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Highly Sensitive Focus Monitoring on Production
Wafer by Scatterometry Measurements

for 90/65-nm Node Devices
Toshihide Kawachi, Hidekimi Fudo, Yoshio Iwata, Shunichi Matsumoto, Hideaki Sasazawa, and Tadayoshi Mori

Abstract—RENESAS factories are starting to use scatterometry
for inline focus measurement. This paper presents the devel-
opment of the method used for nondestructive, high accuracy,
and high-speed focus measurement on production wafers. Focus
change results in a subtle variation of the photoresist shape, and
this phenomenon is parameterized by using a new eight-layer
model. Partial least squares regression methods are used to
calculate focus from scatterometry measurement results. The
measurement error for a focus variation of 0.1 m is within
30 nm. This method enables the focus offset to be corrected more
frequently without increasing the aligner machine downtime and
reduces the depth of focus required because of aligner fluctuation.
With it, we will be able to get sufficient focus margins for mass
production of devices beyond the 65-nm-node devices.

Index Terms—Focusing, photolithography, resists, scatterom-
etry.

I. INTRODUCTION

DESIGN rules for semiconductor devices are continually
decreasing as shown in ITRS road maps. We can see in

Table I that a 38-nm gate length will be required in high-end
MPUs by 2008 and that the gate length will continue to decrease
by 10% or more each year [1].

Photolithography reduces design rules by continuously de-
veloping technology increasing micropattern resolution tech-
nology. The pattern resolution in projection printing is gov-
erned by the Rayleigh criterion

(1)

where is the wavelength of the light source, is the numer-
ical aperture of the lens, and the factor reflects the effects
of various kinds of resolution enhancement techniques that
are widely used today: modified illumination, correction for
the optical proximity effect, phase-shift masks, and advanced
photoresist processes. Resolution can be enhanced by using
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light sources with shorter wavelengths, like the 193-nm ArF
excimer lasers that have become mainstream technology, and
by increasing the numerical aperture (NA). The NA of the
dry type of ArF scanner has already reached 0.93, and future
immersion-type scanners will provide an NA greater than 1.30.
Since the depth of focus (DOF) of a lens is inversely propor-
tional to the NA, the rapid rise of NA in recent years has caused
a rapid decrease of DOF and thus of the focus margins in the
exposure process. As shown in Fig. 1, the required DOF in mass
production lithography process is determined by the DOF due
to the variation of each component of the exposure equipment,
that is, by wafer flatness, wafer chuck flatness, reticle flatness,
and exposure equipment stability. The focus margin of each
layer’s exposure process is defined as the “production focus
margin,” and mass production is difficult when the production
focus margin is less than required DOF.

Generally, the required DOF decreases with each new design
rule. This is due to the year-by-year improvement of the expo-
sure equipment performance and the flatness of various com-
ponent parts. When the node size is less than 90 nm, however,
the production focus margin decreases faster than the required
DOF. As a result, we sometimes cannot obtain a production
focus margin sufficient for advanced devices. Equipment sta-
bility will become more important, because it is difficult for de-
vice makers to improve the flatness of each component. Align-
ment equipment is therefore used to periodically adjust focus
offset according to focus measurements made with special QC
wafers. This procedure decreases productivity because the time
spent on the QC measurements cannot be used for production.
Focus measurements are therefore made only a few times per
month. If we had a high-precision focus measurement technique
that we could use with the production wafers, we would be able
to adjust the focus offset daily.

Several inline focus measurement techniques using special
marks have been proposed [2]–[4], but with them it is difficult
to detect the focus variation of the production pattern itself. A
new focus measurement technique tried to solve this problem by
using cross-sectional scanning electron microscopy (X-SEM) to
observe the profile of a line-and-space photoresist (PR) pattern
whose shape is the same as that of the production pattern, but
PR profile measurement is difficult on production wafers. What
we need instead is a 3-D pattern measurement tool which can
rapidly measure the PR profile nondestructively and accurately.
Although scatterometry is such a tool and should be useful for
detecting PR profile fluctuation on production wafers, it has not
yet been used to measure small variations of PR profile.
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TABLE I
LITHOGRAPHY TECHNOLOGY REQUIREMENTS (FROM ITRS ROADMAP 2006 UP DATE) [1]

Fig. 1. Required depth of focus and focus margin for various technology nodes.

