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In the sub-90 nm technology nodes, optical
metrology techniques are essential for process
control of gate formation steps, from lithography
to etch layers such as gate, trench, and
dielectric interconnect layers and to spacers and
straining layer depositions. Conventionally>%/,
optical metrology is based on measurements

of periodic line or hole arrays (i.e., gratings)
using spectroscopic ellipsometers or polarized
reflectometers, collecting data across wide
wavelength spectra at a single angle of
incidence. In this paper, we present results of
measurements on periodic etched amorphous-Si
gate line arrays using focused beam ellipsometry
(FBE), illuminating at three discrete laser
wavelengths while data is collected over angles
of incidence ranging from 45° to 65°. Results on
thoroughly characterized samples representative
of 65 and 45 nm technology are presented. These
samples include a variety of both line critical
dimensions (CDs) (from 18—50 nm) and line
pitches (from 200-700nm) for dense and isolated
lines arrays. We discuss precision and accuracy
in terms of total measurement uncertainty;

spot size, navigation, and tool matching are

also presented. FBE-based metrology will meet
current process control requirements within a
substantial margin.

Optical scatterometry techniques find more

and more applications in the semiconductor
manufacturing process. Compared to direct
characterization techniques such as scanning electron
microscopy (SEM) ot atomic force microscopy
(AFM), they are faster and nondestructive, allowing

users to incorporate them in real-time process
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control. Optical scatterometry has been almost
exclusively used with spectroscopic ellipsometry in
planar diffraction geometry, i.e., with the grating
ridges perpendiculat to the incidence plane?.

Here we discuss a scatterometry approach that

uses simultaneous angle of incidence resolved
measurements at a discrete set of wavelengths to
characterize a-Si periodic line grating arrays. We
analyze and compare performance in the traditional
non-conical configuration (lines are perpendicular
to the incidence plane of the ellipsometer) with a
conical configuration when lines are parallel to the
incidence plane. Even though the latter is a conical
diffraction configuration, the Jones matrix of the
petiodic line grating sample is still diagonal, and
sample properties can be represented in terms of
the of the ratio (tpp/tss=tan(¥)exp(iA)) of the p- and
s- polarization reflection coefficients?. When lines
are not parallel or orthogonal to the incidence plane,
off-diagonal Jones matrix elements s are in general
non-zero and must be accounted for separately.
two-parameter recipe to 1-2Mbytes for a typical
three-parameter library, and up to 50Mbytes for five-
parameter libraries.

Focused beam ellipsometry (FBE) provides a
simultaneous measurement of A and ¥, within

the range of the incidence angles. It is achieved by
focusing a collimated beam onto the sample using
the projecting lens with a NA ~0.2-0.3 or higher and
collecting reflected light with a similar lens focused at
the same spot. Light beam output from the receiving
lens contains light reflected at different angles from
the sample at different points across the beam cross-
section. Projecting this beam on the array detector,
each detector pixel counts photons reflected from
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the sample at a different angle of incidence. Figure 1
illustrates the FBE implementation and the principal
optical layout of the system.
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Figure 1 - Focused beam ellipsometry: a collimated beam from the light
source is focused at the small spot on the sample by the projecting lens,
and reflected light is collected by the receiving lens. The array detector
resolves the light scattered at different angles from the sample across

the beam cross-section. The polarization state of the incident light is
modulated by the rotating compensator.

Data discussed in this paper were obtained using
Rudolph Technologies Inc.’s Ultral
system with the U2CD™ software package. The

I™ metrology

system allows measurements with light produced
by the laser light sources of 633 nm, 780 nm, and
923 nm wavelengths in the range of incidence
angles up to 40° with a ~55° mean incidence angle.
Two different grating sample orientations—Iines
either parallel or perpendicular to the ellipsometer
incidence plane—can be used for the lines array
measurements.

