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1 Introduction

Abstract. We investigate the effect of finite laser bandwidth on line-
space (L/S) imaging, both through simulations and experiment. We will
show that the primary effect of laser bandwidth is a change of the optical-
proximity behavior of the scanner, i.e., a modification of the critical di-
mensional pitch [CD(Pitch)] characteristic, and that depth of focus typi-
cally remains unaffected. The simulation part of this study resulted in a
simple estimator, expressing bandwidth-induced CD changes in terms of
the “quadratic focus-sensitivity” (=1/2 d°CD/dF?) of the L/S structure, a
parameter which we call the “second moment” of the laser spectrum, Mo,
and the longitudinal chromatic-aberration of the scanner (dF/d\) only.
The experimental part of this study, in which we measured CD(pitch)
curves at different laser-bandwidth settings of the ASML XT:1700i NA
=1.20 immersion scanner at Interuniversitary Micro-Electronic Centre
(IMEC), confirms the results of the theoretical part, while relating the
bandwidth dependency of the CD effects also to the experimentally avail-
able E95 metric. We conclude that even though the laser bandwidth of
modern scanners is quite low, bandwidth effects do contribute to their
proximity behavior and impact proximity stability as well as scanner-to-
scanner proximity differences. We present a critical evaluation of current
laser-bandwidth metrics and comment on the trade-off between the av-
erage laser bandwidth and laser bandwidth stability in order to achieve a

required level of proximity control (e.g., between scanners). © 2008 Society
of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.2964297]
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can, in principle, be done by sampling the actual laser spec-

Several studies of the effect of finite laser bandwidth on the
critical dimensional (CD) of line-space (L/S) structures
have been published in the past,k8 and the basic effect is
well known. Even though laser wavelength (and, hence,
bandwidth) affects several lens aberrations, by far the major
effect is the formation of separate best-focus planes by each
of the wavelengths in the laser spectrum, leading to a net
focus blur in the resulting image. The projection-lens de-
pendency of this effect is described by the longitudinal
chromatic-aberration constant, defined as

dF
F\= N units:[ wm/pm]. (1)

The value of this lens constant is different for every lens
type, but typically ranges in the 0.2—0.5 wm/pm range®.
Throughout this paper, we will use the F) value of the
ASML XT:1700i NA=1.20 immersion scanner, though we
cannot explicitly state its value in this paper because of
confidentiality reasons.

Lithographic simulations are usually done under the as-
sumption that the illuminator is monochromatic, but when
the value of F) is known, finite-laser bandwidth simulations
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trum by a finite set of individual wavelengths, A, and then
making an incoherent superposition of the image intensities
of each of the contributing wavelengths. The image formed
by wavelength \; is calculated as the image at a defocus
AF;=F) (\;=\), where (in this paper) we define A to be
the wavelength where the maximum laser intensity occurs.
This procedure is represented in Eq. (2) and illustrated in
Fig. 1. If I,,(F) is the image intensity at defocus F calcu-
lated in the monochromatic case, then the finite-bandwidth
image intensity, corresponding to the laser spectrum S,
which we will write as Ig, becomes

f dAN S(AN) 11\ (N) Ej S(A)\j)ll)\()\j)
f dAN S(AN) 2,;5(an)

B Ej SHAF ) )\(F))
- Zsar)

ISZ

2)

S(AN) is the laser spectrum (i.e., the relative intensity ver-
sus wavelength), with AN;=(\;—\). The second part of
Eq. (2) rewrites the superposition in terms of defocused
images, putting AF;=F,A\;, and “converting” the laser
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Fig. 1 Representation of a finite-bandwidth CD calculation: the im-
age intensity is calculated as a weighted sum of monochromatic
images for a finite wavelength sampling over the laser spectrum. AA
and A\ stand for the total width of the sampling interval and the
sampling distance, respectively (see Sec. 2.2).

spectrum S into defocus units (i.e., S(AN)AN=S(AF)AF).
(Note that the sum approximations of the original integral
expression assume a simple uniform sampling plan. More
efficient calculation of the integral can also be done by
some suitable “quadrature” integration, in which case ap-
propriate weight factors w; would have to be added in the
sum terms of Eq. (2).

In case one wants to do only the “resist-image”
calculations,’ I}, and I are 1-D intensity functions, and
CDs are obtained by applying an intensity threshold. In the
case of full-resist model (FRM) simulations, 7, and I de-
scribe the (2-D) image intensity within the entire resist
layer, and CDs are obtained by applying a resist model.

Simulations of the type of Eq. (2) have been done be-
fore, though usually in the simple resist-image approach
(i.e., not using a FRM). Also, no study has yet been pub-
lished in which the effect of bandwidth was studied in a
systematic way, including, e.g., dependencies on L/S type,
illumination mode or changes in the laser spectrum. This
paper is an attempt to fill this gap. On the basis of such a
more systematic simulation study (Sec. 2), we will first
come up with a simple “estimator” or “law” that describes
the bandwidth-induced CD effects in terms of simple met-
rics that represent the lens, the laser spectrum, and the
defocus-behavior of the litho structure. Then (Sec. 3), we
report on an experiment in which we verified the results of
the simulation work, an experiment in which we measured
CD(pitch) curves on the XT:1700i NA=1.20 immersion
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Table 1 List of less common symbols and quantities used in this
paper.

Quantity Unit Meaning Definition

F\ pum/pm Longitudinal chromatic dF/ad\

lens aberration

Quadratic focus
sensitivity of litho
structure

Qr pm/ pm? 3PCD/ dF?

S(\) Laser spectrum
(i.e., intensity
versus wavelength)

Second moment
of laser spectrum
S(N)

Eq. ®)

We use small caps Eq. (7) or
if the quantity 12)
referred to is the result
of a proportionality
fit between
ACD and Qf,
as given in Eq. (7) or (12),
and not calculated
from a laser spectrum
S directly.

my pm?

E95 pm Wavelength interval Ref. 2
containing 95%
of the energy
E99 pm Wavelength interval Similar to
containing 99% E95
of the energy

scanner at Interuniversitary Micro-Electronic Centre
(IMEC), under different settings of the laser bandwidth.
Finally, in Secs. 4 and 5, we try to convert the findings of
this paper into practical conclusions concerning laser-
bandwidth metrics and comment on the relation between
the laser-bandwidth requirements and the optical proximity
effect (OPE) budget of the scanner. The reader, who does
not want to go through all the technical details of this paper
but is only interested in its practical conclusions can skip
Secs. 2 and 3 and can go to Secs. 4 and 5 immediately.
Throughout the paper, we will be using a number of quan-
tities and symbols that would be less known to the general
reader. Table 1 summarizes these.

2 Simulation Study of the Laser-Bandwidth
Effect

21 Laser Spectra

Simulations of finite-bandwidth effects reported in the lit-
erature are sometimes being done assuming a certain func-
tional shape for the laser spectrum, S(\), like a Gaussian,
Lorenzian, or “modified Lorentzian™ function, but it is
preferable to use measured laser spectra, which has also
been done before.' 8 (Ref. 8, in particular, discusses the
differences between the approximations and measured
spectra.) Although analytical functions resemble actually
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Fig. 2 Six laser spectra used in the simulation part of this study. The
horizontal wavelength scale is normalized by dividing it with the E95
value of each of the spectra to better show the shape differences
between the spectra.

measured laser spectra quite well in the higher-intensity
part of the spectrum, they do not necessarily match the tails
of measured spectra very well, and as a consequence, the
through-pitch/through-focus CD differences for the best
Gaussian and modified Lorentzian analytical fits to the
measured data is several nanometers.® The reason is, as we
shall demonstrate later on in this section, that these tails
play an essential role in the magnitude of the bandwidth
effect; thus, in the current study we have always used spec-
tra that were measured at Cymer on actual 193 nm excimer
lasers.