This paper presents our new technique using scatterometry
for inline focus measurement. In Section II, we study the
possibility of detailed PR profile measurement by this tool.
A multilayer scatterometry model is developed and realizes
the measurement of slight variation of PR profile by focus
fluctuation. In Section III, we study the analysis technique of
extracting the focus fluctuation from PR profile measurement
results and derive the focus prediction formula. We carried
out the accuracy evaluation of focus measurement results
and compared with conventional method. We summarize our
conclusion in Section IV.

II. MEASUREMENT TECHNIQUE

Focus fluctuation changes the PR profile as shown in Fig. 2,
where we can see that the upper portion of the profile becomes
wider when the fluctuation is positive and narrower when the
fluctuation is negative.

The dimensions of a periodic 3-D pattern on focus exposure
matrix (FEM) wafers are measured nondestructively by scat-
terometry. The measurement target is a 50- m-square area in
a grating pattern comprising 110-nm lines separated by 250-nm
spaces, and the focus and exposure dose are changed at each
shot.

Fig. 2. Photoresist profiles due to positive and negative fluctuation of focus.

A. System Configuration

Fig. 3 shows the configuration of measurement system. Input
light passes through the polarizer and is incident normal to the
surface of the grating sample. Polarizer rotation is controlled by
the system so that the polarization of the incident light can be set
either parallel or orthogonal to the grating lines. For measure-
ment analysis the system uses zeroth-order diffracted light from
the grating sample, and it is designed to suppress high-order
diffraction of reflected light.

B. Measurement Principle

The polarized light irradiating the grating lines produces dif-
ferent diffraction waveforms for different sample conditions.
The waveform depends on the dimensions of the pattern pro-
file (pitch, linewidth, sidewall angle, etc.), the optical character-
istic of material that constitutes the pattern, the slope angle of
the grating, the polarization direction of the incident light, and
the angle of incidence. The measurement system uses the inci-
dent angle light for target pattern and detects light of only the
zeroth-order diffraction. The system provides light under two
conditions with regard to the angle between polarization direc-
tion and the direction of the grating lines: 0 (TM) and 90 (TE).
If the optical characteristics of the grating material are uniform,
the waveform of zeroth-order diffraction is determined by the
pattern profile. The pattern profile can therefore be obtained by
analyzing the diffraction waveform. We have done this by using
rigorous coupling wave analysis (RCWA) methods [5]. Fig. 4
shows examples of the waveforms the system obtained in the
TE and TM modes.
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Fig. 3. System configuration.

Fig. 4. Polarization modes and examples of corresponding waveforms.

C. Waveform Analysis Method

It is very difficult to describe the pattern profile change by
the function because it changes into complexity. The profile is
therefore divided into multiple shapes at the inflection points of
its characteristics, and models are created by combining two or
more trapezoids as shown in Fig. 5.

Each trapezoid is then subdivided into rectangles and the
model waveform is calculated by RCWA methods. To obtain
the actual pattern profile, we need to evaluate the fitting of
the model to the measurement results. The best fitting model
shape is regarded as the actual pattern profile. Fig. 6 shows the
analysis flow of the model fitting. The parameters of the pattern

Fig. 5. Modeling grating pattern and subdividing model.

model are the critical dimensions of each part of the trapezoid
(bottom CD, top CD, sidewall angle, and thickness) and the
thickness of the pattern substrate.

D. Evaluation of Measurement Validity (Fitting)

The accuracy of the pattern model is evaluated by measuring
the fitting of the modeled waveform to the measured waveform.
This is done using the mean squared error (MSE) given by the
following equation:

MSE (2)

where is the number of reflectivity data, is the number of
fitting parameters in the model, and is the standard deviation
of data at the several times measurement results. The data
obtained in five measurements is used in this calculation. The
MSE is smaller when the fitting is better and is zero when the
fitting is perfect. Generally, goodness-of-fit (GOF) is used as an
index of the fitting. It is related to the MSE as follows:

GOF
MSE

(3)

where is a constant scale factor.

E. Modeling

1) Feature of Change in Measurement Waveform by Focus
Change: Reflectance spectra obtained with the TE and TM po-
larizations at various focus offsets are shown in Fig. 7(a) and
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Fig. 6. Analysis flow.

7(b). Because the variation of the PR profile was small, no sig-
nificant shift of peak locations is evident.

Our analysis of the PR profile must therefore be based on
minute variances of the measured waveform if we are to improve
the fitting between the measured and modeled waveforms. To do
this, we need a model that faithfully reflects the change of PR
profile.

2) Modeling of PR Profile: PR profile characteristics for
model creation were extracted from cross-sectional SEM im-
ages like those shown in Fig. 2. These PR profiles showed such
characteristics as a smaller width in the central part of the side-
wall, rounding of the upper part, footing at the bottom edge, etc.
The corresponding PR profile model is shown in Fig. 8.

