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(57) Abstract: The present invention in-
cludes generating a three-dimensional
design of experiment (DOE) for a plurality
of semiconductor wafers, a first dimension
of the DOE being a relative amount of a first
component of the thin film, a second dimen-
sion of the DOE being a relative amount of
a second component of the thin film, a third
dimension of the DOE being a thickness of
the thin film, acquiring a spectrum for each
of the wafers, generating a set of optical dis-
persion data by extracting a real component
(n) and an imaginary component (k) of the
complex index of refraction for each of the
acquired spectrum, identifying one or more
systematic features of the set of optical dis-
persion data; and generating a multi-com-
ponent Bruggeman effective medium ap-
proximation (BEMA) model utilizing the
identified one or more systematic features of
the set of optical dispersion data.
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MEASUREMENT OF COMPOSITION FOR THIN FILMS

CROSS-REFERENCE TO RELATED APPLICATION
[0001] The present application is related to and claims the benefit of the
earliest available effective filing date{s) from the following listed
application{s} {the “Related Applications”) {e.g., claims earliest available
priority dates for other than provisional patent applications or claims
benefits under 35 USC § 119{e} for provisional patent applications, for any
and all parent, grandparent, great-grandparent, etc. applications of the

Related Application(s)).

Related Applications:

For purposes of the USPTO extra-statutory reguirements, the
present application constitutes a regular {(non-provisional)
patent application of United States Provisional Patent
Application entitled MEASUREMENT OF COMPOSITION FOR
HfSION FILMS, naming Ming Di, Torsten Kaack, Qiang Zhao,
Xiang Gao and Leonid Poslavsky as inventors, filed June 27,
2011, Application Serial Number 61/501,635.

TECHNICAL FIELD

(00021 The present invention generally relates to a method and system for
measuring the composition of a multi-component thin film deposited on a

semiconductor wafer,
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BACKGROUND

(00031 As demand on specification reguirements of semiconductor devices
continue to increase, so too will the demand on improved measurement and
analysis techniques used to quantify characteristics of semiconductor
wafers. In many semiconductor fabrication and processing settings one or
more thin fitms may be deposited onto a semiconductor wafer surface. For
instance, thin films may include oxide, nitride, and/or metal layers, among
others. Characteristics such as the thickness and composition of each thin
film must be tightly controlled during the manufacturing process to ensure

proper performance of the resulting semiconductor devices,

[0804] Previcusly, continuous film approximation (CFA) methods have been
implemented in order to determine the relative percentage of multiple
components of a thin film. For instance, one commonly implemented CFA
method includes the Bruggeman effective medium approximation (BEMA).
The BEMA model treats a set of components of a given thin film as an alloy.
In this regard, the nonlinear BEMA model treats the components of a thin
film as though they are mixed perfectly. For example, in the case of HISION
thin films, a four-component BEMA model may treat Si, Si0,, HfQ;, and SiN
as four components of the thin film. In turn, the fraction of HfG, may be
correlated to the percentage of hafnium in the film, while the fraction of

SIN may be correlated to the nitrogen percentage in the film.

[ega51  The prior methods consist of a top-down approach, whereby optical
dispersion data for the various individual BEMA components {e.g., 51, 510,
HfO,, and SiN in the case of a 4-component BEMA model for HISION) are
used to simulate the thin film as a whole. This top-down approach does not
provide sufficient detail for the given thin film {e.g., HISION). For instance,
the prior methods do not provide sufficient measurement performance of
the thickness, and relative amount of the components of the fitm {e.g., Hf
percentage or N percentage). As such, it would be desirable to provide a
method and system, which cures the deficiencies of the prior art, thereby
improving measurement performance {e.g., precision, repeatability, and

2
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stability} of the thickness and composition of a given thin film utilizing

optical dispersion modeling.

SUMMARY

[o0061 A method for measuring the composition of a thin of a
semiconductor wafer is disclosed. In one aspect, a method may include, but
is not limited to,

generating a three-dimensional design of experiment (DOE) for a plurality of
semiconductor wafers, a first dimension of the DOE being a relative amount
of a first component of the thin film, a second dimension of the DOE being a
relative amount of a second component of the thin film, a third dimension
of the DOE being a thickness of the thin film; acquiring a spectrum for each
of the wafers across a selected spectral range; generating a set of optical
dispersion data by extracting a real component {n) of a complex index of
refraction and an imaginary component (k) of the complex index of
refraction across the selected spectral range for each of the acquired
spectrum utilizing a regression process applied to a selected dispersion
model; identifying one or more systemnatic featwres of the set of optical
dispersion data; and generating a multi-component Bruggeman effective
medium approximation {(BEMA)} model utilizing the identified one or more
systematic features of the set of optical dispersion data and the generated

set of optical dispersion data.