We put together a set of six spectra that differ from each
other in shape and width. The shape and width were inten-
tionally varied using nonstandard operating modes to cover
a very broad range of conditions, which should exceed
what can be expected on production lasers, but it is impor-
tant to note that all spectra used still meet the bandwidth
spec of current hyper-NA scanners (i.e., E95 smaller than
some maximum value, e.g., 0.5 pm). Figure 2 shows the
spectra used in the simulation part of this work. Doing
simulations for different spectral shapes will help ensure
that the conclusions of our work are not too dependent on
the particular spectrum that was used. Table 2 shows the
E95 values for each of these six spectra. (A definition of the
E95 metric can be found in Ref. 2.)

2.2 Laser Spectrum Sampling

First, we will look into the question how we should best do
the spectrum sampling when doing a finite-bandwidth im-
age calculation [type Eq. (2)], i.e., how many wavelengths
should we include and where should we place them? The
goal is to find a trade-off between accuracy and calculation
time: including more wavelengths is, in principle, more ac-
curate but also unrealistically pushes the calculation time.

We will look into this sampling question in two steps,
trying to establish a reasonable choice for

1. AA=the total width of the sampling interval
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Table 2 Six laser spectra used in our simulation study. The metrics
E99 and M, will be defined further on in this paper. M, was calcu-
lated with a 29 points sum formula [see Eqg. (8)].

Spectrum E95 E99 M,
Label (pm) (pm) (pm?)
S0 0.27 0.468 0.00448
S1 0.233 0.360 0.0036
S2 0.378 0.593 0.00765
S3 0.160 0.224 0.00169
S4 0.218 0.285 0.00357
S5 0.327 0.522 0.00523

2. AN=the distance between the sampling points

(For the time being, we will assume evenly spaced sam-
pling points, which, in fact, is not necessarily the optimum
scenario.) The two quantities AA and A\, are illustrated in
Fig. 1.

We used two sampling schemes to determine reasonable
settings for AA and A\:

1. Using very small values for AN, start probing the
spectrum from its maximum (\,) onward, gradually
adding more wavelengths at either side of the maxi-
mum, thus gradually increasing the total sampling
width AA

2. For a given total sampling width AA, and starting
from a fine sampling distance AN, gradually increase
AN, thus gradually decreasing the number of wave-
lengths used to sample AA.

In both cases, we calculate the bandwidth-induced CD
change for a number of L/S structures and look for an eco-
nomic sampling scheme that still gives a result that is close
to the CD result obtained with the most extensive sampling
case, which we take as the actual bandwidth effect. Of
course, the optimum that will come out will depend on the
accuracy one wishes to obtain, and in that sense, it is sub-
jective. But we do the exercise for several pitches and for
our six laser spectra to be at least more or less independent
to these two “variables.”

For simplicity, we have done the calculations of this
section by extracting CDs using a fixed threshold on 1-D
resist images. Rather than the absolute CD values, we are
interested in the CD change with respect to the monochro-
matic case, i.e.,

ACDg(AA,AN) = CDg(AA,AN) — CD,, 3)

CDy and CDg being the monochromatic and finite-
bandwidth CD respectively, for a given spectrum S(\) and
sampling parameters AA and AN. (Note: the mask line
width for each of these pitches was taken such that all L/S
structures print at 50 nm for a common resist-image thresh-
old.)
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Fig. 3 Simulation of bandwidth-induced CD changes, ACDg, using different spectrum-sampling conditions (NA=1.20 cQuad20 0=0.96/0.60
XY-polarized, MoSi mask, resist-image calculation with Solid-E, image convolution with off-line software). (a) Sampling scheme 1, with A\
=fixed at 0.006 pm. Calculated is ACDg(P) versus AA for seven different pitches P (value of pitch indicated in plot). (b) Rescaled version of (a)
with averaging over all pitches [vertical scale rescaled according to Eq. (4)]. Shown are the results obtained with all six laser spectra of Fig. 2.
(c) Sampling scheme 2, with AA=2E95. The numbers next to the data points indicate how many sampling wavelengths were used in the
calculation (numbers between 9 and 73 not indicated in the plot). Example of spectrum SO; the other spectra show similar results.

The results of this exercise are shown in Fig. 3. Figure
3(a) first of all shows the calculated ACD-results versus
AA, for each of the seven pitches included in the calcula-
tion. Obviously ACDy is different for all pitches, which is
easy to understand: denser L/S structures have a weak CD-
(focus) dependency and will be less sensitive to the band-
width effect, which consists of a convolution of images
over defocus, than semidense or isolated structures that
have a stronger CD(focus) dependency. However, in all
cases we find that ACDg(AA) saturates at the high AA-end
of the curve. If we rescale all ACDg(AA, P) curves by di-
viding them by ACDg™(P) (ie., their value at AA
=AA,,.0), thus showing the relative bandwidth effect for a
given value of AA,,,, we find that these rescaled curves are
identical for all L/S structures included (i.e., the rescaled
curves are pitch independent). Figure 3(b) shows the result-
ing rescaled curves, averaged over all pitches P,

ACDg(AA, P)

ACDE(AA) =M
5 (AA) = Mean, ACDY™(P)

(4)
in which we now have also scaled the horizontal axis by
expressing AA in units of E95, and where we have repeated
the calculation for the six laser spectra of Fig. 2.

Although there is an obvious dependency of
ACDg!(AA) on the actual spectral shape, it is also clear that
the sampling interval should be somewhere between 2E95
and 3E95 to capture ~90 to 100% of the bandwidth effect,
whereas a sampling interval of E95 would only capture
~60% of the total effect. This underlines the importance of
including the tails of the spectrum into the calculations,
which can be easily understood: even though the tails of the
spectrum only carry low intensity, they contribute to the
image convolution of Eq. (2) with “far’-out-of-focus im-
ages.

For the remainder of this section, we will use a sampling
interval AA=2E95, which “captures” >~90% of the
bandwidth effect for the six spectra we consider. It must be
remarked, however, that the correctness of this statement is
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somewhat dependent on the accuracy with which the far-
tail intensity of the spectrum is known. For AN>E95, the
intensity of our experimental spectra becomes <0.1% of
the peak intensity, and an accurate measurement of such
low intensities requires very careful background subtraction
and detector deconvolution. A detailed discussion of these
topics, though very interesting and in fact important, is be-
yond the scope of the current paper, and we will assume
here that considering a sampling interval AA=2E95 is suf-
ficient indeed. Useful to note is that, again for the six spec-
tra considered, this 2E95 interval contains ~99% of the
total energy in the spectra. In Table 2, we have added the
values of a E99 metric of each spectrum. E99 has a similar
definition as E95: it is the width of the interval containing
99% of the total spectrum intensity. With respect to the
bandwidth effect on ACD?l(AA), Fig. 3(b) tells us that E99
should more completely describe the bandwidth effect on
CD compared to E95.

Figure 3(c) shows the result of the second sampling
type: we now fixed AA=2E95 and vary AN from very
small to large, thus also decreasing the number of sampling
wavelengths used. Again we found that rescaling ACDg by
its maximum value removes the pitch dependency in our
results; thus, we only consider the pitch-averaged curve for
each of the six spectra. Also here, we express the horizontal
scale in units of E95. Reading the graphs of Fig. 3(c) from
right to left, we see that three and five sampling points
seem insufficient for capturing >90% of the bandwidth ef-
fect, but a sampling with seven or nine wavelengths seems
sufficient. The corresponding sampling distance is AA
~E95/4. Thus, the conclusion of this section is that we do
not need to include very many sampling wavelengths into a
finite-bandwidth calculation to achieve fairly accurate re-
sults.