The lines in part (a) of Fig. 8 show a two-layer PR model re-
flecting the smaller width in the central part of the sidewall, and
those in (b) show a three-layer version, additionally reflecting
the rounding of the upper part. The rounded shape is calculated
by the half width of the difference between the top and bottom
parts with the thickness at the target layer. The rounded layer
shows good fitting with the X-SEM profile. Fig. 8(c) shows a
four-layer model made by putting a footing at the bottom edge,
and (d) shows a five-layer model as optimization of the pattern
shape at the upper rounded area.

F. Evaluation of Validity of Model

A multilayer model approximates the actual PR cross section
well, but instead we need to use an optimized model because
the analysis time increases with the number of layers. We eval-
uated the fitting performance of each model shown in Fig. 8 and
selected for this analysis the best model providing the required
accuracy.

(a)

(b)

Fig. 7(a). Spectrum curve at each focus offset: (a) TE mode and (b) TM mode.

Model accuracy is also influenced by the optical characteris-
tics of each layer, and these vary depending on the conditions of
the film-forming process. Therefore, the film sample was made
by the same process as measurement model pattern for each
layer’s optical characteristics analysis. A spectroscopic reflec-
tometer (SR) and a spectroscopic ellipsometer (SE) were used
for this measurement.

1) Validity of Model Analysis Result: The CD size change
(i.e., PR profile variation) due to focus fluctuation is shown in
Fig. 9 for each model. The PR profile sometimes shows un-
expected fluctuation at the case of two-layer and three-layer
models, so models with four or more layers have to be used.
In addition, the thicknesses of nongrating (substrate) layers are
float parameters and are the fitting estimate of this part. The
substrate layer thicknesses measured under various focus con-
ditions are shown in Fig. 10. The four-layer model shows a dis-
continuous thickness change at the focus position of 0.1 m.
We judged from these analysis results that a five-layer model is
needed to guarantee the measurement accuracy.

2) MSE: Fig. 11 shows the waveform fitting evaluation re-
sults of each model at the best focus PR profile that uses ten
wafers. It is possible to judge the quality of each model’s fitting
and PR profile repeatability by this method. The MSE value gets
close to converging in the four-layer model. The MSE change
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Fig. 8. Cross-sectional SEM profiles and model of those profiles.

Fig. 9. PR size change due to focus fluctuation.

due to focus fluctuation is shown in Fig. 12 for each model. The
MSE for the four-layer model increases at the focus position of

0.15 m, but the MSE for the five-layer model does not. We
therefore decided to use the five-layer model.

The MSE results obtained using the five-layer model at all
points on the surface of an FEM wafer are shown in Fig. 13.
MSE values less than seven were obtained in most areas (i.e.,
under most conditions), except for the extreme defocus and de-
viate exposure dose areas from FEM wafer. Especially, critical
exposure dose and focus areas show small MSE values as less
than four.

We judged from these evaluation results that the five-layer
model yields sufficient measurement accuracy with our new
technique, and this model was used in the following analysis.

G. Application Model

We developed a PR profile scatterometry model with eight
layers: five layers of PR and three layers of unpatterned films
(Fig. 14). Each layer was characterized by thickness, linewidth
(LW), and sidewall angle (SWA). The layers from L4 to L8 show
the characteristics of PR profile at each position. L4 corresponds
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Fig. 10. Substrate layer thickness change due to focus fluctuation.

Fig. 11. MSE changes of each model.

Fig. 12. MSE changes due to focus fluctuation.

to the PR footing in the bottom area. L5 and L6 model the ta-
pered shape of the middle area, and L8 models the round top of
the PR. L7 is an additional factor for the PR top shape, and it
improves the accuracy at the model fitting.

We derived focus values from the experimental data by using
the multiple regression method.

H. Accuracy of Measurement Model

We evaluated the accuracy of the measurement model by
comparing the results of scatterometry measurements with

Fig. 13. MSE results obtained on FEM wafer.

Fig. 14. Scatterometry model for focus monitoring.

those obtained using other inspection tools. The values of
the PR pattern width obtained by scatterometry are compared
with X-SEM observations in Fig. 15(a) and (b). The square of
the correlation coefficient is 0.765 for LW6 (linewidth at the
bottom of layer 6) and is 0.937 for LW7. We thus find good
correlation between scatterometry measurements and X-SEM
measurements.