The U2CD™ softwate package uses the RCWA-based
algorithm to calculate the polarization and intensity
of the light scattered from the periodic gratings,
based on the model of the sample cross-section,
incident light wave vector, and polarization state. It
provides graphical user interfaces to define and to
parameterize a model of the sample cross-section, to
analyze measurement sensitivity, and to optimize the
measurement configuration for the best measurement
speed and precision. U2CD allows either fitting the
measured data by non-linear regression or creating

a library of the model signals. Non-linear regression
is convenient for an initial model optimization;
together with the sensitivity analysis, it provides

a powerful tool to determine optimal and robust
recipe settings for the wavelength and incidence
angle ranges to be used, as well as the optimal sample
orientation. Library-based lookup and interpolation
are used for the fast on-tool measurements,

providing the result in less than 1 sec. The size of the
library file varies, depending on applications, from
200Kbytes for a simple two-parameter recipe to
1-2Mbytes for a typical three-parameter library, and
up to 50Mbytes for five-parameter libraries.

The first generation wafer set using the SEMATECH
AMAG-5L reticle for optical critical dimension
(OCD) evaluation was used in this study. This reticle
was designed specifically to evaluate OCD metrology.
It includes two-dimensional arrays of 50 um square
gratings, with one axis varying the nominal line
widths (scaled to wafer) of 30 nm to 250 nm, mostly
in 510 nm steps; the second axis of the array varies
the pitch ratio for each of these nominal line width
sizes, with gratings of nine different pitch ratios from
(space:line) 1:1 out to 19:1. All combinations of the
following nominal reticle line width and pitch ratio
values are thus available:

Scatterometry Gratings of 30, 35, 40, 45, 50, 55, 60,
65,70, 75, 80, 85, 90, 95, 100, 105, 110, 115, 120, 130,
140, 150, 160, 170, 180, 200, 220, 250 nm (nominal

sizes on-reticle, scaled to on-wafer)

Pitch Ratios 1:1, 1.5:1, 2:1, 2.5:1, 3:1, 4:1, 6:1, 9:1, 19:1

(space:line).

To represent an advanced gate lithography process,
wafers with 1900 A thick Sumitomo PARS18 193

nm ArF resist on 770 A Brewer 29 organic anti-
reflective coating (ARC) on 1000 A amorphous-Si
(a-Si) on 20 A gate oxide were ex-posed on an ASML.
Twinscan scanner. The wafers were exposed as a
focus exposure matrix (FEM) of typical variation.
Focus steps were 0.1 pm; exposure steps were 2m] on
the high dose end of the wafer and 1m] on the low
dose end; the lower steps of the higher doses allowed
the granularity of the smallest line widths to be fine-
tuned before the lines were overexposed to the point
of falling over. The center of the exposure window
was chosen to intentionally overexpose to reduce
feature CDs. A surfactant-assisted developer was
used to gain a further process window to smaller line
widths. The reticle was the SEMATECH AMAG-5L.
Some wafers ended their processing at the resist level,
while some were sent through gate etch.
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This paper describes measurements on the a-Si
etched line arrays of the following dimensions:

Dense: Nominal 80 nm lines with 200 nm pitch,

actual size 28 nm—50 nm

Semi-Isolated: Nominal 70 nm lines with 350 nm

pitch, actual size 22 nm—45 nm

The resist features varied in size from ~42

nm up through 70 nm, by top-down CD-SEM
measurements. The etch, an aggressive trim etch
with a 20—25 nm etch delta, yielded decent quality
gate lines down to ~30 nm for dense lines with a
200 nm pitch and ~18 nm for isolated lines with a
700 nm pitch. Profiles of the phase-shifted resist
structures varied only moderately, while profiles of
the etched structures varied minimally. Roughnesses
were ~4-5nm for the etched features, although
somewhat higher at the extremities of the process
window. Similarly, local line width variation was
minimal except at the edges of the process window.
Different wafers were shot to target isolated lines and
dense lines, as the overlap of their process windows
was not perfect.

These line arrays are representative of the
gate structures for the 90 nm, 65 nm and 45
nm International Technology Roadmap for
Semconductors (ITRS) technology nodes?.

