed
posite to what most technologists expect considering that thehotoresist shapes. This can be achieved only by moving
incident wavelength is considerably larger than the nanoscaf@vay from the limitations of conventional geometrical ray
profile features. Part of the explanation is that optical mea®PUcs so as to make full use of the diffraction theory of light
surements are conventionally treated in the geometrical opYNen imaging and exposing photores$iStin this letter, we
tical regime. A typical criterion for imaging in this regime is see that provided the full electromagnetic scattering analysis

the Rayleigh resolution criterfawhich relates the approxi- is taken into account, detailed characterization of structures

. : . much smaller than the incident wavelength can be accurately
mate smallest geometrical spacing between objects to the

wavelength of light used in the opticehaging of these ob- achieved.

jects. However, this resolution criterion does not apply to theM. Yeung and E. Barouch, Proc. SP#B44 484 (200)).

scatterometry method, which does not entail optical imaging.’D: P- Paul and E. W. Conrad, U.S. Patent No. 5,963,828ed at
Although a microscope setup is being used, the settings arem.;;?,tobgcgpg.e:&f 4F(21.9ngﬁershey’ L. C. Litt, I. S. Abdulhalim, B.
not that for conventional geometrical imaging, but rather are Braymer, M. Faeyrman, J. C. Robinson, U. K. Whitney, Y. Xu, P. Zalicki,
set for achieving the detection of scattered light, for each and J. L. Seligson, Proc. SPEB9§ 125(2000.

. . . X. Niu, N. Jakatdar, J. Bao, and C. J. Spanos, IEEE Trans. Semicond.
polarization, at all wavelengths of reflected light. Thus, the ;= 14, 97 (2001

entire diffraction theory of light propagation is taken into S5H.-T. Huang, W. Kong, and F. L. Terry, Jr., Appl. Phys. Lét8, 3983
account, as fully embodied by all of Maxwell's equations in (2001.

classical electromagnetic thedt{.The signals of intensity '\P/'r'e'zgr%zr;fbﬁa\g/\f”opé'”lcggs of Optics6th ed.(Cambridge University

versus wavelength in Figs. 1-4 have little bearing on a geo+;. p. jacksonClassical Electrodynamics3rd ed. (Wiley, New York,

metrical image of the structure. However, by properly taking ,1998.
into account the scattering of electromagnetic radiation off gﬁ)?s. %02'1?{ Eﬁaffé’ffégg' Hollerbach, and S. A. Orszag, Jpn. J. Appl.
these nanoscale structures, detailed information on the struep ¢ 'cole, E. Barouch, E. W. Conrad, and M. Yeung, Proc. IEERE

tural nature can be obtained. 1194 (2001).
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