III. EXPERIMENTAL RESULTS

Focus values were calculated using a formula that is based on
the results of our scatterometry measurements. Table II summa-
rizes a parameter setting of each layer in the resist pattern mea-
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(a)

(b)

Fig. 15. (a) LW6 values obtained by scatterometry versus those obtained by
X-SEM. (b) LW7 values obtained by scatterometry versus those obtained by
X-SEM.

TABLE II
SETTING OF MEASUREMENT PARAMETERS

surement model shown in Fig. 14. Each layer is defined by the
measurement parameter of thickness (Thick), linewidth (LW),
and a sidewall angle (SWA). The measurement target parame-
ters are set as variable (float) values and the parameters with a
small change are set as fixed (fix) values. Furthermore, the pa-
rameters that interlock with each other and change between the
continuous layers are set as the linkage value (link), such as the
linewidth between the L5 upper part and L6 bottom part.

A. Evaluation of Focus Prediction Formula by Multiple Linear
Regression (MLR)

A focus value is predicted from the measurement result
of scatterometry with deriving the multiple linear regression
models

(4)

TABLE III
MATRIX OF FOCUS CONDITION AND MEASUREMENT RESULT

where is the objective variable that means a focus values.
is an explanatory variable that means each measure-

ment parameter of scatterometry, such as thickness, sidewall
angle, and linewidth. Moreover, is a regression coefficient.
The focus prediction formula is formulized from deriving the

using the measurement result of the FEM wafer, as shown in
Fig. 13.

The focus setting of the aligner equipment is listed in Table III
along with the corresponding measurement results. The error
is the difference between the objective variable and the actual
focus setting

(5)

MLR calculates the regression coefficient that minimalizes
the squared sum of error values in the setting range of
1 to [6]. When an explanatory variable has correlation, the
accuracy of regression degrades in the MLR methods. Then,
the focus prediction formula was calculated only using the float
parameters as shown in Table II and applied for the measure-
ment results of 0.0–0.2 m in focus range and dose range of
217–237 J/m

Focus

(6)

where Thick is the thickness (in nanometers), LW is the
linewidth (in nanometers), and SWA is the sidewall angle
(in degrees). Fig. 16 shows the focus measurement results
calculated by prediction (6). Focus measurement shots are in
the 0.0–0.2 m focus range and dose range of 217–237 J/m
at four FEM wafers that exposed by Fig. 13 conditions. These
are the same wafers as used for deriving (6). The plotted points
are the average focus values and the error bar means the raw
data of the four wafers of each measurement result. The focus
measurement accuracy shows 40-nm variation. However, the
systematic error had arisen in the focus prediction result, and
inclination and offset of the fitting line between the measure-
ment value and a setting focus value were, respectively, 0.805
and 26 nm. The multicollinearity between each parameter is
a reason for generating the systematic error at the PR profile
changes even if we formulize the focus prediction only with
float parameters. To predict a focus value with practical accu-
racy, we need to formulize it with the correlation between each
parameter undisturbed. Zero systematic error is an ideal target.
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Fig. 16. Focus measurement results estimated by MLR.

The change rate of measurement values to setting values of the
focus shows the inclination 1 and offset 0 in this case.

B. Evaluation of Focus Prediction Formula by Partial Least
Squares Regression (PLS)

Partial least squares regression derives the regression formula
excluding the effect of multicollinearity by not executing direct
regression from the measurement results X but intervening in
the latent variables. It can therefore derive regression formulas
with sufficient accuracy even when an explanatory variable X
has a correlation

(7)

where means the latent variable. The coefficient is fixed to
maximize the covariance between and at the PLS methods.

is an uncorrelated part with and coefficient is fixed
to maximize the covariance between and . The focus esti-
mation value is showed by (8), and it is possible to extract it by
calculating the regression coefficient [6]

(8)

The focus prediction formula was formulized based on float and
the link parameters which are shown in Table II by using the PLS
methods

Focus

(9)

where Thick is the thickness (in nanometers), LW is the
linewidth (in nanometers), and SWA is the sidewall angle (in
degrees). Fig. 17 shows the focus measurement result calcu-
lated by the prediction (9). Focus measurement shots are in the
0.0–0.2 m focus range and dose range of 217–237 J/m at

Fig. 17. Focus measurement results estimated by PLS.

four FEM wafers that exposed by Fig. 13 conditions. These are
the same wafers as used for deriving (9). The plotted points are
the average focus values and the error bar means the raw data
of the four wafers of each measurement result. The focus mea-
surement accuracy shows 30 nm variation. The systematic
error in the focus prediction result is very small, and inclination
and offset of the fitting line through the measured and set focus
values were, respectively, 0.993 and 0 nm. PLS methods thus
yield a smaller systematic error than the MLR methods do. We
consider this to achieve the formulization without disturbing
the correlation between each parameter by applying the PLS
methods.

