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Novel technique for characterizing feature profiles in
photolithography process
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A novel angle-resolved scatterometer based on pupil optimization for feature profile measurement in a
photolithography process is proposed. The impact of image sensor errors is minimized by optimizing the
intensity distribution of the incident light using a spatial light modulator. The scatterometry sensitivity
of feature measurement at different polarization conditions is calculated using the rigorous coupled-wave
and first-order analyses, and the reproducibility of the scatterometer is evaluated. The results show that
the sensitivity and reproducibility of the angle-resolved scatterometer increase by 90% and 40% with pupil
optimization, respectively.
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As feature sizes decrease, the requirements on critical di-
mension (CD) uniformity have become very strict. Thus,
a fast and accurate measurement technique for charac-
terizing the CD, sidewall angle (SWA), and height of the
resist profile should be established to monitor the vari-
ations in the lithography process and perform advanced
process control. Various techniques such as CD-SEM[1,2],
CD-AFM[3], and scatterometry[4−6] are used in profile
measurement. Among these techniques, scatterometry is
a highly accurate and nondeconstructive measurement
technique that possesses advantages of low cost, high
speed, and robustness. Angle-resolved scatterometry has
already been applied to supply in-line feedback informa-
tion that is necessary for tight process control[7−10].

In an angle-resolved scatterometry measurement, the
profile information is extracted by modeling the angu-
lar reflection of the structure to be measured in the
pupil space within a range of altitude and azimuth an-
gles. The resist profile, including the CD, SWA, and
height, is determined using the intensity distribution in
the pupil image from the image sensor. In a typical angle-
resolved scatterometry, the pupil intensity distribution
depends on the source and optical design. The reflection
at different incident angles has a large variation range
and does not utilize most of the dynamic range of the
image sensor.

In this letter, a novel angle-resolved scatterometer with
pupil optimization is introduced. The intensity of the il-
lumination beam is changed using a spatial light modu-
lator, and the intensity distribution of the incident light
in the pupil plane is optimized considering the feature
and image sensor response properties. The first-order
analysis of the scatterometry sensitivity at different po-
larization states is conducted on the resist-coated wafer
using the rigorous coupled-wave analysis (RCWA). Based
on the criterion that will be defined in the following,
the sensitivities of the angle-resolved scatterometer with
pupil optimization and the traditional scatterometer are
compared. The reproducibility of the scatterometry on
various process nodes is analyzed using the Monte Carlo
method.

Figure 1 shows the schematic of the new scatterome-

ter. The light from the source is collimated and then
spatially modulated. The intensity distribution of the
incident light in the pupil plane is optimized considering
the feature and image sensor response properties. The
collimated beam is focused onto the feature on a wafer
via a projector lens, and then, the reflected light from the
sample is collected using the same lens. The beam enter-
ing the receiving lens contains light reflected at different
altitude and azimuth angles at different points across the
sample. The light beam passes through the beam split-
ter, and the pupil is imaged by the relay lens. The pupil
image, which represents the light reflected from the sam-
ple at different altitude and azimuth angles, is detected
by the image sensor. The feature parameters, including
the CD, SWA, and height, are determined using the in-
tensity distribution in the image sensor.

The sensitivity of the scatterometry, which represents
the change in the measured parameter versus a change
in a sample feature, is an important characteristic and
ultimately determines measurement precision. Using the
first-order analysis of scatterometry sensitivity[11], the
sensitivity of a traditional angle-resolved scatterometer
with uniform pupil illumination can be expressed as
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1
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Fig. 1. Schematic diagram of the angle-resolved scatterometer
with pupil optimization.

where θ and φ represent the altitude and azimuth angles,
respectively, R represents the reflectivity of the specified
feature at a specified angle, k represents an index given
to each test site with varying profiles, and N denotes
the number of test sites containing geometric parame-
ters. The subscripts CD, SWA, and RT represent critical
dimension, sidewall angle, and resist height, respectively.
An average is appropriate if the increment is small and
if the changes are comparable in magnitude from the re-
flectivity to the next. From Eqs. (1)–(3), the sensitivity
of the specified altitude and azimuth angles is influenced
by the reflectivity response to variations in geometric pa-
rameters and the maximum reflectivity in the pupil space.

The sensitivity of the specified altitude and azimuth
angles can be optimized via pupil optimization. The de-
tector response with uniform pupil illumination is calcu-
lated using the RCWA and sensor-response models. The
intensity of the illumination beam is changed by a spatial
light modulator to induce a similar response in the pixels
in the image sensor. The sensitivity of the angle-resolved
scatterometer with pupil optimization as a function of the
specified altitude and azimuth angles can be expressed as

S′CD (θ, φ) =
1

R(θ, φ)
· 1
N − 1

·
N−1∑

k=1
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1
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· 1
N − 1

·
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(5)
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· 1
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·
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k=1

|RRT, k+1(θ, φ)−RRT, k(θ, φ)|. (6)

From Eqs. (4)–(6), the sensitivity of the low reflectivity
angle is improved using pupil optimization.