By considering a clever nonuniform sampling scheme, it
is likely that the number of required samples could be fur-
ther reduced, probably to five or seven. In the remainder of
this section, we will however continue to use the simple
uniform-sampling approach.

Jul-Sep 2008/Vol. 7(3)



De Bisschop, Lalovic, and Trintchouk: Impact of finite laser bandwidth...

I\ AA
MVVCVGM
e ——— ~
. > S —
S

Fig. 4 lllustration of how the finite-bandwidth images at several de-
focus positions (black dots) were calculated by superimposing
saved resist-images at a finer spacing (black and open dots). A
resist model is then applied to the convoluted images.

2.3 Bandwidth-Induced CD Changes Calculated
with Full-Resist Model (FRM)

2.3.1 Simulation cases and conditions

We will now report a more systematic simulation of
bandwidth-induced effects, investigating the effect through
pitch, for several illumination modes and for the six laser
spectra of Fig. 2. We will not only consider the effect in
best focus, but calculate through focus (to look for possible
effects on depth of focus), and we will use a full-resist
model, not to be affected by the simplifications which the
threshold-on-resist-image approach might invoke.

Because of the volume of the simulation work and the
fact that full-resist simulations are more time consuming
than threshold-on-resist-image-type calculations, we im-
proved the efficiency of our calculation approach in the
following way (see also Fig. 4). The 2-D image intensity in
resist was first calculated at a set of defocus values, with a
focus spacing AF, which was consistent with the desired
AN sampling (i.e., AF=F\A\), and all these images were
separately saved. Then, the finite-bandwidth CD for a given
defocus value F was calculated by superimposing the saved
images at a set of n defocus values F; around F according
to Eq. (2), the values of measured spectrum S being inter-
polated at the selected F; positions.

With this approach, all images only need to be calcu-
lated once and can then be reused for combining them into
the finite-bandwidth images at the different defocus posi-
tions of interest, and also the calculation can easily be re-
peated for a different laser spectrum, as this only calls for a
different weighting in the convolution of the “monochro-
matic” images. As such an approach could not be done with
the commercial simulators we had at our disposal,10 we
collaborated with the group of Andreas Erdmann of the
IISB Fraunhofer Institute in Erlangen, Germany: their in-
ternal simulator, Dr.Litho 0.5, was setup to achieve the re-
quired intermediate image saving, image convolution, and
application of the resist model to the convoluted (i.e.,
finite-bandwidth) images.
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Table 3 lllumination mode and pitch ranges used (6% attenuated
PSM MoSi mask). cQuad20 has four pie-shaped poles with a
20 deg opening angle, placed on the X- or Y-axis. DipoleX35 has
two pie-shaped poles with a 35 deg opening angle, placed on the
X-axis. Quasar35 has four pie-shaped poles with a 35 deg opening
angle, placed on the diagonal between the X- and Y-axes.

Pitches lllumination Source

Label included (nm) Touter! Tinner polarization

Annular1 95-400 Annular XY polarized
0=0.96/0.80

cQuad 95-400 cQuad20 XY polarized
0=0.96/0.80

DX 95-400 DipoleX35 Y polarized
0=0.96/0.80

Annular2 135-400 Annular XY polarized
0=0.96/0.80

Quasar 135-400 Quasar3s Unpolarized
0=0.96/0.80

According to the results of Sec. 2.2, we made sure that
in all cases the sampling covered a 2E95 interval (also for
the largest E95 of the six spectra), and that the sampling
distance was not larger than E95/4 (also for the smallest
E95), which led us to a 29-sampling point scheme. (Note
that we need a 29 point sampling only because we wanted
to simultaneously accommodate six different spectra.)

Table 3 illustrates the illumination settings and pitch
ranges we used in the calculations. These settings are rela-
tively arbitrary but were chosen to represent a reasonably
wide range of conditions at NA=1.20 L/S printing. For
each illumination mode, the dose to size was calculated for
the smallest pitch (in the monochromatic case), and the
mask line width for the other pitches was biased to print to
45 nm at the same dose. We used an identical dose for the
finite-bandwidth and monochromatic calculations.

2.3.2 Quantities calculated

We calculated CD(Focus) curves both in the monochro-
matic (1\) and the finite-bandwidth [S(\)] case. Such a CD
versus focus curve can usually be fitted quite well by a
parabola,

CD(F) =CDy + Qp(F — F)*. (5)

All calculated curves are actually well fitted by this simple
parabolic function, which implies that we can look for the
effect of finite bandwidth on the three fit-parameters

1. CDy: CD at “Best Focus™ F|, [being taken here as the
top of the CD(F) curve]. This is the quantity that
corresponds to the OPE effect.

. Fy: position of this Best Focus.

. Qp: “quadratic focus dependency” of the L/S struc-
ture (=1/2 d*CD/dF?; expressed in microns per
microns squared).

[SSINS)
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Fig. 5 lllustration of the quadratic fit of a CD(Focus) curve, and the
meaning of the Qg factor.

Especially, this quadratic focus dependency, or Q. fac-
tor, will turn out to be very useful in the quantification of
the bandwidth effect, as we shall see further on; thus, it is
useful to consider it in a little more detail.

Q=0 means that the CD(F) behavior is almost iso-
focal and, hence, that the depth-of-focus (DOF) will be
large. A large value of |Qf| implies a small DOF. Although
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there is no formula linking Q directly to the DOF as it is
usually defined, we can “convert” the fitted value of Qp
into a DOF-like quantity (which we write as DOFp), using
the following definition (see also Fig. 5):

CD,/10
DOFor =24/~ (6)
[

DOF . is the focus interval for which CD(F) stays within
10% from the value at best focus, Fy. If |Q] is too large,
then this focus interval will be “unmanufacturably” small.
An example can give us a feel for the order of magnitude.
Assume that CDy=45 nm and that we require DOFqyp=
~100 nm, then it follows that we require |Q|=
~1.8 um/um?.

2.4 Simulation Results, Comparing Finite-Bandwidth
to Monochromatic Case

2.4.1 Optical proximity effect, ACDy(P)

ACD, corresponds to the CD difference between the finite-
bandwidth CD and monochromatic CD, calculated in best
focus, and is similar to the quantity defined in Eq. (3) (i.e.,
ACD,=CD,(S)-CDy(monochromatic), S again represent-
ing the selected laser spectrum).

We have calculated this quantity for the six laser spectra
of Table 2 and the five Illumination-mode cases of Table 3
(and their corresponding pitches). Figure 6 shows an

Oﬁ
1
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A
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Fig. 6 Calculated values of finite-bandwidth—monochromatic CD differences, ACDy(P), for the six laser spectra of this study, plotted versus
pitch as well as versus Qg(P). Examples for the cQuad and one of the Annular2 settings of Table 3, calculated with the FRM.
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Fig. 7 Values of the fitted proportionality factor mf¥, for the five illu-

mination settings of Table 3, calculated both with the FRM (closed
symbols) and with a simple threshold-on-resist-image model (open
symbols).

example of the result we obtained, for the case of the
cQuad illumination and one of the Annular cases. Figure
6(a) plots the calculated ACD, data versus the pitch of the
L/S structures. The bandwidth effect is clearly dependent
on the pitch, confirming that finite-bandwidth contributes to
the optical proximity behavior of the scanner, and hence, to
scanner-to-scanner proximity differences (if the scanners
have different laser spectra or different models of scanner
which may have different levels of chromatic aberrations).