Focus can be calculated, with practical accuracy, by using the
multiple regression model based on scatterometry measurement
results. This formula uses linear expression that is easily calcu-
lated by scatterometry equipment function. We can use an on-
board reporting system for focus calculation. It is a great advan-
tage for workload reduction of FA systems.

C. Focus Measurement Results

PR profile variation in actual production wafers is caused by
not only focus fluctuation but also exposure dose shifting. We
have to pick up a focus component from this total PR profile
fluctuation. Of course, focus measurement needs a guarantee of
accuracy at wide focus range. We confirmed the accuracy of our
new measurement technique as shown in Fig. 17. We measured
four FEM production wafers with exposure dose variation of
10 J/m and focus offset variation of 0.1 m as shown in Fig. 13.
These conditions assume the situation of production lot pro-
cessing. As shown in the foregoing paragraph, the focus mea-
surement accuracy shows 30 nm variation and a very small
systematic error. Fig. 17 includes the exposure dose variation
of 10 J/m but focus measurement result shows high accuracy.
This means that we can exclude the exposure-dose-shifting ef-
fect from the focus measurement. This result shows that the new
technique achieved high-accuracy nondestructive focus mea-
surement on the production wafers.
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Fig. 18. Trend of focus measurements by scatterometry and backside-Cr-ret-
icle method [7].

Fig. 19. Focus fluctuation measured in one lot.

In the periodic correction of the focus offset of aligner equip-
ment, we are using the backside-Cr-reticle method [7]. This
method uses a special reticle with dedicated wafers. It has to
stop the aligner during exposing the dedicated wafer. From the
point of view of the aligner machine time, we cannot improve a
measurement frequency. Fig. 18 shows the trend focus-check re-
sults obtained using the backside-Cr-reticle method. The focus
values of production wafers obtained using our method show
good correlation with those obtained using the backside-Cr-ret-
icle method.

The current method can be replaced by our new one. We can
correct the focus offset more frequently without increasing the
aligner machine downtime. This will reduce the required-DOF
due to aligner fluctuation. We can get sufficient focus mar-
gins for mass production of even the most advanced devices.
Run-to-run focus measurement is an effective method for
increasing the repeatability of the PR shape, and Fig. 19 shows
the measurement results for eight wafers picked out of a normal
exposed production lot.

The small focus fluctuation, ranging over only 37 nm, assures
good focus stability in this lot. PR shape repeatability can be
improved by reworking defocused wafers when abnormal focus
value is detected.

D. In the Future

This focus measurement method is useful for further im-
provement of the PR shape repeatability. We confirmed that the
new technique has good measurement accuracy from each eval-
uation. Repeatability of the PR shape including CD depends

on the fluctuation of both focus and exposure dose. So far,
exposure dose is corrected by feedback of CD measurement.
We can introduce a feedback method of the focus with this
measurement method. The feedback of both focus and exposure
dose enables us to achieve better repeatability of PR shape that
ensures better stability of final pattern after etching.

IV. CONCLUSION

We have succeeded in extracting parameters characterizing
small focus-dependent variations of PR profile by using scat-
terometry. PR profile characteristics used for model creation
were extracted from X-SEM images. Among these character-
istics were smaller widths in the central part of the sidewall,
rounding of the upper part, and footing at the bottom edge. We
evaluated the fitting performance of several PR profile models
representing these characteristics and selected the best one pro-
viding the required accuracy. We then developed an eight-layer
model assuring profile faithfulness, substrate-layer-thickness
accuracy, and MSE. This scatterometry model includes five
layers of PR and three layers of unpatterned substrate films.
Focus is calculated from scatterometry measurement results
by using a PLS formula because PLS methods yielded a
smaller systematic error than MLR methods did. We devel-
oped a formula that is not influenced by correlation between
measurements. Our new focus-monitoring method enables
us to measure the focus of production wafers. Measurement
results and setting values show good correlation (i.e., are within
30 nm) at the focus variation of 0.1 m. The new method makes
it possible to increase the frequency of focus offset correction
without increasing aligner machine downtime. This change will
reduce the required-DOF due to aligner fluctuation and will
enable us to get sufficient focus margins for mass production of
devices beyond the 90/65 nm node devices. Feedback of focus
values obtained by this method will help providing precise CD
control for most advanced device applications.
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