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Abstract. Optical diffraction has been demonstrated to be a useful
method with which to noninvasively examine materials and structures
that result from lithographic processes used in the semiconductor indus-
try to create integrated circuits. The process of inferring the geometry of
the lithographically created structures from measurements of diffracted
power is rather difficult, due to the highly nonlinear relationship between
the properties of the diffracting structure and the diffraction measure-
ments. To simplify this process, we describe a method that is based on
determining the departures from a set of expected design values. We
show that this method linearizes the otherwise highly nonlinear relation-
ship between structure parameter values and diffraction measurements,
and hence permits analyses using classical linear methods. We develop
a linearized inversion technique to determine key parameters of a peri-
odic structure from an analysis of diffraction data, and illustrate the pro-
posed method for the retrieval of three geometrical parameters (groove
depth, linewidth, and sidewall slope angle), both individually and to-
gether. We tested our method using simulated measurements of power
diffracted by the grating, which were generated using rigorous coupled-
wave theory. We show that our inversion algorithm predicts the correct
value of these three parameters for a variety of geometrical configura-
tions. © 2002 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1416850]
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1 Introduction

As emphasized in the International Technology Roadm
for Semiconductors~ITRS!,1 advances in metrology are e
sential in maintaining adequate and affordable process
tude in the lithographic industry. Metrology not only
needed for characterizing and monitoring every process
stage, such as exposure, post-exposure bake~PEB!, sillyla-
tion, and etching, but is also expected to perform in as
ciation with a seemingly ever-increasing plethora of
quirements, such as being noninvasive, rapid, accur
reliable, andin situ. At the same time, a combination o
new chip technologies, shrinking device geometries, n
process steps, major changes in materials, and different
fer sizes are conspiring to complicate the job of measur
and inspecting processed wafers.

To sustain the successful growth observed by the se
conductor industry over the last three decades, meas
ment science has been continuously witnessing change
lithographic metrology, the past decade has observed a
from mostly imaging techniques~i.e., CD-SEM, AFM! to
nonimaging schemes, such as electrical linewi
measurement2 and more importantly, scatterometry.3–7 The
latter is an optical technique relying on diffraction to pr
vide information about a sample surface, and can be
described as the measurement and analysis of light s
tered from a surface with periodic properties. Light incide
on a periodic structure~e.g., a surface relief grating!, is
Opt. Eng. 41(1) 225–236 (January 2002) 0091-3286/2002/$15.00
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diffracted into distinct orders, with the optical power
each order being sensitive to the geometrical characteris
of the diffracting structure as well as intrinsic properties
the materials comprising it. Conveniently, the power
each diffracted order is relatively easy to measure.

While these features make optical diffraction from su
face relief gratings appealing as a monitor for lithograp
processes, the extraction of relevant constitutive parame
from diffraction data can be quite cumbersome. Statisti
methods such as principal component analysis,8 discrimi-
nant analysis,9 or partial least-square calibration,10 as well
as neural network11,12 and nonlinear regressio
approaches,13 have been proposed and tested with so
success, but still possess a certain number of limitati
including speed and level of accuracy. In addition, all
these methods, except for the last one, require the us
large databases that are typically generated for specific
ometries.

Because lithographic processes are usually quite s
gently controlled, one expects that a fabricated struct
differs from its design structure by only small amounts in
limited set of parameters. We propose a technique to de
mine the departures from this set of expected design val
As a consequence of formulating the problem in this m
ner, the relationship between the parameters that desc
the diffracting structure and the diffraction measurement
linearized, permitting analysis by classical linear metho
We examine the range of departures that can reasonab
225© 2002 Society of Photo-Optical Instrumentation Engineers
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Drège, Reed, and Byrne: Linearized inversion . . .
determined for each of three parameters~groove depth, line
width, and sidewall slope angle!, individually and together.

In Sec. 2 we discuss how scatterometric measurem
contain specific information about the diffracting structu
In Sec. 3 we present the mathematical formalism that fo
the basis of subsequent analyses and examples. In S
we show how our proposed inversion method is applied
simulated data for several different physical structures.
specifically examine the effects that polarization has on
analyses of scatterometry data. We demonstrate the ab
of our proposed method to determine width, height, a
sidewall slope angle of the surface relief profile, witho
any theoretical limitations in the absolute dimensions
those parameters. In Sec. 5 we summarize our results
establish some basic conclusions regarding the propo
inversion method, its strengths, and limitations.