[ogo7] in ancther aspect, the method may include, but is not limited to,
generating a three-dimensional design of experiment (DOE) for a plurality of
semiconductor wafers, a first dimension of the DOE being a relative amount
of a first component of the thin film, a second dimension of the DOE being a
relative amount of a second component of the thin fitm, a third dimension
of the DOE being a thickness of the thin film; acquiring a spectrum for each
of the wafers across a selected spectral range; generating a set of optical
dispersion data by extracting a real component {n} of a complex index of

refraction and an imaginary component (k) of the complex index of



WO 2013/003122 PCT/US2012/043157

refraction across the selected spectral range for each of the acquired
spectrum utilizing a regression process applied to a selected dispersion
model; identifying one or more systematic features of the set of optical
dispersion data; and generating a two-dimensional look up model utilizing
the identified one or more systematic features of the set of optical

dispersion data and the generated set of optical dispersion data,

[o008] A system for measuring the composition of a thin film of a
semiconductor wafer is disclosed. In one aspect, a system may include, but
is not limited to, an illuminator; a spectrometer; one or more computing
systems configured to: generate a three-dimensional design of experiment
{DOE) for a plurality of semiconductor wafers, a first dimension of the DOE
being a relative amount of a first component of the thin film, a second
dimension of the DOE being a relative amount of a second component of the
thin film, a third dimension of the DOE being a thickness of the thin film;
receive a spectrum for each of the wafers across a selected spectral range
from the spectrometer; generate a set of optical dispersion data by
extracting a real component (1) of a complex index of refraction and an
imaginary component (k) of the complex index of refraction across the
selected spectral range for each of the received spectrum utilizing a
regression process applied to a selected dispersion model; identify one or
more systematic features of the set of optical dispersion data; generate a
two-dimensional look up model utilizing the identified one or more
systematic features of the set of optical dispersion data and the generated
set of optical dispersion data; and generate at least one of a two-
dimensional ook up model or multi-component Bruggeman effective
medium approximation (BEMA) model utilizing the identified one or more
systematic features of the set of optical dispersion data and the generated

set of optical dispersion data.

(000391 it is to be understood that both the foregoing general description
and the following detailed description are exemplary and explanatory only

and are not necessarily restrictive of the invention as claimed. The
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accompanying drawings, which are incorporated in and constitute a part of
the specification, illustrate embodiments of the invention and together with

the general description, serve to explain the principles of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

(00101 The numerous advantages of the disclosure may be better
understood by those skilled in the art by reference to the accompanying

figures in which:

FIG. 1 illustrates a block diagram view of a system for measuring the
composition of a thin film of a semiconductor wafer, in accordance
with the present invention.

FIG. 2 is a flow diagram illustrating a method for measuring the composition
of a thin film of a semiconductor wafer, in accordance with one
embodiment of the present invention.

FIG. 3 is a table illustrating a three-by-three two-dimensional design of
experiment {DOE), in accordance with an alternative embodiment of
the present invention.

FiG. 4 is a set of data depicting the measured relative nitrogen content and
the measured relative hafnium content for each wafer of the DOE, in
accordance with one embodiment of the present invention.

FIGS. BA-5C depict a series of optical dispersion curves acquired from a
portion of the wafers of the DOEs and depicted as a function of
increasing nitrogen content, in accordance with one embodiment of
the present invention.

FIGS. BD-5F depict a series of optical dispersion curves acquired from a
portion of the wafers of the DOEs and depicted as a function of
increasing hafnium content, in accordance with one embodiment of

the present invention.
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DETAILED DESCRIPTION OF THE INVENTION

(006111 Reference will now be made in detail fo the subject matter

disclosed, which is illustrated in the accompanying drawings.

[0012] Referring generally to FIGS. 1 through 6, a system and method for
measuring the composition of a thin film of a semiconductor wafer is

described in accordance with the present disclosure.

(006131 As used throughout the present disclosure, the term ‘wafer”
generally refers to a substrate formed of a semiconductor or non-
semiconductor  material.  For example, a semiconductor or non-
semiconductor material may include, but is not limited to, monocrystalline
silicon, gallium arsenide, and indium phosphide. A wafer may include one or
more layers. For instance, such layers may include, but are not timited to,
a resist, a dielectric material, a conductive material, and a semiconductive
material. Many different types of such lavers are known in the art, and the
term wafer as used herein is intended to encompass a wafer on which all

types of such layers may be formed.

(00141 A typical semiconductor process includes wafer processing by lot. As
used herein a “lot” is a group of wafers {e.g., group of 25 wafers) which are
processed together. Each wafer in the lot is comprised of many exposure
fields from the lithography processing tools {e.g8. steppers, scanners, etc.).
Within each field may exist multiple die. A die is the functional unit which
eventually becomes a single chip. One or more layers formed on a wafer
may be patterned or unpatterned. For example, a wafer may include a
plurality of dies, each having repeatable patterned features. Formation and
processing of such layers of material may ultimately result in completed
devices. Many different types of devices may be formed on a wafer, and the
term wafer as used herein is intended to encompass a wafer on which any

type of device known in the art is being fabricated.