Figure 6(b) replots the same data but now using the Qp
factor for each of the L/S structures on the horizontal scale.
It is immediately clear that the second plot reveals propor-
tionality between ACD,, and Qp, which we write as (the
reason why it is convenient to introduce F i into the propor-
tionality between ACD, and Qp will become apparent in
Sec. 2.5)

ACDy(P) = m3'(S)FRQp(P)  [m3]=pm®. (7)
For now, the proportionality factor mglt is a mere fit param-
eter only. It obviously must depend on the laser spectrum S,
but at this point the exact relationship is still unknown. (We
will however propose an equation expressing the relation
between mb' and S in Sec. 2.5). Interestingly, m5" is found
to be largely independent of the illumination mode: to
within 10%, we find identical values of mg‘, and also, when
repeating the same simulations with the simpler threshold-
on-resist-image approach (for the same cases), we find val-
ues for m5" that are quite close to the FRM values. This can
be seen in Fig. 7, where the values of mg“, for the six laser
spectra and the five illumination modes are plotted, both
calculated with the FRM and the threshold-on-resist-image
mode. This observation suggests that mgt depends primarily
on the details of the laser spectrum itself, but is virtually
independent of the L/S structure and illumination mode. We
will show that this is indeed the case in Sec. 2.5. In Fig. 7,
we plot mgt versus E95 and see that these two parameters

seem to be correlated, but this relationship is not yet clear
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Fig. 8 Calculated value of Qf for the case of monochromatic illumi-
nation (labeled 1)) and for the six laser spectra of this study. For the
“manufacturable” (unassisted) L/ S structures (|Qg| =2 um/um?) la-
ser bandwidth does not affect Qf (cases of annular1 illumination).

at this point (but we return to this argument in Secs. 2.5 and
3.2).

A practical note with respect to the magnitude of the
ACD, values shown in Fig. 6, is that we must remind that
structures with large |Q4| values (>~2 um/um?) would
not occur in actual designs. Large-pitch L/S structures
would normally have assist features to increase their DOF
and decrease |Qp|, hence also decreasing ACD,,. Thus, the
ACD, values in Fig. 6 are overestimating the to-be-
expected OPE effect in realistic cases. Also, we are often
not so much concerned with finite bandwidth versus mono-
chromatic CD differences, but rather with CD difference
that correspond to different laser spectra. We will return to
this argument in Sec. 4.

2.4.2 Through-focus behavior

It is interesting to also investigate a possible bandwidth
effect on the fit parameters F;, and Q of Eq. (6), i.e., in-
vestigate whether the finite-bandwidth affects Best Focus
and DOF.

Asymmetries in the shape of the laser spectrum (and
these indeed do occur in all the measure spectra we are
using in this study) do generate small best-focus shifts, but
in the cases we calculated, these best-focus shifts are al-
most pitch independent and not larger than ~5 nm between
different spectra. Therefore, these calculated best-focus ef-
fects have no practical consequences and can be further
ignored.

Intuitively, one might expect that the finite-laser band-
width would affect the value of O and, hence, the DOF,
but our simulations show that this is not the case, (except
for structures with |Qp| > ~5 um/um?). If, as we argued
before, we assume that “manufacturable” structures must
have |Qp| =~2 um/um?, we find no difference in the
value of Qp between monochromatic simulations and the
finite-bandwidth cases of this study. Figure 8§ illustrates our
results for the case of one of the Annular settings, where we
show only the simulation results for L/S structures with

|0F| =2 um/pum?.
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The conclusion is that the effect of finite laser bandwidth
on the through-focus behavior of the L/S structures is neg-
ligible. It is however good to mention explicitly that this
conclusion applies to the “normal” type of laser spectra
only (i.e., spectra that conform with the max-E95 spec) and
that our conclusions do not apply to special applications
using, e.g., focus drilling, FLEX or RELAX, in which case
DOF is affected. RELAX,'' for example, uses a strongly
modified laser spectrum (consisting of two peaks instead of
one) and does therefore not fit into the class of spectra we
are considering in the current study.

2.5 Analytical Estimator for the Bandwidth-Induced
OPE Effect

In this section, we investigate whether and how we can
relate the bandwidth-dependent proportionality factor, mfz't,
of Eq. (7) to the actual spectrum S(\). In Sec. 2.4.1, we
showed that the fitted value of mgt is approximately the
same in case of threshold-on-resist-image or full-resist
model simulations. When making certain assumptions
about the shape and focus dependency of the resist image,
one can, in fact, derive an approximating analytical expres-
sion for m", '

What we find is that m}' can be related to the laser
spectrum by

400

dNNS(N) S NS0
JjJ J

f sy 250y

—o0

mi(S) = MA(S) = (8)

in which we call M, the second moment of the laser spec-
trum S. (Note that this quantity is similar to the rms metric
in Ref. 6.) Equations (7) and (8) can then be combined into

ACDy(P) = FyM,(S)Q#(P) (9)

[ACD, represents for the CD difference between a mono-
chromatic illumination and an illumination with a spectral
distribution S, but one can easily rewrite Eq. (9) to repre-
sent the CD difference between two different spectral dis-
tributions, S, and S,, by replacing the M, term at the right-
hand side by AM,=M,(S,)—M,(S,).] The proof of this
equation, as well as the assumptions made to derive it, is
given in the Appendix. Although Eq. (9) is really an ap-
proximate formula, our work (including the experimental
part in Sec. 3) indicates that it is actually sufficiently accu-
rate for most practical purposes.

We tested the validity of Eq. (9) on the simulated data of
this section by verifying the correlation between the fitted
m}" values (see Fig. 7) and M, as calculated from the spec-
trum S using Eq. (8), in which we replaced the integral by
a sum over the sampling wavelengths we used in the simu-
lation (recall that we actually did a 29-wavelength sampling
in our simulations). The result of this correlation is shown
in Fig. 9 and confirms that Eq. (8) is a reasonable approxi-
mation. (If mglt is exactly equal to M,, the slope of the
correlation plot in Fig. 9 should be 1. This is however not
the case. In the Appendix, we show that this is largely due
to the fact that the Q value we use in the fit of Eq. (7) was
obtained from a parabolic fit representation of the CD(F)
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Fig. 9 (a) Correlation plot between the fit parameter mgt and M,
calculated with Eq. (8) (applied to the 29-point sampled spectra of
this study), supporting the validity of Eq. (8). (An improved correla-

tion is shown in Fig. 17 in the Appendix.) (b) correlation plot between
the fit parameter miit and the E95 value (calculated from the 29-point

sampled spectra of this study). These data are consistent with a
quadratic dependency, m2‘~ E952.

dependency [see Eq. (5)], whereas it is more accurate to fit
CD(F) with a fourth- or even sixth-order polynomial. If we
use such a more accurate formula, then the mg“ to M, cor-
relation slope increases to values between 0.93 and 0.99, as
can be seen in Fig. 18 in the Appendix.)

Equation (9) is attractively convenient; it expresses the
finite-bandwidth effect as a product of a factor that depends
on the lens design only (F3), one that depends on the
through-focus behavior of the L/S structure only (Qp) and
one that depends on the laser spectrum only (M,). Note that
also a change in illumination mode or resist process would
be entirely incorporated in Q. A major inconveniency of
this expression, however, is that, in general, M, is un-
known. Onboard laser metrology does not measure this
quantity, the traditional bandwidth metric being E95. Also
when the laser spectrum is measured on an external spec-
trometer, as was the case for the six spectra used in this
study, the calculation of M, is problematic. The occurrence
of the \? factor in its definition, see Eq. (8), easily leads to
a diverging integral, unless the intensity in the tails of S(\)
is sufficiently small. Accurate measurements of these tails
impose severe demands on the dynamic range and back-
ground subtraction of the S(\) measurement, demands that
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are not easy to meet. (Note that we did not have that prob-
lem when calculating M, for the correlation in Fig. 9: as we
did the simulations with a limited set of sampling wave-
lengths, we created cases where the spectrum tails do not
extend beyond the 29 sampling wavelengths, and therefore,
the calculation of M, poses no problem.)