2 Measurement Sensitivity

The experimental configuration that we simulate for
analyses presented is the so-called 2-u configuration,14 and
is shown schematically in Fig. 1. The incident beam and
normal to the diffracting surface form a plane~the plane of
incidence! that is perpendicular to the direction of th
grooves that form the grating. In this configuration the
rection of propagation of the diffracted wave~denoted by
the angleum! is given by the grating equation

sinu i1sinum5mS l

dD , ~1!

whereu i is the angle of incidence,um is the angle of the
m’ th diffracted order,l is the wavelength of the inciden
beam,d is the period of the grating, andm is an integer that
indicates the specific diffracted order (m50,61,62,¯).
Both u i andum are measured relative to the normal to t
grating surface. In our study, we examine cases for wh
the incident beam is linearly polarized in either of two o
thogonal linear polarization states, specifically with~1! the

Fig. 1 Geometry of the diffraction configuration. The enlargement
shows the cross section of a grating linewidth with more details.
226 Optical Engineering, Vol. 41 No. 1, January 2002
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electric field strength,EW , oscillating in the plane of inci-
dence~the TM mode, or,p polarization!, or ~2! the electric
field strength oscillating perpendicular to the plane of in
dence~the TE mode, or,s polarization!. Using the 2-u con-
figuration, only reflected power in the zeroth order is d
tected (m50), so that u052u i . This is merely a
statement of the law of reflection for the undiffracted
specularly reflected order. A measurement set~scatter sig-
nature! is obtained by recording the reflected zeroth ord
irradiance as the incident angle is varied.

The structures studied are surface relief structures
are etched in PMMA and supported by a silicon substra
Figures 2~a!, 2~b!, and 2~c! show theoretical curves for sev
eral different grating geometries for the case of incident
polarized light. For all three graphs of Fig. 2, the grati
period isp50.6mm and the incident beam wavelength
l50.6328mm. In all simulations presented here, the r
fractive index used for silicon isn53.8520.02i , and for
PMMA is n51.5620.01i . For the curves in Fig. 2~a!, the
width of the grating lines,w, is 0.3mm, and the sidewalls
are vertical~slope angles is 0 deg!. The different curves are
for different groove depths, ranging fromd50.50 to d
50.53mm in increments of 5 nm. This group of curve
clearly indicates that sensitivity to groove depth occurs
angular ranges from 0 to about 5 deg, from about 10
about 30 deg, and again for angles greater than abou
deg. These are the ranges for which the curves sepa
from one another as the groove depth is changed.

Figure 2~b! shows a similar set of curves for differen
widths of the grating lines. For the curves in Fig. 2~b!, the
groove depth is held fixed at a value of 0.50mm and the
sidewalls are again assumed to be vertical while the li
width is varied from 0.30 to 0.33mm in increments of 5
nm. Again, it is evident that certain angular ranges exist
which there appears to be sensitivity to the linewidth, b
these angular ranges are not the same as those that po
sensitivity to the groove depth. Specifically, we notice ve
little sensitivity to linewidth for the angular range exten
ing from 0 to 5 deg, the angular range which exhibit
maximum sensitivity for groove depth. However, signi
cant sensitivity to linewidth is apparent for incident angl
greater than about 20 deg, as well as for angles betw
about 7 and 15 deg.

Figure 2~c! shows yet another set of curves for varyin
slope angles of the sidewalls. It is assumed here that b
sidewalls are inclined similarly, so that if one sidewall re
resents an undercut profile, then the other one does a
i.e., the line profile is symmetrical. For all curves in Fi
2~c!, the linewidth at the top of the grating line is 0.3mm
and the groove depth is 0.50mm. It is interesting to note
that the curves for variation of the slope angle of the si
walls are generally similar to those of Fig. 2~b! for varia-
tion of the linewidth.

To more clearly delineate the sensitivity as a function
incidence angle, we examine the partial derivatives of
reflectance with respect to each grating parameter~groove
depth, linewidth, and sidewall slope angle!, i.e., we plot
]R(u,pi)/]pi as a function ofu for i 51, 2, and 3, such tha
p15d5groove depth, p25w5 linewidth, and p35s
5sidewall slope angle. Figure 3~a! shows the partial de-
rivatives as a function of incidence angle for a groove de
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Drège, Reed, and Byrne: Linearized inversion . . .
of 0.5 mm, a linewidth of 0.3mm, and a sidewall slope
angle of 0 deg. Figure 3~b! shows the partial derivative
evaluated ford50.53mm, w50.33mm, and s54 deg.
Both sets of curves clearly indicate the varying sensitiv
that the measurements possess to the angle of incidenc
Fig. 3~a!, the partial derivatives with respect to both slo
angle and linewidth have sharp peaks for an angle of in
dence of about 7 deg, and are nearly zero around 20 o
deg. This is in almost complete contrast to the derivative
reflectance with respect to groove depth, which show