[og15] FIG. 1 illustrates a system 100 for measuring the composition of a

thin film of a semiconductor wafer, in accordance with one embodiment of
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the present invention. As shown in FIG. 1, the system 100 may be used to
perform spectroscopic ellipsometry on one or more films 114 of a
semiconductor wafer 112 disposed on a translation stage 110, In this
aspect, the systemn 100 may include a spectroscopic ellipsometer equipped
with an illuminator 102 and a spectrometer 104, The illuminator 102 of the
system 100 is configured to generate and direct illumination of a selected
wavelength range {e.g., 150-850 nm) to the thin film {e.g., HfSION thin film)
disposed on the surface of the semiconductor wafer 112. In turn, the
spectrometer 104 is configured to receive llumination reflected from the
surface of the semiconductor wafer 112. It is further noted that the light
emerging from the flluminator 102 is polarized using polarizer 107 in order
to produce a polarized ilumination beam 106. The radiation reflected by
the thin fitm 114 disposed on the wafer 112 is passed through an analyzer
10% and to the spectrometer 104, In this regard, the radiation received by
the spectrometer 104 in the collection beam 108 is compared to the
incident radiation of the illumination beam 106, allowing for spectral

analysis of the thin fitm 114,

[6g161 In a further embodiment, the system 100 may include one or more
computing systems 116, In one aspect, the one or more computing systems
may be configured to generate a three-dimensional design of experiment
{DOE) for a set of semiconductor wafers, In this regard, one dimension of
the BOE may include the percentage of one material component of the thin
film {e.g., percentage of nitrogen in the thin filtm), while a second
dimension may include the percentage of a second material component of
the thin filtm (e.g., percentage of hafnium in the thin film). Further, the
third dimension of the DOE may include a thickness of the thin film, which

may be determined utilizing the ellipsometer of system 100.

(00177 In one aspect, the one or more computing systems may be
communicatively coupled to the spectrometer 104. In this regard, the one or
more computing systems 116 may be configured to receive a set of spectral
measurements performed by the spectrometer 104 on one or more wafers of

a tot. Upon receiving results of the one or more sampling process from the
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spectrometer, the one or more computing systems 116 may then calculate a
set of optical dispersion data. in this regard, the computing system 116 may
extract the real component {n} and the imaginary component (k} of the
complex index of refraction of the thin film across the selected spectral
range {e.g., 153-850 nm) for each of the acquired spectrum from the
spectrometer 104. Further, the computing system 116 may extract the n-
and k- curves utilizing a regression process {e.g., ordinary least squares
regression) applied to a selected dispersion model. In a preferred
embodiment, the selected dispersion model may include a sum model with
two Tauc Lorentz components {(Sum-TL model}. In additional embodiments,

the selected dispersion model may include a harmonic oscillator model.

[0018] In a further embodiment, the computing system 116 may identify
systematic features observable in the set of optical dispersion curves. For
example, the computing system 116 may be configured to automatically
identify trends within a series of optical dispersion curves {e.g., FIGS. 5A-
5F}, which will be discussed in greater detail further herein. For instance,
the computing system 116 may identify trends in the n- and/or k- dispersion
curves as a function of increasing relative amount of either the first
material component (e.g., nitrogen) or the second material component
{e.g., hafnium}. In another example, the computing system 116 may be
configured to identify trends within the series of optical dispersion curves
using the aid of user input. For instance, the series of optical dispersion
curves may be presented to a user on a display {not shown), such as a Hquid
crystal display. The user may then identify trends in the series of optical
dispersion curves by entering information into the computing system 116
using a user interface device {e.g., mouse, keyboard, trackpad, trackball,
touch screen, or the like). In this regard, the user may select, or “tag,”
portions of the optical dispersion curves pertinent to analysis, with which
the computing systemn may then, in turn, perform further or refined
analysis. Applicant notes that specifics related to the analysis of optical
dispersion curves, as shown in FIGS. 5A-5F will be discussed in greater detail

further herein.
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[0019] in a further embodiment, the one or more computing systems 116
may generate a two-dimensional look up model and a multi-component
{e.g., nine component) Bruggeman effective medium approximation (BEMA}
model based on the identified systematic features of the optical dispersion
curves, along with the original raw generated n- and k- optical dispersion

curves,

(00207 it should be recognized that the various steps described throughout
the present disclosure may be carried out by a single computer system 116
or, alternatively, a multiple computer system 116, Moreover, different
subsystems of the system 100, such as the spectroscopic ellipsometer 101,
may include a computer system suitable for carrying out at least a portion
of the steps described above. Therefore, the above description should not
be interpreted as a limitation on the present invention but merely an
lustration. Further, the one or more computing systems 116 may be
configured to perform any other step(s) of any of the method embodiments

described herein.

[0021] In another embodiment, the computer system 116 may be
communicatively coupled to the spectrometer 104 or the illuminator
subsystem 102 of the ellipsometer 101 in any manner known in the art. For
example, the one or more computing systems 116 may be coupled to a
computing system of the spectrometer 104 of the ellipsometer 101 and a
computing system of the illuminator subsystemn 102, In another example,
the spectrometer 104 and the illuminator 102 may be controlled by a single
computer system. In this manner, the computer system 116 of the system

100 may be coupled to a single ellipsometer computer system.

[oo22] The computer system 116 of the system 100 may be configured to
recetve and/or acquire data or information from the subsystems of the
systermn {e.g., spectrometer 104, #luminator 102, and the like) by a
transmission medium that may include wireline and/or wireless portions. In
this manner, the transmission medium may serve as a data link between the
computer system 116 and other subsystems of the system 100. Further, the
computing system 116 may be configured o receive spectral results via a

9
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storage medium {i.e., memory). For instance, the spectral results obtained
using a spectrometer of an ellipsometer may be stored in a permanent or
semi-permanent memory device. |In this regard, the spectral results may be

imported from an external system.

