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In situ and real time control of the different process steps in semiconductor device manufacturing
becomes a critical challenge, especially for the lithography and plasma etching processes. Dynamic
scatterometry is among the few solutions able to meet the requirement for in line monitoring. In this
article, the authors demonstrate that dynamic scatterometry can be used as a real time monitoring
technique during the resist trimming process. Different process parameters, such as chemistries and
bias power, were used in the experiments for the demonstration; they discuss the influence of these
different parameters on the measurement. For validation purposes, the dynamic scatterometry
measurements are compared to three dimensional atomic force microscopy measurements made in
the same process conditions. The agreement between both is excellent. © 2009 American Vacuum

Society. �DOI: 10.1116/1.3256594�
I. INTRODUCTION

During the micro- and nanofabrication processes, more
particularly lithography or plasma etching, the critical di-
mension �CD� metrology is a key point to reach the required
performance of the fabricated devices. In line process control
requires real time, nondestructive, and noninvasive monitor-
ing techniques. The conventional CD metrology techniques,
such as atomic force microscopy �AFM� and the CD scan-
ning electron microscopy, are not suited for real time and run
to run monitoring because they are either time consuming or
destructive and almost impossible to be used in situ.

Optical measurements1 are among the few solutions able
to meet the requirements for in line monitoring because they
are nondestructive and potentially fast. Scatterometry be-
longs to the family of the optical methods. It uses the analy-
sis of the signature of the light scattered by a periodic struc-
ture to infer the shape of a feature. Numerous author’s
worked to develop the static scatterometry by using different
experimental setups. Raymond et al.2 developed the scatter-
ometry using a single wavelength, variable angle readings.
The drawback of this type of metrology is the mechanical
complexity of the detection scheme. Other setups use Fourier
lenses to overcome this major limitation by replacing the
mechanical sweep with an all optical scheme.3

In contrast to this technique, other authors used specular
spectroscopic ellipsometry4–8 and reflectometry9 using mul-
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tiple wavelengths and fixed angle. Specular spectroscopic
scatterometry can make use of the existing spectroscopic el-
lipsometers or reflectometers and can be easily installed in
situ. In our laboratory, we developed specific software and
hardware tools to perform in situ real time scatterometry.
Although those are valid whatever the optical instrument is,
we have focused up to now on using spectroscopic
ellipsometery.10,11

The in situ real time control of different steps in semicon-
ductor manufacturing is a very important challenge. The re-
sist trimming12,13 process is an example of a manufacturing
step that requires a particularly tight control. This step in-
duces a controlled lateral erosion of the photoresist mask
aimed at reaching the resolution required by the most ad-
vanced technology nodes. However, if resist trimming can
help decreasing the resist dimension, it cannot improve the
pattern density beyond the capabilities of the lithography.
The reduction in resist linewidth is also accompanied by a
corresponding increase in the space between lines, thereby
preserving the original pitch defined by lithography. For this
reason, the process cannot be used to obtain more densely
packed dynamic random access memory. However, the re-
duction in the polysilicon gate length through resist trimming
enables the fabrication of faster complementary metal oxide
semiconductor logic circuits when advanced lithography
reaches its limits.

In this article, we show that the scatterometry can be used
for real time monitoring during the resist trimming process

of a 248 nm photoresist for two different etch chemistries;
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Hbr and Ar. We discuss the influence of chemistries and bias
power on the etched profile. Finally, we prove that dynamic
scatterometry provides reliable and repeatable results and
shows a great potential as a real time monitoring technique
for etch process control.

II. EXPERIMENT

A. Experimental procedure

The purpose of this study is to show the ability of the real
time scatterometry to control the pattern shape evolution dur-
ing the resist trimming process. The effect of the main
plasma parameters such as bias power and trim chemistries
are discussed. Three plasma conditions used to trim the resist
in this study are presented in Table I. Two different gas mix-
tures were investigated �HBr /O2 and Ar /O2�. For the latter,
we also used two different substrate polarizations in order to
check for the sensitivity of our method to etch rate as well as
faceting of the profile. In all the experiments, the source
power is fixed at 500 W and the pressure is fixed at 4 mTorr.