Fig. 2 TE mode angular sensitivity curves for several geometrical
profile parameters: (a) groove depth variation, (b) linewidth varia-
tion, and (c) sidewall angle variation.
In

1

minimum in the angular range from about 6 to 8 deg, an
broad peak that extends from about 12 to nearly 30 d
Figure 3~b! shows that if the partial derivatives were eval
ated at a different location in parameter space, then
sensitivities will, in general, be different. The sharp spi
that was observed in the partials with respect to both s
wall slope angle and linewidth occurs for an inciden
angle of about 10 deg instead of 7 deg. Very little sensit
ity for these two parameters occurs for incidence ang
between about 14 and about 20 deg. In fact, the sensiti
increases only moderately for larger incidence angles. I
manner similar to the case described in Fig. 3~a!, the sen-
sitivity to groove depth is nearly zero at an incidence an
of 10 deg, where the sensitivities to the other two para
eters are peaked. The sensitivity to groove depth ag
shows a broad peak, this time extending from about a
deg angle of incidence to nearly a 35-deg angle of in
dence.

Figures 4~a!, 4~b!, and 4~c! show theoretical curves fo
the same grating geometries as discussed previously@see
Figs. 2~a!, 2~b!, and 2~c!# for the case of incident TM po-
larized light. On comparing Figs. 2~a! and 4~a!, we see that
some general similarities and some differences exist in
character of the curves. For TM polarization, maximu
separation between the curves having different gro
depths is apparent for near normal incidence, decrea
gradually to almost no separation for an incidence angle
about 31 to 32 deg. This character is nearly identical to t

Fig. 3 TE mode angular sensitivity through partial derivatives of
reflectance with respect to groove depth, line width, and sidewall
angle for two different sets of parameter values.
227Optical Engineering, Vol. 41 No. 1, January 2002
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Drège, Reed, and Byrne: Linearized inversion . . .
for TE polarization. The main difference between TE a
TM polarization is that for TM polarization, there is no d
in the reflectance curve for an incidence angle of abou
deg.

By comparing Figs. 4~b! and 2~b!, we see the difference
in the sensitivity to linewidth for the two polarizatio
states. Again, the most notable difference is the lack o

Fig. 4 TM mode angular sensitivity curves for several geometrical
profile parameters: (a) groove depth variation, (b) linewidth varia-
tion, and (c) sidewall angle variation.
228 Optical Engineering, Vol. 41 No. 1, January 2002
dip in the reflectance curves for TM polarization. For T
polarization, the maximum separation between curves
apparent for incidence angles lying between 9 and 13 d
which is similar to that observed for TE polarization. F
incidence angles lying between about 25 and 40 deg,
notice that separation between the curves is less for
polarization than it is for TE.

On comparing Figs. 2~c! and 4~c! showing the sensitiv-
ity of reflectance to the sidewall slope angle, we again
that the most notable difference is the lack of a near z
reflectance region for incidence angles near 7 deg for
TM polarization, and the decreased sensitivity for inciden
angles ranging between 25 and 40 deg for the TM po
ization.

In Figs. 2~a!, 2~b!, and 2~c! we see that there are sma
ranges of incidence angles for TE polarization in which
the curves on a given graph nearly cross one another, s
as the region around 6 and 31 deg in Fig. 2~a!, the region
from 0 to about 4 deg and the region around 17 deg in F
2~b!, and the regions around 3 and 17 deg in Fig. 2~c!.
These stated ranges of incidence angles provide little o
information as to the parameter that is being examin
because the reflectivity measurements are not sensitiv
variations in that respective parameter. This is also sho
in Figs. 3~a! and 3~b! as angular regions for which th
respective partial derivative is nearly zero. For TM pola
ization, this situation is shown in Fig. 4~a! for incidence
angles of about 31 deg, in Fig. 4~b! for incidence angles of
about 20 to 22 deg, and in Fig. 4~c! for incidence angles
between 25 and 40 deg. These relationships between
zeroth order reflectivity and the structural parameters
groove depth, linewidth, and sidewall slope angle form
motivation for using 2-u scatterometry to determine th
structural parameters that describe the grating line profi

3 Mathematical Formalism

In the previous section, we showed that zeroth order refl
tance data are, in general, sensitive to the structural par
eters that describe the grating lineshape. Therefore, we
gin our formalism by approximating the measur
scatterometric data by the functional form that is predic
by the rigorous coupled wave theory~RCWT!.15–18We ex-
press this relationship as

Ri'R̂RCWT~u i ,p!, i 51 . . .m, ~2!

whereRi is the measurement of the reflectance at angleu i ,

R̂RCWT (u i ,p) is the theoretical value of the reflectance
that angle, assuming a set of parameter valuesp, and m
represents the number of angular measurements.