[0023] Moreover, the computer system 116 may send data to external
systemns via a transmission medium. Moreover, the computer system 116 of
the system 100 may be configured to receive and/or acguire data or
information from other systems {e.g., inspection results from an inspection
system or metrology results from a metrology system) by a transmission
medium that may include wireline and/or wireless portions. In this manner,
the transmission medium may serve as a data link between the computer
systemn 116 and other subsystems of the system 100. Moreover, the
computer system 116 may send data to external systems via a transmission

medium.

[oo24] The computing system 116 may include, but i5 not limited to, 3
persenal computer system, mainframe computer system, workstation, image
computer, parallel processor, or any other device known in the art. In
general, the term “computing system” may be broadly defined to
encompass any device having one or more processors, which execute

instructions from a memory medium.

[00257 Program instructions 120 implementing methods such as those
described herein may be transmitted over or stored on carrier medium 118,
The carrier medium may be a transmission medium such as a wire, cable, or
wireless transmission link. The carrier medium may also include a storage
medium such as a read-only memory, a random access memory, a magnetic

or optical disk, or a magnetic tape.

[0026] The embodiments of the system 100 illustrated in FIG. 1 may be
further configured as described herein. In addition, the system 100 may be
configired to perform any other step{s} of any of the method

embodiment(s) described herein.

10
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[oo27] FIG. 2 illustrates a process flow 200 suitable for implementation by
the system 100 of the present invention. in one aspect, it is recognized that
data processing steps of the process flow 200 may be carried out via a pre-
programmed algorithm executed by one or more processors of computing
systemn 116. While the following description is presented in the context of
system 100, it is recognized herein that the particular structural aspects of
system 100 do not represent Umitations and should be interpreted as

itlustrative only.

[0028] in step 202, a three-dimensional design of experiment {DOE) for a
plurality of semiconductor wafers may be generated. In one aspect, a first
dimension of the DOE consists of the relative amount of a first component
{e.g., percentage of nitrogen) of the thin film, while a second dimension of
the DOE is the relative amount of a second component (e.¢., percentage of
hafnium} of the thin film. In another aspect, the third dimension of the DOE
includes the thickness of the thin film. For example, the thin fitm in
question may include a multi-element thin film, such as, but not limited to,
a HfSING thin film. The HfSINO thin film formed on each of the plurality of
wafers of the DOE may be formed by the deposition of Hf and N onto the
surface of a silicon wafer. Those skilled in the art will recognize that the
presence of a native oxide layer in addition to oxygen content during the
deposition of Hf and N both contribute to the oxygen content in the HfSING
film. it is further recognized herein that the relative amount of the various
components of the thin film may be determined by any method known in
the art. For example, the relative amounts (i.e., percentages) of hafnium
and nitrogen in the multiple HfSINO films of the DOE may be determined

using x-ray photoelectron spectroscopy {(XPS}).

(60291 in an additional aspect, it is noted that the DOE for a HfSING film
includes at least three dimensions. These dimensions include thickness,
percentage of hafnium, and percentage of nitrogen. Since thickness of
HfSINQ is a parameter that is relatively straightforward to measure, the DOE
may be reduced to a two-dimensional DOE by structuring the DOE such that

all wafers have approximately the same thickness. FIG. 3 illustrates a table

11
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300 of a 3-by-3 two-dimensional DOE formed for a plurality of wafers, each
with a HfSINO film deposited therson. In this regard, the reduced two
“dimensions” include the variation of the hafnium content and the variation
of nitrogen content, with the thickness of each film held relatively constant.
The DOE is structured to provide a variation of nitrogen content and
hafnium content across the several wafers of the DOE. FIG. 4 illustrates a
graph 400 depicting the measured nitrogen context and hafnium content for
each of the plurality of wafers of the DOE. Applicant notes that the
corresponding wafer number from the DOE depicted in FIG. 3 is Hllustrated
next to each corresponding data point in FIG. 4. As shown in FIG, 4, for
each level of nitrogen percentage there exist a number (three in the case of
FiG. 4} of hafnium percentage values {moving left to right in FIG. 4}, while
for each constant hafnium percentage there exist a number (three in the
case of FIG. 4) of nitrogen percentage values {(moving bottom to top in FIG.
4}. in this regard, the fabricated three-by-three two-dimensional DOE is
configured to provide a plurality of HISINO films with low, medium, and high

Hf and N content variations, as shown in FIG. 4.

(60301 in step 204, a spectrum may be acquired from the thin films of each
of the wafers across a selected spectral range. For example, spectra may
be acquired from each of the thin films 114 deposited on the wafers 112
utilizing the spectroscopic ellipsometer 101, For instance, the ellipsometer
101 may include an lluminator 102 and a spectrometer 104, as discussed
previously herein. The spectrometer 104 may transmit results associated
with a spectroscopic measurement of the thin films of the wafers of the BOE
to one or more computing systems 116 for analysis. In another example, the
spectra for muttiple thin films 114 may be acquired by importing previously
obtained spectral data. In this regard, there is no requirement that the
spectral acquisition and the subsequent analysis of the spectral data need
be contemporanecus or performed in spatial proximity. For instance,
spectral data may be stored in memory for analysis at a later time. In
another instance, spectral resulfs may be obtained and transmitted to

analysis computing system located at a remote location.