For validation purposes, the approximately 80 s process
has been divided into four different time intervals �20, 40,
60, and 80 s�. For each process condition, we took four
strictly identical wafers. The three first wafers were trimmed
at different times �20, 40, and 60 s�. The fourth wafer is
trimmed until the end of the process. Before the process
three-dimensional �3D� AFM was used to measure the initial
pattern shape. On the test wafers, the initial feature profiles
were found to be identical to a few nanometers. We used the
real time scatterometry to measure the trimmed feature pro-
file during the etch step. After each experiment, the scatter-
ometry measurements were compared to the 3D AFM.

B. Experimental setup

Experiments are carried out in an inductively coupled in-
dustrial plasma source �decoupled plasma source �DPS� from
Applied Materials, Inc.�, accepting 200 mm diameter wafers.
The experimental setup has been described in detail
elsewhere.14,15 The DPS is a high density plasma source
where both the source antenna and the bottom electrode are
powered. The source consists of a ceramic dome with a rf
three-dimensional coil configuration around it. The bottom
electrode is powered at a slightly higher frequency than the

TABLE I. Experimental plasma conditions.

Plasma
name Gases

Bias
power
�W�

HBr without
bias

HBr /O2 �70:30
SCCM�

0

Ar Ar /O2 �70:30
SCCM�

0

HBr with
bias

HBr /O2 �70:30
SCCM�

50
source �13.56 and 12.56 MHz�, respectively. The source
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power controls the ion density, while the bottom power �or
bias power� controls the energy of ions impinging onto the
wafer surface.

The material investigated in this study is a commercial
248 nm photoresist M78Y resist from JSR deposited on top
of a 1.5 nm layer of silicon dioxide grown on a silicon sub-
strate. It was exposed to a 248 nm wavelength using an
ASML/300 exposure tool. The test pattern is a grating of
equal line and space 250 /250 nm. The test structure area is
10�10 mm2. The resist pattern is exposed to different
plasma treatments using either HBr /O2 or Ar /O2

chemistries.
We used an in situ spectroscopic phase-modulated multi-

wavelength ellipsometer UVISEL MWL-16 from Horiba
Jobin Yvon �France� to characterize the patterned feature.
The ellipsometer is plugged onto the DPS process chamber
�Fig. 1�. The high acquisition rate of the ellipsometer allows
sampling 16 different wavelengths with a 0.5 s time reso-
lution. That makes it fully compatible for in situ and real
time control of resist trimming process, which typically last
several tens of seconds. Ellipsometry is based on the mea-
surement of the light polarization change upon reflection
from a sample surface or interface. The experimental data are
usually expressed as two parameters,16,10 Is and Ic, which are
a combination of the ellipsometric angles � and �. Such a
combination depends on the ellipsometer configuration.
These parameters are measured for 16 different wavelengths
ranging from 193 to 813 nm. The incident angle is constant
at 72.32°. The beam has an elliptical shape, 2�6 mm2 in

Vertical etch
rate
�nm/min�

Lateral etch
rate
�nm/min�

Faceting
profile

90 74 No

210 160 No

210 73 Yes

FIG. 1. Overview of the platform DPS CENTURA 5200 from Applied Ma-
terials with in situ spectroscopic phase-modulated multiwavelength ellip-

someter UVISEL MWL-16 from Horiba Jobin Yvon.
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size. It is much smaller than the test structure, which has an
area of 10�10 mm2. The measurements are performed in
real time in the etch chamber during the process.