There are two major considerations for quality
reference measurements to correlate to OCD
tools. First, OCD tools measure a grating by
illuminating it with a beam of light, sampling
many repeating features within the grating in

a single measurement, and yielding an average
measurement. Thus, reference measurements by
image-based tools such as CD-SEM or CD-AFM
must include many samples over the grating to
propetly capture the average CD. Second, due to
the small precision of OCD tools, the reference
measurements of the grating must have a very
small (i.e., comparable or better) precision for
accuracy and Total Measurement Uncertainty

(TMU)® metrics to be meaningful. This re-
quires a large number of CD-SEM or CD-AFM
measurements within the same grating structures,
as precision will go as 1/VN of single measurement

precision.

The samples were characterized using CD-AFM
and CD-SEM. A detailed description of the
procedure can be found in*. In summary, the
strategy for this study was to use the CD-AFM

to calibrate the CD-SEM by measuring the same
sites measured with the CD-AFM, and then
conducting thorough, 50+ points per grating
CD-SEM measurements. Mandel correlations were
calculated with the resulting 50+ data pairs. The
TMU between the CD-SEM and RMS CD-AFM was
found to be ~1 nm for the etched samples. With
the CD-SEM calibrated, 50—100 measurements
were per-formed per grating with the CD-SEM.
This provided a very high precision of the
reference average CD measurement of the grating,
~0.15 nm for the etched wafers. Figure 2 shows

example results.
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Figure 2 - Reference measurements for the dense (200 nm pitch) etched
a-8i gate lines (values reported are CD values at the feature bottom).
On the left is the wafer map, showing the reference measurements of

the FEM. On right is the line width variation (LW1/) matrix. The
shaded die in the FEM are those for which the LWV structures were
measured. Each measurement included the average CD, 3 o line width
variation, and 3 o line width roughness.
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The FEM is on the left in Figure 2). Exposure
increases to the right, Focus is zero in row 0

and increases positively (re-entrant direction)
towards the bottom. On the right are the four
die for which line width variation (LWYV) array
was measured. These four sites correspond to the
shaded sites in the FEM. Each LWV die includes 9
gratings, from -4 nm from nominal line width to
+4 nm, as denoted by “76nm” through “84nm.”
In all cases, the average grating CD, local CD
variation (3o standard deviation of CDs across
grating), and 30 LWR are shown. Reference data
were used to optimize the OCD models in an
iterative process to minimize TMU"S,

This paper discusses measurements of the gratings
with 200 nm (isolated) and 350 nm pitches (semi-
isolated). Thrity-four and 39 die of the FEM wafers
were measured for the 200 nm and 350 nm pitch
grating arrays, respectively, as some sites were
known to be defective and had to be excluded.
Measured precision was calculated with five
dynamic repeat measurements. Variances of the
measured parameters were calculated separately
for each measured site on the wafer, and the final
precision was obtained as 3 times the square root

of the average variance

Optimization of the measurement and modeling
parameters for the best measurement performance
starts with the sensitivity analysis, which estimates
the changes in the raw data, A, W caused by small
increments of the grating model parameters—top
and bottom CD, line height, pitch, etc.—at
different sample orientations and incidence angles.
Using characteristics of the measurement noise

as input, one can also estimate the precision of
the measured structure parameters for a given
model of the grating cross-section, with various
measurement configurations used to resolve the
grating profile and different combinations of
fixed, or calculated, parameters. As an illustration,
Figure 3 presents the double-trapezoid cross-
section model, and Figure 4 shows a simulated
measurement signal and its sensitivity to line

height (a-Si_T) and to critical dimensions at the
bottom (bot_CD), at the top (top_CD), and in

the middle (mid_CD) for the dense a-Si lines. A
and W values for the incident angles used in the
system for each of the three laser wavelengths, are
shown in the bottom panel of Figure 4 for two
sample orientations: when lines are perpendicular,
and parallel to the incidence plane. The latter
sample orientation presents a conical diffraction
configuration, in contrast with the non-conical
configuration where the lines are orthogonal to
the incidence plane, which is usually described in
the context of measurements performed with the
single incidence angle spectroscopic ellipsometry?.