12
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[0031] in step 206, a set of optical dispersion data may be generated by
extracting the real component (n} and the imaginary component {k) of the
complex index of refraction across the selected spectral range for each of
the acquired spectrum utilizing a regression process applied to a selected
dispersion model. In this regard, a regression method may be applied to the
measured spectral data using a selected dispersion model.  In one
embodiment, a sum model with two Tauc-Lorentz components may be
utilized to generate the n- and K- dispersion curves for each of the thin films
of the wafers. In another embodiment, a single component Tauc-Lorentz
may be utilized to generate the n- and k- dispersion curves for each of the
thin films of the wafers. In another embodiment, a Cody-Lorentz model may
be utilized to generate the n- and k- dispersion curves for each of the thin
films of the wafers. In vet ancther embodiment, a harmonic oscillator model
may be utilized to generate the n- and k-dispersion curves for each of the

thin films of the wafers.

(00321 In step 208, one or more systematic features of the set of optical
dispersion data may be identified. FIGS. 5A-5F illustrate a series of optical
dispersion curves obtained from six different wafers of a DOE. Each of the
FIGS. 5A-5F depict both the real part {n) of the refractive index and the
imaginary part (k) of the refractive index as a function of wavelength from
150 to 850 nm. By analyzing the n- and k- dispersion curves of FIGS. 3A-5F
the variation in the n- and k- dispersion curves of a function of the
increasing amount of a first material component and/or a second material
component may be deduced. For example, in FIGS. 5A-5F, an increasing
amount of nitrogen in a thin film leads to a counter-clockwise rotation in
the n-dispersion curve. This is observed clearly in FIGS. 5A-5C, which depict
i as a function of wavelength for increasing nitrogen content. The rotation
of the n-dispersion curves is observed at approximately 200 nm. In a
general sense, a rotation parameter may be defined as the difference in
refractive index between at two separate wavelengths. For example, the
rotation parameter associated with the N vs. wavelength data of FIG. BA
may be defined as the difference in the refractive index at 180 nm and 300

nm. it is further noted that the K-dispersion curves increase systematically

13
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as a function of increasing relative nitrogen content, as observed in FIGS. 5A
through 5C. An additional systematic variation includes the increase of both
the n- and k- curves as a function of increasing relative hafnium content, as
observed in FIGS. 5D-5F.

(00331 in step 210, a multi-component Bruggeman effective medium
approximation {(BEMA)} model may be generated utilizing the identified one
or more systematic features of the set of optical dispersion data and the
generated set of optical dispersion data. In a general sense, the components
of the multi-component model may be used to correlate compounds formed
in the thin film {e.g., HfOZ or S5iN} with the percentage of another
component of the film {e.g., Hf or N}. In a further embodiment, the rotation
parameter extracted from the refractive index data (as described in step
208} may be used by the multi-component BEMA model to determine the
percentage of a component {e.g., nitrogen) in the analyzed film. For
instance, the rotation parameters extracted from the data of FIGS. 5A-5C
may be utilized to determine the percentage of nitrogen in an analyzed
HfSION film. In one embodiment, the multi-component BEMA model may
include a nine-component BEMA model. In other embodiments, the multi-
component BEMA model may include a four-, five-, or eight-component
BEMA model.

[0034] FIG. 6 illustrates a process flow 600 suitable for implementation by
the systern 100 of the present invention. in one aspect, it is recognized that
data processing steps of the process flow 600 may be carried out via a pre-
programmed algorithm executed by one or more processors of computing
systemn 116. While the following description is presented in the context of
system 100, it is recognized herein that the particular structural aspects of
systemm 100 do not represent limitations and should be interpreted as

itlustrative only.

[0035] In step 607, a three-dimensional design of experiment {DOE) for a
plurality of semiconductor wafers may be generated. In step 604, a
spectrum may be acquired from the thin films of each of the wafers across a
selected spectral range. In step 606, a set of optical dispersion data may be

14
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generated by extracting the real component {n} and the imaginary
component (k) of the complex index of refraction across the selected
spectral range for each of the acquired spectrum utilizing a regression
process applied to a selected dispersion model. In step 608, one or more
systematic features of the set of optical dispersion data may be identified.
It is noted herein that steps 602-608 of process flow 600 are similar to the
steps 202-208 of process flow 200, As such, the description of steps 202-208
should be interpreted to extend to the steps 602-608 of process flow 600,

[0036] In step 610, a two-dimensional lock-up model may be generated
utilizing the identified one or more systematic features of the set of optical
dispersion data and the generated set of optical dispersion data. In this
regard, the variation of the n- and k- dispersion data as a function of
increasing nitrogen content and increasing hafnium content may be utilized

to construct a two-dimensionat look up model.

(00371 All of the methods described herein may include storing results of
one or more steps of the method embodiments in a storage medium. The
results may include any of the results described herein and may be stored in
any manner known in the art. The storage medium may include any storage
medium described herein or any other suitable storage medium known in
the art. After the results have been stored, the results can be accessed in
the storage medium and used by any of the method or system embodiments
described herein, formatted for display to a user, used by ancther software
module, method, or system, etc. Furthermore, the results may be stored

L2 Y Y

“permanently,” “semi-permanently,” temporarily, or for some period of
time. For example, the storage medium may be random access memory
{RAM}, and the results may not necessarily persist indefinitely in the storage

medium.