The success in fabricating integrated circuits of sma
and smaller dimensions is due in large part to the qua
and reproducibility of the lithographic processes. Lith
graphic processes used to produce integrated circuits
quite stringently controlled, so that variability from wafe
to wafer and batch to batch is minimized. As part of t
fabrication process, it is common to include a test struct
somewhere on the wafer. This test structure typically ta
the form of a series of lithographically created lines a
spaces—a small diffractive structure. The tacit assump
is that if this test structure possesses a profile that is clos
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Drège, Reed, and Byrne: Linearized inversion . . .
the desired profile, then the lithographic process is of h
quality, and the actual circuitry on the wafer will functio
as designed. Hence, the determination of the lineshape
files in these test gratings is a prime monitor in the fab
cation of integrated circuits.

On considering that the fabrication process is so st
gently controlled, it should be reasonable to expect that
lineshape profile forming the periodic structure should d
fer from the design structure by only small increments in
limited set of parameters. The presence of too large a
parture would certainly be indicative of a flaw in the pr
cess. We therefore formulate a method to determine
departures from a set of expected design values. We de
the difference between the parameter value that descr
the fabricated structure and the design parameter value

Dpj5pj
~a!2pj

~0! , j 51 . . .N, ~3!

wherepj
(0) is the design value for parameterpj , pj

(a) is the
parameter that describes the structure that was actually
ricated, andN represents the number of structural para
eters. With the assumption that allDpj are small, we ap-
proximate the actual expression for the reflectances by
first two terms of a Taylor series expansion, using the
sign values of the parameters as starting points. We exp
this procedure as

R̂RCWT~u i ,p~a!!'R̂RCWT~u i ,p~0!!

1(
j 51

N F ]R̂RCWT~u i ,p
~0!!

]pj
G

p
j
~0!

Dpj . ~4!

When Eq.~4! is substituted into Eq.~2!, we obtain an ap-
proximation to the scatterometric data:

Ri'R̂RCWT~u i ,p~0!!1(
j 51

N F ]R̂RCWT~u i ,p
~0!!

]pj
G

p
j
~0!

Dpj . ~5!

By regrouping terms, we arrive at the following expressi
relating the departures of parameters from their design
ues and differences between the measured reflectance
the expected reflectances based on the design struc
This expression becomes

Ri2R̂RCWT~u i ,p~0!!5DR~u i !

'(
j 51

N F ]R̂RCWT~u i ,p
~0!!

]pj
G

p
j
~0!

Dpj . ~6!

Since this expression is assumed to hold for all angles
incidence, the set of equations for them measuremen
angles can be written in matrix form as

DR5MDp, ~7!

where the elements of the matrixM are defined by:
-

-

e
s

-

s

-
nd
e.

f

Mi j 5
]R̂RCWT~u i ,p

~0!!

]pj
U

p
j
~0!

. ~8!

Equation~7! is a linear system ofM equations withN un-
known Dpj .

If M is a square matrix~number of measurements equa
number of unknowns!, thenDpj can be computed by de
termining the inverse ofM as given by

Dp5M21DR. ~9!

In most cases, however, the number of measuremen
greater than the number of unknowns, and henceM is not
square. This is the overdetermined problem, whose solu
for Dp in this case represents the set of diffractive struct
parameters that provide the best fit to the data in a le
squares sense. In this case, the mathematical conne
between measurements and unknowns is given by
Moore-Penrose pseudoinverse,

Dp5~MTM !21MTDR, ~10!

where the superscriptT denotes the matrix transpose. Equ
tions ~9! and ~10! indicate that our assumption of sma
parameter departures from their respective design va
linearizes the problem. Differences between the actual
flectance measurements and those expected based o
grating design parameters are used to compute profile
partures from design values.

To further evaluate the plausibility of our propose
method, we examine the magnitude of the higher pow
terms in the Taylor series expansion of the reflectance fu
tion. To do this we determine the reflectance as a funct
of incidence angle using RCWT, and then subtract our
ear approximation from it. The result can be termed
residual or the remainder, which is the summation of
terms with powers higher than unity inDpj ~including
cross terms!. If the remainder is near zero, then the pr
posed linearization quite closely resembles the actual fu
tion as computed using RCWT. Figures 5~a!, 5~b!, and 5~c!
show the remainder term for TE polarization for the thr
individual parameters of groove depth, linewidth, and sid
wall slope angle, while Figs. 6~a!, 6~b!, and 6~c! show the
residuals for TM polarization for the same three para
eters. Variation of the linear approximation with inciden
angle is indicated in all of these graphs and gives rise to
representation in three dimensions. For each of the gra
of Figs. 5 and 6, two of the three geometrical paramet
are held constant, while the other is varied. In Fig. 5~a!, as
an example, there is no variation in either the linewidth
the sidewall slope angle, which are held constant at 0.3mm,
and 4 deg, respectively. Only the groove depth is varied
Fig. 5~b!, only the linewidth is varied, with the groov
depth and sidewall slope held constant at 0.5mm and 4 deg,
respectively, and in Fig. 5~c!, only the slope angle is varied
with the groove depth and linewidth held constant at 0
and 0.3mm, respectively.