From a practical point of view, it would be more practi-
cal to have an Eq. (9)-type expression that would relate the
bandwidth effect to E95, rather than M,, as E95 is readily
available from the onboard laser metrology. The theory,
however, does not offer such an equivalent equation. If one
assumes an analytic functional expression for S(\), such as
a Gauss or a (modified) Lorentz function, one can, in prin-
ciple, derive a functional relationship between E95 and M,
but the result one obtains depends on the function that was
selected, and for some functions of S, the M, integral even
diverges. Nevertheless, both a Gauss and a modified
Lorentz’ lead to a quadratic dependency between E95 and
M,. Equation (10) gives an expression12 for M, in case of a
modified Lorentz function, Sy,

Sw ()=~
MM M) T+ 1
A? sin(w/
4 sin(37/n)
7 being a positive, real value. (10)

For =3, M, diverges. A is equal to the full width at half
maximum (FWHM) of the spectrum. As E95 is propor-
tional to the FWHM, Eq. (10) tells us that M, < E95%. How-
ever, because the M, to A (and hence also the M, to E95)
proportionality factor depends on the shape-factor 7, as Eq.
(10) clearly shows, it is obvious that there is no fixed ratio
between M, and E95 that applies to all spectral shapes.

Nevertheless, we can look what the relationship between
M, and E95 of the spectra we used in this section looks
like. Figure 9 (bottom graph) shows that the M, (E95) de-
pendency following from our simulations is consistent with
such a quadratic proportionality, though the data would not
exclude another dependency. We will come back to this
issue in Sec. 3, when analyzing experimental bandwidth-
induced ACD data. Also, there we will find that, although
there is no a priori proof for an E95° law, the data do not
disagree with such a dependency.

3 Experimental Verification of the Laser-
Bandwidth Effect

3.1 Goal and Design of the Experiment

The results of the simulations done in this study [see, e.g.,
Eq. (9)] tell us that the lithostructure dependency in the
expression of the bandwidth-induced CD changes is given
by the quadratic focus sensitivity factor, Q. This Qf factor
not only covers the structure dependency, but also the
illumination-mode and resist-process dependency. This is a
practically useful finding, because Qj can be easily deter-
mined from a measured or simulated CD(focus) curve. An-
other conclusion of the simulations was that the OPE effect
is, in fact, the only effect of the finite laser bandwidth: we,
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Table 4 Conditions used in the bandwidth-detuning experiment.

NA=1.20, cQuad20

0=0.96/0.60 NA=1.20, Annular
XY polarized 0=0.96/0.70
Pitches: XY polarized
Bandwidth-setting 100-400 nm Pitches: 110—-400 nm
E95 Eref ref Eref F ref
Label (pm) (md/cm?) (um) (md/cm?) (um)
Sey 0.222 23.75 —-0.086 22.7 -0.112
Sk 0.309 23.82 -0.082 23 -0.113
Ses 0.381 23.85 -0.095 28.05 -0.117
Se4 0.41 23.9 —-0.094 22.9 -0.107
Sks 0.480 23.82 -0.07 22.72 -0.106

for example, do not expect any sizable effect on the DOF of
the lithostructure for the range of bandwidths we consider
in this work.

All these results can be verified experimentally, if one
could compare experimental CD(focus) curves for, e.g., dif-
ferent bandwidth settings on one and the same scanner. For
the scanner we used in our experiment, bandwidth adjust-
ment is not readily available to the scanner user from the
laser or scanner software. However, for this system, Cymer
developed experimental techniques to adjust the laser band-
width by varying the laser operating conditions over a
range of bandwidth settings. (In future systems, bandwidth
tuning will become more accessible to the scanner user by
software-controlled Tunable ABS, advanced bandwidth sta-
bilization, module in Cymer lasers.)

We therefore did an experiment in which we measured
the CD(focus) behavior for a set of ~30 L/S structures,
using five laser-bandwidth conditions and two illumination
modes (i.e., 10 combinations in total). Table 4 summarizes
the conditions we used for this experiment.

All wafers were exposed on the ASML XT:1700i NA
=1.20 immersion scanner at IMEC (resist process: 120 nm
TarF-Pi6-001-me on 95 nm ARC29SR). We exposed focus-
exposure matrix wafers and measured the Bossung curve of
the selected L/S structures, i.e., the CD(F,E) in resist, us-
ing scatterometry. The measured Bossung data were then
fitted and from the fit we interpolated the CD value at a
chosen “reference” focus and dose: CD(P, E,, F'p). Figure
10 shows an example. E; and F,; were determined sepa-
rately for each wafer of the experiment but are, of course,
the same for all L/S pitches measured from the same wafer.
For F;, which stands for “best focus,” we took the maxi-
mum of the CD(E,, F) curve of the most isolated pitches
used in the experiment. E,.; was taken as the dose to size of
the most iso-focal pitch. We evaluated the CD-differences
between the different wafers (i.e., bandwidth conditions)
for a given illumination mode then as
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Fig. 10 Example of a measured (symbols) and fitted (lines)
Bossung for one of the L/S structures of the experiment, and the
interpolation of CD(P, Eg, Frer) from the fit.

ACDgg;(P) = CDg;(P) — CDg, (P), (11)

where we, arbitrarily, took bandwidth-setting Sg; (the one
with the lowest value of E95) as the reference for our data
analysis (i.e., the setting to which we compare the results
from the other settings). The experimental procedure used
ensures that ACDgg; will be 0 for the most iso-focal pitch
(which we have used to set the value of E,.). From each of
the fitted CD(P,E,,F) curves, we can also easily deter-
mine the value of Q.

3.2 Experimental Results

We first examine the experimental results for Q. Figure 11
shows the results for the cQuad20 illumination case. As

cQuad20 NA=1.2 5=0.96/0.60 XY-polarized
0 -
NE 14
=
€
=
L 27 |E95 [pm]
g —A—0.22
—e—0.31
34|—*—o038
—m— 0.41
—v—0.48
-4

T v T v T v T T T T T T T
100 150 200 250 300 350 400
Pitch [nm]

Fig. 11 Comparison of the Qg(P) results for the five bandwidth con-
ditions of the experiment (evaluated for the cQuad20 illumination
mode case). The error bars shown correspond to + the “standard
error” as defined in the “multiple regression” theory.'®> We only
added error bars to one of the curves; the errors on the data of the
other curves are comparable, but are not shown to maintain the
readability of the plot.
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Fig. 12 ACD-Qg correlation for the two illumination modes of the
experiment.

expected from the simulations (see, e.g., Fig. 8), we find no
significant bandwidth dependency of Q within the experi-
mental error: down to |Qr| ~2 um/um? all curves are vir-
tually identical. At lower Qf values, the measured differ-
ences seem to be somewhat outside the estimated error
bars, even though the behavior of the data in this region
still suggests that the differences are due to measurement
noise alone. Anyway, structures with such a high value of
|QF| would not be manufacturable, so that a possible small
bandwidth effect on DOF is of little practical relevance.

From this observation it follows that we can evaluate a
possible ACD-Qp correlation using any of the measured
Qp(P) curves, or an average over the five measured curves
(for a given illumination mode). The result is shown in Fig.
12: even though each individual curve is relatively noisy,
the linear correlation we deduced for the simulation is also
confirmed by the experimental results.