[o038y it is further contemnplated that each of the embodiments of the
method described above may include any other step{(s) of any other
method{s} described herein. In addition, each of the embodiments of the
method described above may be performed by any of the systems described

herein.

15



WO 2013/003122 PCT/US2012/043157

(60391 Those having skill in the art will appreciate that there are various
vehicles by which processes and/or systems and/or other technologies
described herein can be effected {e.g., hardware, software, and/or
firmware), and that the preferred vehicle will vary with the context in
which the processes and/or systems and/or other technologies are
deployed. For example, if an implementer determines that speed and
accuracy are paramount, the implementer may opt for a mainly hardware
and/or firmware vehicle; alternatively, if flexibility is paramount, the
implementer may opt for a mainly software implementation; or, yet again
alternatively, the implementer may opt for some combination of hardware,
software, and/or firmware. Hence, there are several possible vehicles by
which the processes and/or devices and/or other technologies described
herein may be effected, none of which is inherently superior to the other in
that any vehicle to be utilized is a choice dependent upon the context in
which the vehicle will be deployed and the specific concerns {e.g., speed,
flexibility, or predictability) of the implementer, any of which may vary.
Those skilled in the art will recognize that optical aspects of
implementations will typically employ optically-oriented hardware,

software, and or firmware.

(00407 Those skilled in the art will recognize that it is common within the
art to describe devices and/or processes in the fashion set forth herein, and
thereafter use engineering practices to integrate such described devices
and/or processes into data processing systems. That is, at {east a portion of
the devices and/or processes described herein can be integrated into a data
processing system via a reasonable amount of experimentation. Those
having skill in the art will recognize that a typical data processing system
generally includes one or more of a system unit housing, a video display
device, a memory such as volatile and non-volatile memory, processors such
as microprocessors and digital signal processors, computational entities such
as operating systems, drivers, graphical user interfaces, and applications
programs, one of more interaction devices, such as a touch pad or screen,

and/or control systems including feedback loops and control motors {e.g.,
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feedback for sensing position and/or velocity; control motors for moving
and/or adiusting components and/or guantities). A typical data processing
system may be implemented utilizing any suitable commercially available
components, such as those typically found in data
computing/communication  and/or  network  computing/communication

systems.

(00411 The herein described subject matter sometimes illustrates different
components confained within, or connected with, different other
components. It is to be understood that such depicted architectures are
merely exemplary, and that in fact many other architectures can be
implemented which achieve the same functionality. In a conceptual sense,
any arrangement of components to achieve the same functionality is
effectively "associated” such that the desired functionality is achieved.
Hence, any two components herein combined to achieve a particular
functionality can be seen as "associated with" each other such that the
desired functionality is achieved, irrespective of architectures or
intermedial components. Likewise, any two components s¢ associated can
also be viewed as being “connected”, or "coupled”, to each other to achieve
the desired functionality, and any two components capable of being s0
associated can also be viewed as being “"couplable”, to each other to achieve
the desired functionality. Specific examples of couplable include but are
not limited to physically mateable and/or physically interacting components
and/or wirelessly interactable and/or wirelessly interacting components

and/or logically interacting and/or logically interactable components.

[0042] While particular aspects of the present subject matter described
herein have been shown and described, it will be apparent to those skilled
in the art that, based upon the teachings herein, changes and modifications
may be made without departing from the subject matter described herein
and its broader aspects and, therefore, the appended claims are to
encompass within their scope all such changes and modifications as are

within the true spirit and scope of the subject matter described herein.
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[60431 Furthermore, it is to be understood that the invention is defined by

the appended claims.

(00441 Although particular embodiments of this invention have been
illustrated, it is apparent that various modifications and embodiments of the
invention may be made by those skilled in the art without departing from
the scope and spirit of the foregoing disclosure. Accordingly, the scope of

the invention should be limited only by the claims appended hereto.

[0045] it is believed that the present disclosure and many of its attendant
advantages will be understood by the foregoing description, and it will be
apparent that various changes may be made in the form, construction and
arrangement of the components without departing from the disclosed
subject matter or without sacrificing all of its material advantages. The
form described is merely explanatory, and it is the intention of the

following claims to encompass and include such changes.
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What is claimed:

1. A method for measuring the composition of a thin film deposited on a

serniconductor wafer, comprising:

generating a three-dimensional design of experiment (DOE) for a
plurality of semiconductor wafers, a first dimension of the DOE being a
relative amount of a first component of the thin film, a second dimension of
the BOE being a relative amount of a second component of the thin film, a
third dimension of the DOE being a thickness of the thin film;

acquiring a spectrum for each of the wafers across a selected spectral
range;

generating a set of optical dispersion data by extracting a real
component {n} of a complex index of refraction and an imaginary
component (k) of the complex index of refraction across the selected
spectral range for each of the acquired spectrum utilizing a regression
process applied to a selected dispersion model;

identifying one or more systematic features of the set of optical
dispersion data; and

generating a multi-component  Bruggeman effective  medium
approximation (BEMA) model utilizing the identified one or more systematic
features of the set of optical dispersion data and the generated set of

optical dispersion data.
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2. The method of claim 1, wherein the first component of the thin film
comprises:

nitrogen.