C. AFM

The trimmed feature profiles have been measured using a
3D-CD AFM17–19 from Veeco Instrument. This particular
atomic force microscope is designed to provide a 3D image
of the surface. It uses specific flared tip, enabling to measure
accurately vertical lines �CD and height�, as well as the side-
wall roughness of the features. The tip used in this study is a
flared tip �CDR 120 from Team NanoTec Gmbh� with a di-
ameter of 120 nm, an edge radius of about 20 nm, and an
effective tip length of 580 nm. It is used to determine the
pattern profile. For each data point, we performed six slightly
shifted line scans in order to get an averaged measurement of
the resulting profile, therefore reducing the measurement er-
ror. This has also the advantage of making the 3D AFM
measurement less local in space and more prone to be com-
pared to scatterometry which provides a measurement that is
averaged over the size of the light spot. Before and after each
measurement, a tip qualification is carried out to ensure the
validity of the measurement. The dynamic repeatability of
the 3D AFM measurement is estimated to 1 nm.20

D. Scatterometry

Scatterometry is an optical measurement technique based
on the analysis of the light scattered from a periodic array of
features. It is a typical inverse problem approach that extracts
a measurement by comparing the signature acquired by an
optical metrology instrument �in our case a spectroscopic
ellipsometer� to a set of computed signatures. The so-called
direct problem consist of determining the diffraction efficien-
cies of the given diffraction grating using a rigorous electro-
magnetic solver based on the modal method by Fourier ex-
pansion �MMFE�21,22 also known as rigorous coupled wave
analysis �RCWA�. The inverse problem consists of determin-
ing the shape of the lines of the periodic structure from an
experimental signature acquisition. The approach that is most
commonly used in the industry to solve this problem is to
generate a library of scattering signatures.23 This method has
a major additional advantage for us: it is real time compliant
as the solving time is perfectly predictable.

The library of computed signatures is build up for differ-
ent combinations of profile parameters �Fig. 2�, which are
supposed to cover the range of possible profiles expected to

FIG. 2. Schematic of the multilayer grating used as a model for the library
generation.
be encountered along the experiment. In view of the profiles

J. Vac. Sci. Technol. B, Vol. 27, No. 6, Nov/Dec 2009
we had to deal with, we chose a model with four parameters
�CD, height, sidewall angle ��1�, and profile faceting ��2��.
This allows representing a variety of shapes, which are basi-
cally trapezoids with top rounded corners. The profile facet-
ing is presented here by parabolic top corners described by
the following equation:

f�x� = 1
2 tan��/2 − �2��y − y0�2.

Our experience showed that the onset of the corner rounding
can, without a lack of generality, be set to a value y0 equal to
85% of the feature height.

Material optical properties n �reflective index� and k �ex-
tinction coefficient� of each layer are known parameters of
the problem as well as the thickness of the oxide layer.

When the raw signatures are measured, the best match to
these data is searched in the previously computed library.
Although the library building is time consuming and requires
high performance processors, solving the inverse problem
can be fast because pattern matching is reduced here to a
simple numerical database search. Nevertheless, it is too
much time consuming to solve the inverse problem for each
time step with a brute force approach. We use graphic pro-
cessing unit �GPU� to accelerate the database search. A full
description of this method can be found elsewhere.10,11

The ellipsometer acquisition rate is 2 measurements/s.
Our postprocessing using the GPU can be much faster �up to
10 inversions/s�. Thus, the current acquisition rate of our
setup is limited by the ellipsometer at 2 Hz. This is not an
issue since the process duration is in the range of several tens
of seconds.

III. RESULTS AND DISCUSSION

A. Reproducibility of the results

Two different approaches can be envisioned to perform
the validation of real time scatterometry with 3D AFM mea-
surements. The first one is to use a single wafer that is etched
partially, taken out of the chamber, characterized using the
3D AFM, and placed back in the etch tool for the following
of the process, potentially interrupted again for other mea-
surements all along the process time. We figured out and
experienced that this method was not reliable as interrupting
the process would significantly alter the conduct of the etch
step. Instead we found much more reproducible results using
several wafers of the same batch and stopping the process at
different times for each of them as described in Sec. II. As an
illustration, Fig. 3 shows the ellipsometric signals for 4
wavelengths out of the 16 available, and the corresponding
signatures are drawn. They correspond to four wafers that
were etched at 20, 40, 60, and 80 s, respectively. It can be
seen that all of them are almost perfectly superimposed. This
is a strong evidence that our metrology is fully legitimate. At
the same time it gives an idea of the repeatability of the

ellipsometric measurement.
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B. Monitoring of the etch process