The top and center panels of Figure 4 show A
and W in degrees per 0.1 nm increment of each
parameter of the double trapezoid cross-section
model. Comparing two graphs, it is reasonable

to expect the measurements with lines parallel to
the incidence plane of the ellipsometer (top panel
Figure 4) to provide better performance, as they
are more sensitive to the a-Si line dimensions.
This is supported by the estimated parameter
precision values, presented in Table 1 for the
trapezoid, and double-trapezoid cross-section
models, and by different combinations of the
fixed and calculated parameters. The measured
values of the model parameters’ precision for these
models, shown in the same table, further confirm
the sensitivity analysis prediction that measured
precision is better for the parallel orientation.
The accurate quantitative agreement between

the measured and predicted precision values is
impeded by the facts that first, the sensitivity
analysis precision estimates presented here are
based on the simplified noise model, assuming
the same variability of the measured A and W for
every incidence angle and for all three wavelengths
used in the measurements, and second, measured
precision values are averaged over the line arrays
with the same line pitch and line height but with
the wide range of line CDs from 20 nm to 40 nm
across the FEM wafer.
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Following this guidance, the rest of the
measurements discussed in this paper were
performed using lines parallel to the ellipsometer
incidence plane.

Figure 3 - Double trapezoid cross-section model of the a-5i line array
with line pitch=200 nm, a-Si thickness =100.6 nm, top of the line
CD=24.2 nm, bottom of the line CD-33.9 nm, mid-CD=26.7 nm,
used to generate data shown in Fig.4.

2

bestantintes =
i L e

St L |l
L ._"w Lﬁ ST ||

-

Senshihdy (A A's amid ¥ Senaibiby £ A

A and ¥
3

E

Armaws g

I LA O I S S S T
I EEREEEEEEEEXEEEE C
aa

et &
5 9 % 0 & W % @

Figure 4 - Modeled data and signal sensitivity for different sample
orientations for the a-Si Line array with line pitch=200 nm, a-Si
thickness =100.6 nm, top of the line CD=24.2 nm, bottom of the line
CD-33.9 nm, mid-CD=26.7nm (Fig.3).

Table 1 - Parameter precision estimated by the sensitivity analysis, and
actually measured, for two different line cross-section models, different
combinations of the fixed and varied model parameters, compared to the
measures of precision at two different sample orientations.

Figure 6 shows non-linear regression results for
the double-trapezoid model for the 200 nm pitch
line array grating on of the die of the FEM wafer.
Plots in Figure 5 present measured values of A and
Y vs. incidence angle for three laser wave-lengths,
together with the modeled A and W curves for

the seed and for the final optimized values of the
model parameters. Notice that while the initial
sensitivity analysis assumed that the narrowest
point of the line profile was at the middle of its
height, non-linear regression optimization shows
that it is in fact closer to the top of the line, at
about 80% of the line height. Similar results

were obtained for other die across the wafer,

and this profile shape was used for the library
development, the Mandel Regression precision,
and the TMU analysis with the double-trapezoid
model. The pro-file cross-section corresponding
to the optimized model parameters is shown in the
Figure 6 insert.
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Figure 5 - Excample of the line cross-section shape optimized with the
double-trapezoid cross-section model. Insert shows the line cross-section
profile drawn in scale with the optimized model parameter values. A and
W plots for three laser wavelengths used in the measurements (632.8 nm,
782.9 nm, and 923.5 nm) show measured values (*) as well as the model
values for both seed (X) and optimized (O) model parameter values.
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Table 2 compares the precision and TMU of the three
types of cross-section models for line arrays with 200
nm and 350 nm pitches. While the fit

errors for all three models are practically the same,
the trapezoid model provides the best precision and
significantly better TMU for the less dense lines. The
double trapezoid model, while providing more details
about the cross-section profile, does not improve
MidCD precision, but improves the TMU.