3. The method of claim 1, wherein the second component of the thin film
comprises:

hafnium.

4. The method of claim 1, wherein the semiconductor wafer comprises:

a silicon wafer.

5. The method of claim 1, wherein the thin film comprises:
a thin film including at least one of hafnium, silicon, nitrogen and

oxygen.

&. The method of claim 1, wherein the acquiring a spectrum for each of the
wafers across a selected spectral range comprises:
acquiring a spectrum for each of the wafers across a selected spectral

range utilizing a spectroscopic ellipsometer (5E).

7. The method of claim 1, wherein the acquiring a spectrum for each of the
wafers across a selected spectral range comprises:
acquiring a spectrum for each of the wafers across a selected spectral

range from a memory.

&. The methed of claim 1, wherein the acquiring a spectrum for each of the
wafers across a selected spectral range comprises:

acquiring a spectrum for each of the wafers across a selected spectral
range of 100 to 1000 nm.

9. The method of claim 1, wherein the regression process comprises:

a least squares regression process.
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10. The method of claim 1, wherein the selected dispersion model
comprises:
at least one of a Tauc-Lorentz model, a sum model having two Tauc-

Lorentz components, a Cody-Lorentz model, or a harmonic oscillator model.

11. The method of claim 1, wherein the identifying one or more systematic
features of the set of optical dispersion data comprises:
determining a behavior of the set of optical dispersion data as a

function of the relative amount of the first component of the thin film.

12. The method of claim 1, wherein the identifying one or more systematic
features of the set of optical dispersion data comprises:
determining a behavior of the set of optical dispersion data as a

function of the relative amount of the second component of the thin film.

13. The method of claim 1, wherein the multi-component Bruggeman
effective medium approximation (BEMA) model comprises:

at least one of a four-component BEMA model, a five-component
BEMA model, an eight-component BEMA model or a nine-component BEMA

model.
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14. A method for measuring the composition of a thin film deposited on a

serniconductor wafer, comprising:

generating a three-dimensional design of experiment (DOE) for a
plurality of semiconductor wafers, a first dimension of the DOE being a
relative amount of a first component of the thin film, a second dimension of
the DOE being a relative amount of a second component of the thin film, a
third dimension of the DOE being a thickness of the thin film;

acquiring a spectrum for each of the wafers across a selected spectral
range;

generating a set of optical dispersion data by extracting a real
component (n} of a complex index of refraction and an imaginary
component (k) of the complex index of refraction across the selected
spectral range for each of the acquired spectrum utilizing a regression
process applied to a selected dispersion model;

identifying one or more systematic features of the set of optical
dispersion data; and

generating a two-dimensional look up model utilizing the identified
one or more systematic features of the set of optical dispersion data and

the generated set of optical dispersion data.

15. The method of claim 14, further comprising:

generating a multi-component  Bruggeman effective  medium
approximation (BEMA) model utilizing the identified one or more systematic
features of the set of optical dispersion data and the generated set of

optical dispersion data.
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16. The method of claim 14, wherein the first component of the thin film
comprises:

nitrogen.

17. The method of claim 14, wherein the second component of the thin film
comprises:

hafnium.

18. The method of claim 14, wherein the sermiconductor wafer comprises:

a silicon wafer.

18. The method of claim 14, wherein the thin film comprises:
a thin film including at least one of hafnium, silicon, nitrogen and

oxygen.

20. The method of claim 14, wherein the acquiring a spectrum for each of
the wafers across a selected spectral range comprises:
acquiring a spectrum for each of the wafers across a selected spectral

range utilizing a spectroscopic ellipsometer (5E).

21. The method of claim 14, wherein the acquiring a spectrum for each of
the wafers across a selected spectral range comprises:
acquiring a spectrum for each of the wafers across a selected spectral

range from a memory.

22. The method of claim 14, wherein the acquiring a spectrum for each of
the wafers across a selected spectral range comprises:

acquiring a spectrum for each of the wafers across a selected spectral
range of 100 to 1000 nm.

23. The method of claim 14, wherein the regression process comprises:

a least squares regression process.
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24. The method of claim 14, wherein the selected dispersion model
comprises:
at least one of a Tauc-Lorentz model, a sum model having two Tauc-

Lorentz components, a Cody-Lorentz model, or a harmonic oscillator model.

25. The method of claim 14, wherein the identifying one or more systematic
features of the set of optical dispersion data comprises:
determining a behavior of the set of optical dispersion data as a

function of the relative amount of the first component of the thin film.