A comparison between dynamic scatterometry profile
shape �CD and height� and the 3D AFM measurements is
reported in Figs. 4–6. The reconstructed profiles, extracted
using the real time scatterometry at several different time
steps �70, 140, and 120 s�, are compared to 3D AFM profiles

FIG. 3. Real time ellipsometric data for

FIG. 4. Real time measurement results �solid line�: �a� CD and �b� height of
resist feature vs the processing time in Ar /O2 plasma. 3D AFM data �cross

shape markers� are shown for reference.
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measured on separate wafers etched during the same time.
Overall, the agreement between AFM and scatterometry is
very good since the difference in width and height between
each other is always less than 3% for different chemistries
and power bias.

avelengths during the etching process.

FIG. 5. Real time measurement results �solid line�: �a� CD and �b� height of
resist feature vs the processing time in HBr /O2 without bias power. 3D
four w
AFM data �cross shape markers� are shown for reference.
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C. Influence of bias power and chemistries

For the HBr process, we used two different bias condi-
tions: 0 and 50 W. The result of the comparison is reported
in Figs. 5 and 6. We see that an increase in bias power
logically results in an increase in the vertical etch rate from
90 to 210 nm /min. These results are very consistent with the
evolution of the etch rate reported in literature.13 Lateral
trimming rate is 76 nm /min for the two bias conditions. Fig-
ures 7 and 8 show the evolution of the resist profile during
the process. We first observe the perfect agreement between
real time scatterometry �flat color� and cross section of the
AFM measurement �surrounding solid line�. Then, it can be
seen that increasing the power bias favors a faceting of the
resist line, which is visible on the scatterometric measure-
ment as well as on the 3D AFM.

The results also allow comparing the two plasma chemis-
tries. When no bias power is applied, the vertical etch rates
are 210 and 90 nm /min for Ar /O2 and HBr /O2, respec-
tively. The lateral etch rates are 160 and 74 nm /min. The
etch rate with Ar is twice as fast as the HBr etch rate. This is
out of the scope of this article to explain the reason of this
difference. We just want to emphasize that scatterometry is a
reliable technique that is able to control a fast resist trimming
process in real time.

IV. CONCLUSION

In this article, we used the in situ real time scatterometry
metrology to monitor the resist trimming process. We applied
and validated this technique to different chemistries and bias

FIG. 6. Real time measurement results �solid line�: �a� CD and �b� height of
resist feature vs the processing time in HBr /O2 with bias power. 3D AFM
data �cross shape markers� are shown for reference.
power. This study proves that real time scatterometry pro-
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FIG. 7. Comparison between the scatterometry image �flat color� and cross
section of the AFM measurement �surrounding solid line� for different pro-
cessing times �20, 40, 60, 80, and 100 s�. Process conditions: HBr /O2 with
FIG. 8. Comparison between the scatterometry image �flat color� and cross
section of the AFM measurement �surrounding solid line� for different pro-
cessing times �20, 40, 60, 80, 100, and 120 s�. Process conditions: HBr /O2
without bias.
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vides reliable results and shows a great potential as a moni-
toring technique for etch process control. The comparison
between scatterometry measurement and 3D AFM measure-
ment shows a good match for a variety of different pattern
shape, within a few percent in size. The profile evolution can
also be handled. We showed that faceting can be measured
with an excellent agreement with our reference metrology.
We proved that the scatterometry can reliably extract the
pattern shape in two dimensions and in real time. This char-
acterization technique can be viewed as an invaluable tool
for the accurate control of the patterning of current and next
generation of semiconductor devices.
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