All of the curves shown in Fig. 5 are relatively flat, an
show most variation for small incidence angles, typica
less than about 10 deg. The surface shown in Fig. 5~a! for
small variation in groove depth is nearly zero for groo
229Optical Engineering, Vol. 41 No. 1, January 2002
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Drège, Reed, and Byrne: Linearized inversion . . .
depth variations between20.025 and10.05 mm for most
angles of incidence. It is interesting to note that for
incidence angle of 30 deg, the surface is nearly zero
parameter variations between20.12 and10.05. One can
conclude from these observations that our linear appr
mation is valid over a limited range of parameter exc
sions, and that these parameter variations are not the s
at all angles of incidence. Generally similar statements
be made about the linewidth and slope angle surface

Fig. 5 TE mode angular reflectance residual after linear approxima-
tion for variation in (a) groove depth, (b) linewidth, and (c) sidewall
angle.
230 Optical Engineering, Vol. 41 No. 1, January 2002
e

f

Figs. 5~b! and 5~c!. The surface shown in Fig. 5~c! appears
to be the flattest surface of the three, indicating that
linear approximation should hold for a wide range of slo
departures for most angles of incidence.

Statements similar to those made about the surface
Figs. 5~a!, 5~b!, and 5~c! can also be made about the su
faces shown in Figs. 6~a!, 6~b!, and 6~c! for TM polariza-
tion. However, one observes that the surfaces for TM
larization are smoother and closer to zero for most ang

Fig. 6 TM mode angular reflectance residual after linear approxima-
tion for variation in (a) groove depth, (b) linewidth, and (c) sidewall
angle.
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Drège, Reed, and Byrne: Linearized inversion . . .
of incidence and for larger departure values than those
TE polarization. Except for the groove depth variation, t
largest variation is limited to incidence angles less th
about 10 deg. This indicates that our linear approximat
appears to be more valid for TM than for TE polarizatio

Our assumption is that if the parameters of the grat
that was actually produced differed only slightly from tho
of the design structure, then the parameter departures
culated using Eqs.~9! or ~10! would produce a structure
that exactly reproduced the measured data. However, in
experimental situation, reflectance data may be produ
by parameter values that depart from the design value
an amount~albeit small! that exceeds the range of validit
of our linear approximation. Hence, because the relati
ship between parameter values and reflectance mea
ments is, in general, highly nonlinear, our linear appro
mation might not produce the correct departure values e
for moderately small parameter departures. To account
this somewhat inevitable situation, we make the invers
process iterative by calculating departures and then up
ing the parameter values, to be used as the starting poin
the computation of new departure values. This proced
continues until no further changes in the parameter va
occur. Each step is equivalent to making a new start
point for the Taylor series expansion. For each iterat
through the process, RCWT is used to connect the meas
ments to the reflectance differences.

4 Inversion Results and Interpretations for
Simulated Data

To evaluate the performance of our linearized invers
process, we simulated diffraction measurements using
RCWT. Reflectance as a function of incidence angle fo
given polarization state was computed for an assumed
sign profile. We then simulated reflectance data by comp
ing the reflectance as a function of incidence angle fo
profile that differed from the design profile by a specifi
amount in one or more of the three parameters previou
discussed. In this section, we describe the results when
simulated data were used as input to our linearized inv
sion procedure.

4.1 Single Parameter Inversions

Figure 7~a! shows the design profile and a groove dep
that is greater than the design value by 10%. Figure 7~b!
shows both the simulated reflectance data for the simul
actual structure~the one that has a groove depth 10
greater than the design! as well as the reflectance data th
would be produced by the design profile for inciden
angles from 0 to 40 deg. The simulated actual reflectanc
generally similar in character to the design reflectan
curve, but has distinct differences. On subjecting the sim
lated actual data to our algorithm, we found that after o
two iterations the groove depth parameter converged to
actual groove depth that produced the simulated data.