26. The method of claim 14, wherein the identifying one or more systematic
features of the set of optical dispersion data comprises:
determining a behavior of the set of optical dispersion data as a

function of the relative amount of the second component of the thin film.
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27. A systemn for measuring the composition of a thin film deposited on a
serniconductor wafer, comprising:

an illuminator;
a spectrometer;
one or more computing systems configured to:

generate a three-dimensional design of experiment
{DOE) for a plurality of semiconductor wafers, a first dimension
of the DOE being a relative amount of a first component of the
thin film, a second dimension of the DOE being a relative
amount of a second component of the thin film, a third
dimension of the DOE being a thickness of the thin film;

receive a spectrum for each of the wafers across a
selected spectral range from the spectrometer;

generate a set of optical dispersion data by extracting a
real component {n) of a complex index of refraction and an
imaginary component {k} of the complex index of refraction
across the selected spectral range for esach of the received
spectrum utilizing a regression process applied to a selected
dispersion model;

identify one or more systematic features of the set of
optical dispersion data; and

generate at least one of a two-dimensional look up
model or multi-component Bruggeman effective medium
approximation (BEMA) model utilizing the identified one or
more systematic features of the set of optical dispersion data

and the generated set of optical dispersion data.
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28. The method of claim 27, wherein the first component of the thin film
comprises:

nitrogen.

29. The method of claim 27, wherein the second component of the thin film
comprises:

hafnium.

30. The method of claim 27, wherein the semiconductor wafer comprises:

a silicon wafer.

31. The method of claim 27, wherein the thin film comprises:
a thin film including at least one of hafnium, silicon, nitrogen and

oxygen.

32. The method of claim 27, wherein the spectrometer comprises:

a spectrometer of a spectroscopic ellipsometer {SE).

33. The methed of claim 27, wherein the spectrometer and the itluminator

form a portion of a spectroscopic ellipsometer (SE).

34. The method of claim 27, wherein the one or more computing systems is

configured to apply a least squares regression process.

35. The method of daim 27, wherein the one or more computing systems is
configured to apply at least one of a Tauc-Lorentz model, a sum model
having two Tauc-Lorentz components, a Cody-Lorentz model, or a harmonic

oscillator modet.
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200

GENERATING A THREE-DIMENSIONAL DESIGN OF EXPERIMENT (DOE) FOR A
PLURALITY OF SEMICONDUCTOR WAFERS, A FIRST DIMENSION OF THE DOE
202 ™ BEING A RELATIVE AMOUNT OF A FIRST COMPONENT OF THE THIN FILM, A
SECOND DIMENSION OF THE DOE BEING A RELATIVE AMOUNT OF A
SECOND COMPONENT OF THE THIN FILM, A THIRD COMPONENT BEING A
THICKNESS OF THE THIN FiLM

204 N ACQUIRING A SPECTRUM FOR EACH OF THE WAFERS ACROSS A SELECTED
SPECTRAL RANGE

GENERATING A SET OF OPTICAL DISPERSION DATA BY EXTRACTING A REAL
COMPONENT {N) OF A COMPLEX INDEX OF REFRACTION AND AN
206 ~ IMAGINARY COMPONENT (K) OF THE COMPLEX INDEX OF REFRACTION
ACROSS THE SELECTED SPECTRAL RANGE FOR EACH OF THE ACQUIRED
SPECTRUM UTILIZING A REGRESSION PROCESS APPLIED TO A SELECTED
DISPERSION MODEL

208 ™N IDENTIFYING ONE OR MORE SYSTEMATIC FEATURES OF THE SET OF
OPTICAL DISPERSION DATA

GENERATING A MULTI-COMPONENT BRUGGEMAN EFFECTIVE MEDIUM

210 ~ APPROXIMATION (BEMA) MODEL UTILIZING THE IDENTIFIED ONE OR MORE

SYSTEMATIC FEATURES OF THE SET OF OPTICAL DISPERSION DATA AND THE
GENERATED SET OF OPTICAL DISPERSION DATA

FIG.2
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600\'

GENERATING A THREE-DIMENSIONAL DESIGN OF EXPERIMENT (DOE) FOR A
PLURALITY OF SEMICONDUCTOR WAFERS, A FIRST DIMENSION OF THE DOE
602 ~ BEING A RELATIVE AMOUNT OF A FIRST COMPONENT OF THE THIN FILM, A
SECOND DIMENSION OF THE DOE BEING A RELATIVE AMOUNT OF A
SECOND COMPONENT OF THE THIN FILM, A THIRD COMPONENT BEING A
THICKNESS OF THE THIN FiLMm

ACQUIRING A SPECTRUM FOR EACH OF THE WAFERS ACROSS A
SELECTED SPECTRAL RANGE

GENERATING A SET OF OPTICAL DISPERSION DATA BY EXTRACTING A

REAL COMPONENT (N) OF A COMPLEX INDEX OF REFRACTION AND AN

606 ~ IMAGINARY COMPONENT (K) OF THE COMPLEX INDEX OF REFRACTION

ACROSS THE SELECTED SPECTRAL RANGE FOR EACH OF THE ACQUIRED

SPECTRUM UTILIZING A REGRESSION PROCESS APPLIED TO A SELECTED
DISPERSION MODEL

608 ™N IDENTIFYING ONE OR MORE SYSTEMATIC FEATURES OF THE SET OF
OPTICAL DISPERSION DATA
610 ~ GENERATING A TWO-DIMENSIONAL LOOK UP MODEL UTILIZING THE

IDENTIFIED ONE OR MORE SYSTEMATIC FEATURES OF THE SET OF OPTICAL
DISPERSION DATA AND THE GENERATED SET OF OPTICAL DISPERSION DATA

FIG.6
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