Model Precision 3¢ Mid CD (nm) TMU Mid CD
Line Pitch 200 nm Rectangle 0.09 044
Trapezoid 0.083 0.54
Double Trapezoid 0.11 0.48
Rectangle 0.17 1.75
Line Pitch 350 nm Trapezoid 0.16 0.83
Double Trapezoid 0.21 0.66

Table 2 - Precision and TMU from the Mandel regression analysis for
the dense (200 nm pitch) and semi-isolated (350 nm pitch) line gratings,
analyzed using different profile models. Mid-CD for the trapezoid model
is reported as an average of the top and bottom CD values. While the fit
errors for all three models are practically the same, the trapezoid model
provides the best precision and significantly better TMU for the less dense
lines. The double trapezoid model, while providing more details about the
cross-section profile, does not improve MidCD precision, but improves
the TMU.

Blanket wafers, with just a flat film of a-Si over the
gate oxide over silicon substrate, were used for the
initial determination of refractive index at the three
laser light wavelengths used in our measurements.
However, properties of the a-Si may change during
wafer processing, and measurements on some
unexposed sites of the etched wafers, where the

flat a-Si film remained unetched, showed that the
refractive index of the material on the processed
wafers is quite different from the blanket wafers.
This difference is not small and far exceeds the

n and k variability across the wafer (Table 3). To
asses the effect of changes in the a-Si properties

on the measurement results, we developed another
version of the trapezoidal model with the a-Si index
values obtained from the processed wafer and
remodeled the previously collected measurements.
Results showed very little difference in the TMU
and precision, but an offset of about 0.5 nm in the

reported mid-CD values. Figure 7 shows the TMU
plots for the a-Si line gratings with a 350 nm pitch
from the FEM sample wafer. The mid-CD values
were obtained using the trapezoid cross-section
model with the a-Si refractive index values from the
blanket wafer (Fig. 6a) and with the values from the
actual processed wafer (Fig.0b). Precision for both
models is 0.16 nm, and the TMU is slightly better
when the a-Si refractive index values from the etched
wafer were used. A difference of up to 4.5% in the
refractive index caused a shift of about 0.5 nm in the
reported mid-CD.

Blanket a-Si/Ox/Si Flat Film a-Si/Ox/Si on the Etched Wafer

a-Si Refractive Index a-Si Refractive Index Wafer stdev
N633 4.540 4.585 0.0019
K633 0.230 0.246 0.0006
N780 4.160 4.188 0.0013
K780 0.030 0.032 0.0001
N905 4.014 4.038 0.0011
K905 0.021 0.022 0.0001

Table 3 - a-Si refractive index values ( N,and K) at the laser
wavelengths used in the measurements for the blanket film a-Si/ Oxide/Si
wafer sample and for the a-Si lines processed wafer, measured, at the
unexposed, and unetched areas of the die. The difference is substantial
and exceeds the within-wafer variation.
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Figure 6 - Mid-CD Mandel regression plots, and TMU for the a-Si
[Line array with 350 nm pitch. The trapezoid model was used with the
a-S8i refractive index: from the blanket a-Si wafer (a) and from the die on
the same etched sample wafer.
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Measurements of the etched periodic a-Si line

arrays using focused beam ellipsometry have been
discussed. Samples were carefully characterized
using CD-SEM and AFM as the reference
metrology. The measurement precision of the
FBE-based measurements exceeded semiconductor
manufacturing process metrology requirements for
gate control, as outlined in the ITRS?. In contrast
with the widely used spectroscopic ellipsometry
measurements at a single angle of incidence over a
range of wavelengths, the FBE-based technique uses
simultaneous measurements at a number of laser light
wavelengths, covering a range of incident angles.
The most sensitive and precise measurements are at a
sample orientation where the periodicity direction of
the line array is normal to the incidence plane of the
ellipsometer, while the spectroscopic ellipsometry-
based CD scatterometry measurements are usually
made at the non-conical diffraction geometry with
the lines perpendicular to the incidence plane.

We find that the trapezoid cross-section

model provided the best precision and TMU
performance and that inaccuracy in the refractive
index values of the material shifts the reported
CD values by few angstroms, but does not
significantly affect TMU and precision.
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