We then conducted similar simulated experiments fo
geometry that differed from the design geometry only
the width of the top of the structure by 10% as seen in F
8~a!, and a geometry that differed from the design geome
by 10% only in the slope of the sidewalls, as illustrated
Fig. 9~a!. Simulated data were generated for each of th
cases and analyzed using our algorithm. Figure 8~b! shows
r

l-

y

y

e-

r

-
r

-

-

s

d

both the reflectance data for the simulated actual struc
~the one that has a top linewidth 10% greater than the
sign! as well as the reflectance data that would be produ
by the design profile for incidence angles from 0 to 40 d
Again, we observe that the data for the simulated act
structure has a generally similar character to the reflecta
curves for the design, although the curves are still noti
ably different. When these curves were subjected to
algorithm, we found that after only three iterations, t
width parameter converged to the value of the simula
actual structure.

Figure 9~b! shows both the reflectance data for the sim
lated actual structure~the one that has a sidewall slop
angle 10% greater than the design! as well as the reflec-
tance data that would be produced by the design profile
incidence angles from 0 to 40 deg. We see that for this c
the curves are very similar, differing only by sma
amounts, primarily for incidence angles greater than ab
15 deg. When this data set was used as input to our a
rithm, the sidewall slope parameter converged to the sim
lated actual value in three iterations also.

Figure 10 shows convergence characteristics of each
rameter as it progresses from its initial to its final valu
The percent difference between the actual parameter v
and the one that resulted from each iteration for each of
three cases is plotted as a function of iteration step. We
that the groove depth and grating width each converge
the correct value monotonically, while the slope angle
curred a slight oscillation, overshooting the correct va

Fig. 7 (a) Cross section of a grating profile showing the actual and
design depths, and (b) their respective angular reflectances for the
TE mode.
231Optical Engineering, Vol. 41 No. 1, January 2002



pa-
we

of
ram
on
ce

ro-
han
in

wa
the
ted
ign
in

ow
th

am
sig
r-
t b

lgo-

f a
ion
the
r-

de-
ted
ee
es.

eir

Drège, Reed, and Byrne: Linearized inversion . . .
very slightly after the first iteration. Nonetheless, each
rameter converged to the correct parameter value. If
reexamine the reflectance curves shown in Figs. 7~b!, 8~b!,
and 9~b! that correspond to the simulated data for each
the three cases, we find that although the respective pa
eter differed by 10% in each case, the resulting effect
the reflectance data was quite different. A 10% differen
from the design value for groove depth and linewidth p
duced a reflectance curve that was noticeably different t
that for the design value. In contrast, a 10% difference
sidewall slope angle produced a reflectance curve that
very similar to the reflectance curve corresponding to
design value. In all cases, it can be said that the simula
actual data had generally similar character to the des
data. Hence, we would not expect dramatic differences
the convergence character of the three parameters. H
ever, the specific nature of the convergence results and
effect of a specified percentage departure of a given par
eter on the reflectance curve is dependent on the de
value of that parameter~as well as the amount of depa
ture!, and hence, these convergence results should no
considered to be an inherent property of the inversion a
rithm.

Fig. 8 (a) Cross section of a grating profile showing the actual and
design linewidths, and (b) their respective angular reflectances for
the TE mode.
232 Optical Engineering, Vol. 41 No. 1, January 2002
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4.2 Multiparameter Inversions

In the preceding section, we illustrated the recovery o
single structural parameter using our linearized invers
method and found that it was capable of determining
correct parameter value in relatively few iterations. To fu
ther examine this method, we applied our technique to
termine multiple parameters simultaneously. We conduc
simulated experiments for geometries in which all thr
parameter values differed from the design geometry valu
For this illustration, all parameters were larger than th

Fig. 9 (a) Cross section of a grating profile showing the actual and
design sidewall angles, and (b) their respective angular reflectances
for the TE mode.

Fig. 10 Convergence curves for single parameter retrieval [d(0)

50.5 mm, w(0)50.3 mm, s(0)54 deg] in the TE mode. The percent
error between retrieved and actual values is plotted as a function of
number of iterations.
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Drège, Reed, and Byrne: Linearized inversion . . .
respective design parameter by 10%. Simulated data w
generated for the profile geometry that is shown in F
11~a!. The corresponding reflectance curve that would
produced by this geometry is shown in Fig. 11~b!. The re-
flectance curve that would have been produced by the
signed profile is shown for reference. Not only do the tw
curves differ rather dramatically, they have generally d
similar character. The results of using our linearized al
rithm to process this simulated data are summarized by
convergence curves shown in Fig. 12. The nature of th

Fig. 11 (a) Cross section of a grating profile showing the actual and
design parameters, and (b) their respective angular reflectances for
the TE mode.