The sensitivity of the geometric parameters was cal-
culated as a function of the altitude and azimuth angles
for the traditional and pupil-optimized scatterometers
by employing the RCWA[12,13]. The measurement wave-
length of the scatterometer is assumed to be 632.8 nm
with p- and s-polarized illuminations, and a 0.93-NA mi-
croscope lens is used. As illustrated in Fig. 2, the sample
consists of a resist layer, a bottom antireflective coating
(BARC) layer, and a silicon substrate. The thickness of
the BARC layer is 30 nm. The nominal RT, SWA, and
CD are 72 nm, 85◦, and 32 nm, respectively. The steps
from each test site to the next correspond to nominal
CD, SWA, and RT increments of 0.23 nm, 0.31◦, and
0.082 nm, respectively.

The sensitivity results simulated with p-polarized light
are shown in Fig. 3. Figures 3(a) and (d), (b) and
(e), and (c) and (f) display the sensitivity contours of

Fig. 2. Cross section of the sample.

 

 

 

 

 

 

Fig. 3. Sensitivity contours of the p-polarized light in the
pupil plane. (a) CD, (b) SWA, and (c) RT sensitivities in
the traditional scatterometer. (d) CD, (e) SWA, and (f) RT
sensitivities in the scatterometer with pupil optimization.
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the CD, SWA, and RT, respectively, for the traditional
and pupil-optimized scatterometers. From Fig. 3, the
maximum RT and SWA sensitivities of the p-polarized
light in the tradition scatterometer are on the edge of
the pupil, suggesting that the light with a large altitude
angle has to be detected using a high NA microscope
to ensure profile measurement accuracy. The maximum
sensitivity of the p-polarized light for the pupil-optimized
scatterometer is closer to the center of the pupil, indicat-
ing that the projection lens could have a smaller NA. The
average sensitivities over the pupil space are shown in
Table 1. According to Table 1, the average sensitivities
of the CD, SWA, and RT increase by 101%, 91%, and
95%, respectively, with pupil optimization.

Similar sensitivity results with s-polarized light are
shown in Fig. 4. From Fig. 4, the maximum sensitivity
of the s-polarized light in the traditional scatterometer is
also on the edge of the pupil, whereas the maximum sen-
sitivity of the p-polarized light for the pupil-optimized
scatterometer is closer to the center of the pupil. The
NA of the projecting lens could be reduced via pupil op-
timization. The average sensitivities over the pupil space
are shown in Table 1. According to Table 1, the average
sensitivities of the CD, SWA, and RT increase by 171%,
151%, and 168%, respectively, with pupil optimization.

The Monte Carlo method was employed to analyze the
impact of the image sensor noise on the measurement re-
sult of the geometric parameters. White Gaussian noise

 

 

 

 

 

 

 

 

Fig. 4. Sensitivity contours of the s-polarized light in the
pupil plane. (a) CD, (b) SWA, and (c) RT sensitivities in
the traditional scatterometer. (d) CD, (e) SWA, and (f) RT
sensitivities in the scatterometer with pupil optimization.

Fig. 5. (Color online) Reproducibility of the geometric pa-
rameters for the traditional (blue) and pupil-optimized (pur-
ple) scatterometers.

Table 1. Average Sensitivities of the CD, SWA, and
RT under Different Conditions

Type Polarization
CD SWA RT

(×10−4) (×10−4) (×10−4)

Traditional p-polarized 8.79 2.31 9.00

Pupil Optimized p-polarized 17.60 4.40 17.50

Traditional s-polarized 11.48 7.45 15.20

Pupil Optimized s-polarized 31.10 18.70 40.80

was generated on the theoretical image calculated using
the specified geometric parameters. Using images with
sensor noise, the CD, SWA, and RT were extracted. The
reproducibilities of the CD, SWA, and RT for the tra-
ditional and pupil-optimized scatterometers with 0.1%
image noise are shown in Fig. 5. The results show that
the reproducibilities improve by 44%, 50%, and 45%,
respectively, with pupil optimization.

In conclusion, a novel angle-resolved scatterometer
based on pupil optimization is proposed for feature
profile measurement. Pupil optimization can improve
the measurement accuracy of the angle-resolved scat-
terometer. According to the simulation results, the sen-
sitivity and reproducibility of the geometric parameters
of the profile measurements increase by more than 90%
and 40%, respectively, with pupil optimization.
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