To complete the comparison to the simulation results,
we now only need to verify whether the correlation factors
are the same for the two illumination modes. This is done
in Fig. 13, where we plot the fitted values of the correlation
factor, expressed as a quantity Am,, which is defined
through the following equation:
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Fig. 13 Fitted values of Am, versus A(E95%), showing that the re-
sults are indeed equal for the two illumination modes.

ACDs, (P) = Amy(Sg) FRQr(P). (12)

This expression is a modified version of Eq. (7): Am, is
now a fit parameter that is derived from the experimental
CD- and Qp-data, and must, of course, be related to the
difference between the laser spectra of setting Sg; and Sg;.
Unfortunately, we cannot compare these fitted Am, values
to second-moment data from the laser, because the second
moment is not available from the laser self-metrology, and
an external spectrometer was not available during the ex-
periment to measure the laser spectra and deduce M, values
from them. The only available bandwidth-related param-
eters obtained from the laser onboard metrology were the
E95 and FWHM values. Therefore, we plot the fitted values
of Am, versus the A(E95%) [=E95(Sg;)*~E95(Sg;)*] pa-
rameters (Fig. 13).

The first observation from Fig. 13 is that the fit param-
eters Am, seem, within the accuracy of this experiment,
indeed equal for the two illumination settings of the experi-
ment. This is consistent with the results of the simulations,
from which Am, would only be a function of the laser-
spectrum, and not depend on the illumination mode, nor on
the L/S structure. Thus, even though several of the data
curves in Figs. 12 and 13 are relatively noisy (we are mea-
suring quite small effects), the overall agreement with the
conclusions from the simulation part of our study is satis-
factory.

The final question we address is whether the experiment
can provide a quantitative relation between the fitted values
of Am, and the experimental E95 values. The reason for
this is a practical one. As we have discussed previously, the
second moment is not available from the laser self-
metrology and due to the unavoidable noise in the spectrum
tails, it is nontrivial to measure this parameter, which would
make it difficult to realize such M, metrology. E95, on the
other hand, is available and is currently the common band-
width metric.
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As we did in Sec. 2.5, we can try to relate Am, to
A(E95?%), but we can equally try a relationship with AE95.
In fact, our experimental data do not allow one to distin-
guish between these two (and possible other) possibilities.
Fitting both options to the data yields

Amy=mpA(E95%) with my= 0.056 (13a)
or
Am,=m;A(E95) with m; =~ 0.037 pm (13b)

with an approximately equal goodness of fit. Equation
(13a) can be compared to a similar relationship we obtained
from the simulated data, where we found a proportionality
factor of 0.04, a value (though not equal) that is of the same
order of magnitude as the 0.056 that we deduced from our
experimental data. Thus, we can now take these dependen-
cies and derive some practical conclusions with respect to
acceptable bandwidth changes, if we make certain assump-
tions about the acceptable contribution to the OPE budget.

4 OPE Budget and Requirements on Bandwidth
Control

The two previous sections concentrated on a fundamental
study of the effects of finite laser bandwidth and resulted in
a number of equations that can be used to quantify the
effect on OPE, which we found to be the major effect. We
now want to turn to the practical messages that follow from
this work and make an estimate of how laser-bandwidth
differences or changes contribute to OPE budgets or, alter-
natively, how a given OPE-budget requirement could be
translated into a bandwidth requirement and bandwidth-
stability requirement. We will do this for the simple case of
50 nm L/S imaging on a NA=1.20 immersion scanner, as
this is closest to the conditions of our experiment. Our
study suggests that the most appropriate laser-bandwidth
metric that we could use is the second moment of the laser
spectrum, M,. However, this is not an available metric in
the laser self-metrology, which is why we will use the E95
metric instead. Even though the theory we developed does
not provide a direct link between bandwidth-induced CD
changes and E95, we did demonstrate that both our simu-
lation and experimental ACD data appear to be consistent
with a A(E95%) dependency [see, e.g., Eqs. (12) and (13a)].
The arguments below could be easily restated in terms of
M,.

First, we assume that assist-feature rules have been
found for all structures of interest, such that |Qf|
=1.8 wm/um?. Structures that do not meet this require-
ment have a too low DOF anyway, and would be classified
as “forbidden.” Then, the “allowed” structures that are most
sensitive to laser bandwidth variations would be the ones
with |Qp| = 1.8 um/um?.

Next we must make an assumption about the variation of
E95 values we can expect (due to variations over time or
due to laser-to-laser differences). Let us consider a popula-
tion of laser spectra with E95 values centered around an
average value, E95,,, and with an E95 range, AE9S5, around
this mean value. The results of Sec. 3 then allow us to make

Jul-Sep 2008/Vol. 7(3)



De Bisschop, Lalovic, and Trintchouk: Impact of finite laser bandwidth...

0.40 -
{| ACD/CD [%]

0.35-
1 1Q. = 1.8 ymium® /5
0.30 -

0.25- 4
0.20 3
0.15

0.104---- A

E95 range, AE95 [pm]

0.05 ===

oo ocoboo

OOO T T T T T T T T ; T T T 1
0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
Average E95 value, E95_, [pm]

Fig. 14 Relative CD variations for a |Qg|=1.8 um/um? structure,
as a function of the mean value and the range of the E95 distribu-
tion. The lines connect points of equal ACD/CD, the values being
plotted on the lines. All points within the central triangular area have
0.15 pm<E95<0.5 pm. For making this particular graph, we used
F,=0.35 um/pm, which is the average value of the 0.2—0.5 um/pm
range that is stated as typical in Ref. 6.

an estimate of the bandwidth-induced CD differences be-
tween the two extreme E95 settings within this range (i.e.,
E95,, = AE95/2) as follows:

ACD = F} Qp AM, =~ 0.056 F; Qp (E95%,_ — E952

max min

=0.056 Fy Qr (2E95,,AE95). (14)

In this equation, ACD stands for the max-min CD differ-
ence between the two extremes from this laser population
(i.e., the lasers characterized by E95,,,, and E95,,,). The
bandwidth spec on the XT:1700i laser (i.e., the XLA300) is
that E95=0.5 pm, so E95,,,, would then be 0.5 pm. E95
values close to zero are not expected to occur, so let’s as-
sume that the smallest E95 value that is likely to occur is
E95,,;,=0.15 pm. Figure 14 plots the result we the obtain
from Eq. (14), or rather it plots the relative CD variation,
expressed in percent (i.e., 100X ACD/CD), for CD
=50 nm.

We can now use this plot to estimate acceptable E95-
distribution parameters if we choose a maximum allowed
ACD/CD. Say, for example, that we require that
ACD/CD=1% (i.e., that we only are willing to allow 1%
of the CD budget to bandwidth effects). All (E95,,,AE95)
combinations in the gray-shaded area of Fig. 14 satisfy this
requirement. It is clear that such a tight CD requirement
does not necessarily imply that E95 must be extremely
small, but rather that we need to impose a certain control
over the allowed E95 variation around some average value.
Points A and B on the ACD/CD=1% line illustrate this
point. Point A corresponds to a quite small value of E95,,
of 0.225 pm, which permits a E95-range of ~0.1 pm. Point
B, however, corresponds to a distribution of laser spectra
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Fig. 15 Actual laser-to-laser E95 variation for a typical series of
XLA300 lasers (not using ABS).

with an average E95 that is much larger, namely, 0.4 pm,
but if the E95-range around this value is =~0.05 pm, we
still achieve the required ACD/CD=1%.

Equation (14) makes clear that we need to put an upper
limit to E95,, X AE9S5 in order to control the optical prox-
imity behavior within a group of scanners with a certain
E95 distribution, rather than to the maximum value of E95
for the individual systems. In the latter scenario, and as-
suming that we accept E95=0.5 pm as a sufficient require-
ment on the bandwidth, Fig. 14 shows that ACD/CD up to
~5% could occur (always for the most sensitive structures,
i.e., structures with a large value of |Qf|), a value that
would certainly not be acceptable or would require some
type of “proximity matching or tuning” on the scanners.