Fig. 12 Convergence curves for three parameter retrieval [d(0)

50.5 mm, w(0)50.3 mm, s(0)54deg] in the TE mode. The percent
error between retrieved and actual values is plotted as a function of
number of iterations.
e

-

curves is rather different from the convergence curv
shown in Fig. 10. We see that the convergence of gro
depth is monotonic, while the sidewall slope angle para
eter oscillates significantly before converging to its fin
value, and the linewidth parameter diverges before fina
converging to its final value. It should be remembered t
all three parameters varied during each iteration. In spite
the highly oscillatory nature of the sidewall slope para
eter, it still converged to the correct value, as did the ot
two parameters, in only seven iterations.

All simulations previously discussed assumed that
incident light was linearly polarized in the TE mode. T
determine the effects of the polarization state, we simula
reflectance data for the TM polarization state. The geo
etry of this structure is the same as that shown in Fig. 11~a!.
The TM mode simulated actual reflectance curve is sho
in Fig. 13, along with the TM mode reflectance curve co
responding to the design structure. As can be seen, the
a general similarity in character between the two refl
tance curves; nevertheless, the curves are appreciably
ferent. Figure 14 shows the convergence curve for eac
the three parameters. As in the previous cases, all th
parameters converged to the correct parameter value. H
ever, on comparing this set of convergence curves with

Fig. 13 Angular reflectances for the TM mode corresponding to the
actual and design parameters as defined in Fig. 11(a).

Fig. 14 Convergence curves for three parameter retrieval [d(0)

50.5 mm, w(0)50.3 mm, s(0)54deg] in the TM mode. The percent
error between retrieved and actual values is plotted as a function of
number of iterations.
233Optical Engineering, Vol. 41 No. 1, January 2002
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Drège, Reed, and Byrne: Linearized inversion . . .
for the three-parameter TE mode case, a dramatic dif
ence is quite apparent. For the TM mode case, none of
three parameters converges monotonically to the final
sult. In fact, all three parameters oscillate above and be
their correct values before convergence is attained. Be
its convergence, the slope angle parameter varies betw
an overcut and an undercut profile, but still converges
the correct value.

All of the previous simulations were based on a grat
geometry that had a period of 0.6mm, a linewidth of 0.3
mm, and a groove depth of 0.5mm. To determine if the
grating geometry could be scaled to a smaller value with
similarly scaling the wavelength, we simulated reflectan
data for a grating that was one-half the size of those pr
ously described. The geometry for this grating is shown
Fig. 15~a!. The period is 0.3mm, the linewidth is 0.15mm,
the groove depth is 0.25mm, and the sidewall slope angl
is 4 deg. The simulated reflectance data for this grat
~assuming the incident wave was polarized in the TE mo!
are shown in Fig. 15~b!, along with the simulated reflec
tance that would be produced by a grating for which ea
parameter value was increased by 10%. As shown in
15~b!, the two grating geometries would produce refle
tance curves that differ substantially from one anoth
These reflectance curves were processed using our lin
ized approach, with the result that after six iterations, e
parameter value had converged to its correct value. Fig
16 shows the convergence curves for each of the three
rameters, and indicates that, although the grating struc
simulated had dimensions that were one-half those of

Fig. 15 (a) Cross section of a grating profile showing the actual and
design parameters, and (b) their respective angular reflectances for
the TE mode.
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previous simulated gratings, the nature of the converge
was essentially the same as that for the original grat
geometry.

We also simulated the case in which the incident rad
tion was polarized in the TM mode. The simulated actu
reflectance data for the TM mode~assuming that each pa
rameter was increased by 10% from its design value! is
shown in Fig. 17, along with the reflectance data that wo
be produced by the design structure. We see that these
curves are similar in nature but still differ from one anoth
Again, these reflectances were processed using our a
rithm, and again, all three parameters converged to t
respective, correct values. The convergence is summar
in Fig. 17. As for the TE mode case, all three paramet
oscillated prior to their convergence, with the sidew
slope angle parameter oscillating with the largest am
tude.

As seen in Figs. 12, 14, 16, and 18, the slope param
experiences a large error before converging to the cor
value. We have also observed this behavior in test ca
other than those reported here. This behavior can be
plained by again referring to Figs. 2 and 4, where
showed that the apparent sensitivity to all three geome

Fig. 16 Convergence curves for three parameter retrieval [d(0)

50.5 mm, w(0)50.3 mm, s(0)54 deg] in the TE mode. The percent
error between retrieved and actual values is plotted as a function of
number of iterations.