What, then, is the actual performance of current litho
lasers? Figure 15 shows measured E95 values from a series
of 30 XLA300 lasers. It is clear that the actual E95 varia-
tion is a lot smaller than the E95<0.5 pm specification
allows. With a E95,, of ~0.22 pm and a AE95<0.1 pm,
we can read from Fig. 14 that the maximum OPE difference
between these lasers would stay <~ 1% indeed.

The actual trade-off between mean E95 and E95 stabil-
ity is dependent on the specific imaging application, and
active control of bandwidth (E95) stability, as well as tun-
ing of the E95 mean, will be available on next-generation
systems. Cymer has developed active bandwidth stabiliza-
tion (ABS) and tunable ABS, which enable the user to op-
tically control and modify the E95. The initial systems
could, for example, feature an ABS set point of 0.3 pm
with a AE95 of 0.1 pm over the life or a fleet of systems
and over all operating conditions. Thus, the technical facili-
ties to be compliant with a requirement on E95,, X AE95,
as suggested by Eq. (14), are becoming available.

Finally, we can also use Eq. (14) to estimate the possible
bandwidth-induced CD difference on a distribution of scan-
ners that have an E95 variation of the type shown in Fig.
15, which do not yet feature active E95 compensation. We
now also do not limit to the most focus-sensitive structures,
but look at series of L/S structures through pitch, where
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Fig. 16 Estimated ACD for L/S structures through pitch, with an
appropriate assist-feature rule applied whenever possible, accord-
ing to Eq. (14) and assuming an E95 distribution, as in Fig. 15, and
exclude “forbidden pitches.”

some appropriate assist-feature placement has been done to
increase the DOF, but such that |Q| <1.8 um/um? for all
structures. Figure 16 shows a typical result, for imaging
L/S structures on a NA=1.20 scanner, with an on-wafer
target CD of 50 nm. The OPE-differences do not exceed
~1 nm, which is an acceptable result.

5 Summary and Conclusions

We have investigated the effect of finite-laser bandwidth on
simple L/S structures. The first part of this paper was de-
voted to a combined simulation and experimental funda-
mental study of the impact of finite laser bandwidth. The
main conclusions of the technical part of this work can be
summarized as follows:

1. Laser bandwidth contributes primarily to the OPE
performance of the scanner, i.e., it induces CD
changes (compared to the monochromatic illumina-
tion case), but has no significant effect on DOF nor
on the position of best focus.

2. Accurate simulations of laser-bandwidth effects are
usually done by superimposing monochromatic im-
ages. We showed that (when doing a uniform sam-
pling over the laser spectrum) one needs to include at
least seven to nine defocus positions, covering an in-
terval of at least 2E95, in order to obtain the finite-
bandwidth CD value in a single defocus position.
This result emphasizes the importance of the tails of
the laser spectrum.

3. Simulating finite-bandwidth effects requires detailed
knowledge of the entire laser spectrum (information
that is usually not available). We therefore tried to
derive a simple estimator for bandwidth-induced CD
effects that we can apply without requiring such de-
tailed information nor lengthy calculations. The ex-
pression we derived (see Eq. (9)), shows that the qua-
dratic focus sensitivity (a quantity which we call the
Q- factor) describes the structure, illumination mode,
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and resist-process dependency of the CD effects quite
well. The dependency on the laser spectrum was
shown to be given by the second moment of the spec-
trum, M, (a quantity that is currently not a readily
available laser metric and is, in fact, not straightfor-
wardly derived from measured laser spectra, because
the inevitable measurement noise in the tails of mea-
sured spectra easily gives rise to a nonconverging re-
sult). Thus, with respect to suitable bandwidth met-
rics, our study puts M, forward as the most
fundamental one, because it is the quantity that fol-
lows from the theoretical arguments we make in the
Appendix. Our theory did not come up with any in-
trinsic link between the OPE effect and E95. How-
ever, both our simulated and measured CD data, were
found to be compatible with a (more phenomenologi-
cal) E95” bandwidth dependency [Egs. (12) and
(13)], showing that E95 does not have to be rejected
as a practical bandwidth metric. (In fact, if all laser
spectra would have the same relative shape, any lin-
ear metric—even FWHM—should be as good as any
other.)

In view of the importance of the spectrum tails, we also
would put forward E99 as a possible metric, because it
seems (at least for the spectra we considered) to be close to
the ~2E95 wavelength influence range that came out of
our simulation work. Although the E99 metric would also
be more sensitive to measurement noise in the tails of the
spectra than E95, it is much easier to determine from a
measured spectrum than M,.

Our simulations incorporate a limitation in the sense that
we assumed that the spectrum-tail intensity truly goes to
zero within a distance from the spectrum peak that is no
larger than a few times E95, an assumption that is not easy
to validate. Looking into the possible impact of such a
broad, very low, but nonzero intensity background2 [e.g.,
due to amplified spontaneous emission (ASE)] is therefore
a topic for further investigation.

In the final section of this paper, we applied the estima-
tors we developed to estimate bandwidth-induced OPE ef-
fects in practical cases and considered the trade-off be-
tween mean E95 and E95 stability for current systems. We
showed that the proper way to ensure OPE stability (be-
tween different systems or over time for a given system) is
to place an upper limit on E95,, X AE95 (i.e., the average
value of E95 times the range of E95 variability). Defining
an upper-limit only for E95 (as is currently being done)
does not guarantee sufficient OPE control. Our conclusion,
therefore, is that a tighter control on the E95-distribution
and/or the possibility to tune E95 values to match scanners
to each other will become necessary to avoid unacceptable
OPE differences. Future laser generations will, in fact, offer
both better E95 control and E95 tuning.

6 Appendix

We will now derive the approximate formula for the band-
width contribution to the optical proximity, which will lead
to Eq. (9). This derivation is not an exact proof; it is based
on a number of assumptions and also uses some of the
knowledge that was derived from simulations.
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Our derivation is based on a threshold-on-resist-image
approach for L/S imaging, and its main assumption is that
we can write the image-in-resist intensity for the mono-
chromatic case in the intensity range close to the threshold
value as

I(x;F) = Ay +A(F) +[By + B(F)|x*

with A(F=0)=0 (15)

B(F=0)=0,

where x is a spatial coordinate that runs perpendicular to
the line that is being imaged, with x=0 being the position
of the line center. Equation (15) then says that we assume
the image intensity to vary quadratically with x around the
line center, an assumption that is found to be quite accurate
in case of the L/S structures considered in this paper.

A(F) and B(F) are functions that describe the focus de-
pendency of the resist image. Next, we assume that the
resist image is symmetric around F=0, which would nor-
mally be the case in the absence of lens aberrations, reticle
asymmetries, etc. This symmetry assumption implies that
the odd derivatives of A(F) and B(F) will be zero at F=0,
which we can write as

1dA .
A,=——(F=0)=0, if n=o0dd number
n! dF"
(16)
1 d'B .
B,=——(F=0)=0, if n=o0dd number.
n! dF"
Consequently, we can expand A(F) and B(F) as
A(F) = AP + Ay + AgFO + - -+
(17)

B(F)=B,F? + ByF* + BgFS + -+

If we consider the resist images for the cases we have simu-
lated in this paper (see Table 3), then we find that within a
defocus range that corresponds to *=2E95, retaining the
terms up to the fourth power of F in Eq. (17) fits the actu-
ally simulated resist images quite well.

Combining Eq. (2) with (15) and (17) leads to the fol-
lowing equation for the finite-bandwidth resist image,
1 S(.X . F ):

I(x,F) =Ag+Ag(F) + [By + BS(F)]XZ

0.35- I5(x,F)
0.30-.
0.25-
0.20-

0.15 1

Image Intensity

0.10

| CD
0.05

0.00 T T T T T T T
-30 -20 -10 0 10 20 30

X [nm]

Fig. 17 Application of a fixed threshold value, T, to deduce CD from
the resist images of the monochromatic (/) and finite-bandwidth (/s)
cases.

J ANS(\)B(F + \F,)

By(F) = =B,FiM, + B,FyM,

f d\S(N)

+BoFOMg + -

M,, M,, and Mg are the second, fourth and sixth moment of
the laser spectrum S, defined as

f ANSOON"

f d\S(\)

To obtain the monochromatic and finite-bandwidth CD val-
ues, which we will write as CD(F) and CDg(F), respec-
tively, we must apply a (constant) intensity threshold T to
the image intensities described by Egs. (15) and (18), as
illustrated in Fig. 17:

I(x= CD(F)/2,F) = T = I{(x = CD§(F)/2, F). (20)

Equation (20) can then be transformed into an equation for
the bandwidth-induced CD change, i.e., ACDg¢~CD¢—CD.
If we evaluate this CD difference at F=0, and retain only
terms that are linear in ACDy, Eq. (20) can be transformed
1nto

2 Ag(0) + B(0)(CDy/2)?

ACDg(F=0)=- , 21

s(F=0) CD, By + By(0) @1)
f dANS(N)A(F + \F,) where CDy=CD(F=0).

with  Ag(F) = = Ay F2M, + AyFiM, Both from the simulations as well as from the experi-
ments of this paper, we would expect ACDg to be propor-
dANS(\) tional to Qp; thus, we now need to find an expression of QO
. in terms of the functions A(F) and B(F). This can be easily
+ A \Mg + -+ (18) done as follows. From the simulations we know that Qp is
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not really affected by the finite bandwidth; thus, we can
calculate it for the monochromatic case. The first part of
Eq. (20) can then be combined with Eq. (15), leading to the
following expression for CDg(F):

(CD(F))2 _T-4y —A(F) 22)

2 By + B(F)
Equation (22) can now be used to calculate the derivatives

d"CD/dF" at F=0. Taking the first derivative of Eq. (22),
for example, leads to

dCD(F) _ 2 [dA(F)
dF ~ CD(F)[B,+B(F)]| dF
| 4B(F) ( CD(F) )2] ’ (3)
dF 2

which can then be used to calculate the higher-order deriva-
tives. We find that the values of these derivatives are non-
zero only for even values of n (which is a direct conse-
quence of the focus-symmetry assumption of Eq. (16), and
that the even-order derivatives can be written as

() 1 d"CD
Q' =———-(F=0)=- A,
CD, \?
+B, BN forn=2,4,6,... (24)

(Note that we usually write Qf instead of Qf).)
Comparing this result to Eq. (21), we finally obtain

FiMZQF"' F?\MALQ(FM +-
1+ (By/Bo)FiMy + (By/Bo) FaMy + -+
(25)

ACDs(F = O) =

In order to see whether we can further simplify Eq. (25),
i.e., whether we can neglect some of the higher-order terms
in the numerator and/or in the denominator, we will now
make an estimate of the maximum values of these higher-
order terms. To do this, we resimulated the through-focus
resist images for many of the L/S and illumination-mode
cases of Table 3, but now taking a very fine focus step (of
~2.5nm) to allow a more accurate calculation of the
structure-dependent parameters, B, B,, and Bj.

We also need values for M, and M,. To avoid diver-
gence of the integrals (due to the experimental noise in the
tails of the spectra), we now replace the measured tails by a
fitted function (fitted to the tail only). This smoothes the
experimental noise and facilitates the calculation of the sec-
ond and fourth moment of the spectrum. Somewhat arbi-
trarily, we choose to retain the measured spectral data for
intensities >1% of the peak value and replace the mea-
sured intensities <1% of the peak value by a fitted func-
tion. (Interesting to note is that the width of the interval for
which the spectral intensity >1% of the peak value is quite
comparable with E99.) Again arbitrarily we used a
modified-Lorentz function to do the fit of the tail. Table 5
shows the values of M, and M, we then obtain, as well as
the value of the shape factor » we obtained from the fit of
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Table 5 Different metrics of our laser spectra, now obtained after
replacing the measured tails by a fit with a Modified—Lorentz func-
tion.

Spectrum E95 E99 M, M,

Label (pm) (pm) (pm?) (pm44) 7
S0 027 0468  0.0048 1.74x10% 4.1
S 0233 0.360 0.00355 0.69x10%* 82
s2 0.378 0593 0.0079  35x10% 47
S3 0.160  0.224 0.0016  0.11x10%* 57
S4 0218 0285 0.0036  051x10%* 35
S5 0.327 0522 0.0055  25x104 47
S6 0.214 0312  0.00291 040x10% 5.9

the spectrum tail. (Note that the M, values we now obtain
are very close to the 29-points value of Table 2.)

Combining the calculated B, and B, data with the values
of M, and M, of Table 4, and reminding that F)
<0.5 um/pm, we find that, in all cases considered,
|(B4/ Bg)FxM4| < ~0.01. This implies that Eq. (25) can,
without any real loss of accuracy, be simplified to

FiMZQF + F;‘\M4Q(F4)
1 + (By/By)FiM,

ACD4(F =0) = , (26)

i.e., the fourth-order terms in Eq. (25) can be left out.
A numerical evaluation of the terms (B,/By)FiM, and

F}Z\Mfof) for the cases we simulated, shows that these are
not necessarily negligible, but can modify the ACDg pre-
diction by up to ~10%. Thus, leaving them out, i.e., further
simplifying Eq. (26) to

ACD4(F = 0) = FyM,Qp (27)

introduces some error. We tried to estimate the error by
calculating ACDy using Egs. (20) and (21) and then fitting
this data using Eq. (7), as we did before, so that we can
compare the fitted slope-coefficient, mg“, to M, as calcu-
lated from the spectrum. Compiling all results, we arrive at
the correlation result shown in Fig. 18. The correlation fac-
tors we obtain are between 0.93 and 0.99, suggesting that
the simplification of Eq. (27) introduces an error up to
~7% for the cases simulated here.

The reason why the correlation slope in Fig. 18 is closer
to 1 than in Fig. 9 is that we have calculated Qf in a
different, more accurate, way than we did earlier. We intro-
duced this factor in Eq. (5), in which we model the CD(F)
curves by a simple parabola. Careful examination of the
simulated threshold-on-resist-image CD(F) data, which we
are using in this Appendix, however, reveals that this
threshold CD data is represented better by the following,
extended equation:
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Fig. 18 Correlation of mil to M, as calculated from the laser spec-

trum. We determined Qf from the six-order CD(F) polynomial fit of
Eq. (28).

CD(F) = CDy + Qx(F = Fo)* + Qi (F = Fo)* + QY (F - Fy)®
(28)

(where Fy=0 in case of a threshold-on-resist-image ap-
proach). The introduction of a fourth- and sixth-order term
not only fits the data better, but also changes the value of
QO and hence of mg“. This, in turn, improves the correlation
between mgt and M,, as Fig. 18 clearly shows. Thus, ironi-
cally, we seem to need more F-sampling points to reliably
calculate Qf than we need to accurately calculate ACDg. Of
course, in a practical case, where we usually do not know
the exact shape of S(\) in the first place and therefore can
only make estimates of the bandwidth effect, there is also
no need for highly accurate values of O, and therefore, Eq.
(5) would be adequate.
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