Fig. 17 (a) Cross section of a grating profile showing the actual and
design parameters, and (b) their respective angular reflectances for
the TM mode.



ig-
re-
se
th.
in
idth
er-
by
la-
ti-
th

the
all
ra-

the
e
sh-

lem
t-
tha
ose
act

p

sign
ter-

a-
ld
ture
of

ent
e

et o

until

idal
th,
ave
nce
s in
ac-
d in
f a
evi-

can
used
ries
ata
in

pa-
was
r in
ten-
rch

ters.
le
iza-
n-

tual
ues
m-
ns.
irect
eter
ase
od
be
e

lief
e

ribed
an

t be
-
for-

ate
that

ploit
ture
try

ra-
n-

ap-
od to
us

te

,

Drège, Reed, and Byrne: Linearized inversion . . .
parameters was approximately the same in magnitude~al-
though varying with angle of incidence!. A more careful
investigation of the reflectance profiles indicates that s
nificantly larger fractional changes in the slope were
quired to produce variations in reflectance similar to tho
produced by fractional changes in either width or dep
The implication is that there is relatively less sensitivity
reflectance measurements to slope than to either linew
or groove depth. The result is that during the linear inv
sion process, more weight is given to fitting the data
appropriate choice of linewidth and groove depth, and re
tively less weight to the specific value of slope. Statis
cally, most of the variance between reflectance data and
fitted curve is accounted for by nearly correct values for
width and depth, while the slope accounts for only a sm
fraction of the variance. Therefore, as our proposed ite
tive process proceeds, the width and depth converge to
correct values with minimal oscillation, while the slop
converges to its correct value in a much more erratic fa
ion.

5 Summary and Conclusions

We have introduced a new approach to the inverse prob
of determining surface relief profile information from sca
terometric data. This approach is based on the fact
microlithographic processes produce structures wh
shapes are very close to the design shapes. When this f
modeled mathematically, a Taylor series expansion~retain-
ing only the first two terms! produces a linear relationshi
between departures in parameter values~actual value minus
design value! and departures in reflectance values~actual
reflectance minus expected reflectance from the de
structure!. The departure values can conceptually be de
mined from the reflectance difference data by a direct m
trix inversion. However, a direct matrix inversion wou
not be expected to produce the exact parameter depar
because of the approximation arising from the truncation
the Taylor series expansion. To overcome this inher
limitation, we propose an iterative procedure in which w
use the previously computed departures to compute a s

Fig. 18 Convergence curves for three parameter retrieval [d(0)

50.5 mm, w(0)50.3 mm, s(0)54deg] in the TM mode. The percent
error between retrieved and actual values is plotted as a function of
number of iterations.
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new refined parameter values. This process continues
no further changes in parameter values occur.

In this study, we have considered a general trapezo
surface relief structure, parameterizing it by depth, wid
and sidewall slope angle. Using the rigorous coupled w
theory, we have demonstrated that zeroth order reflecta
data are angularly sensitive to these three parameter
varying amounts. These observations confirm that diffr
tion measurements from periodic structures can be use
a metrology concept to determine the characteristics o
microlithographic process, as has been discussed pr
ously in the literature.3,5,6

To demonstrate how our proposed linear technique
be applied to determine the three parameters that were
to define the surface relief geometry, we conducted a se
of numerical experiments. We simulated reflectance d
for structures that differed from the design geometry
only a single parameter by 10%. Independent of which
rameter departed from its design value, our technique
able to recover the actual parameter value with no erro
less than seven iterations. To further demonstrate the po
tial of our technique, we generalized the parameter sea
to simultaneously seek departures in all three parame
To illustrate the ability of our technique to retrieve multip
parameters, reflectance data for both TE and TM polar
tions for two different surface relief geometries were ge
erated. In each of those four cases, for which the ac
parameter values differ from their respective design val
by 110%, our technique converged to the actual para
eters, again with no error and in less than seven iteratio

Because the method proposed here is based on a d
relationship between measured reflectances and param
values, it eliminates the need to create a large datab
which comparisons are made. Therefore, this meth
should be faster and also more flexible, in that it can
used to analyze widely differing structures. Although w
show only examples of one generic type of surface re
geometry~trapezoidal!, the concept is applicable to a mor
general class of geometrical shapes that can be desc
by additional parameters. In principal, one can describe
arbitrarily complex shape defined byN parameters; how-
ever, zeroth order reflectance measurements may no
very sensitive to all of theseN parameters. For more com
plex geometries, it becomes important to analyze the in
mation contained in the measurement set, so as to estim
the number of independent and sensitive parameters
can be derived from the data. Hence, one needs to ex
the observations drawn in Sec. 2 about the specific na
of the sensitivity of the scatterometric data to the geome
of the structure and to the polarization of the incident
diation. Furthermore, sensitivity to wavelength in the co
text of spectroscopic scatterometry19,20 can also be intro-
duced.

Based on our results, we feel that the linearized
proach presented here could easily be used as a meth
analyze scatterometric data collected in real time, th
making it attractive for in-line, and possibly comple
batch, wafer inspection.
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