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Abstract

Characterizing the Sensitivity of Scatterometry for Sub-lOOnm Technologies

by

Weng Loong Foong

Master of Science in Electrical Engineering

University of California, Berkeley

Professor Costas J. Spanos, Chair

The shrinking of device sizes has resulted in a tremendous increase in the number of

transistors being patterned per unit area on a wafer. The complexity of process steps

employed in manufacturing wafers today has resulted in finished wafers that are very

expensive. As such, there is increasing focus and concern on the yield achievable through

these manufacturing processes.

Smaller device sizes have also meant smaller device tolerances. This has put a premium

on the precision of the metrology technique being employed. In order to increase yield,

one must perform more measurements per wafer, which highlights the necessity of

throughput. There is therefore a strong need for accurate, high-throughput in-line

metrology solutions.

Scatterometry appears to be a suitable candidate. It uses broadband light for internal

proEling of semiconductor device structures. Its non-destructive nature and high-

throughput appear to bewell-suited for integrated metrology.



This report introduces a rigorous method of characterizing thesensitivity of scatterometry

for sub-lOOnm technology generations. Developed using a Sopra GESP5 DUV

ellipsometer and based onJones' vectors, this method can also beused tocharacterize the

noise functions and hence the sensitivity of other ellipsometers to be used for

scatterometry.
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Chapter 1

Introduction

1.1 Motivation

Rapid device scaling has been the factor governing the growth of the semiconductor

industry, which has produced devices with ever-better performance characteristics in

terms of high speed and low power. The semiconductor industry has been experiencing

an average growth rateof 15% annually overthepastthree anda halfdecades [1.1]. With

this explosive growth has come a reduction in average cycle time between introductions

of new technologies from the traditional 3-year cycle towards an approximate 2-year

cycle. Current production (2001) is being done employing O.lSpm technology, with

0.13pm technology expectedto be introduced in the year 2002.

With thisconstant push to reduce minimum feature size, themost serious challenge posed

is that of achieving acceptable yield and throughput. In recent technology generations,

optical steppers have often been operated at or near their resolution limit. As such,

achieving high yield becomes increasingly difficult as we reduce feature size. As new

technologies are employed, product failures become increasingly costly due to the

increasing number ofsteps that a wafer has togo through inthe manufacturing process. A

Inm CD variation is estimated to be equivalent to a IMHzvariation in chip-speed, which

intoday's terms is worth about $3.60 in the selling price ofeach chip [1.2] [1.3].

In order to minimize the potential of product failures after undergoing the complete

manufacturing process, there is an increasing need for more complete testing for wafers



rather than just having wafer-to-wafer inspection. However, increased testing comes at a

cost of a reduction in throughput In order to maintain throughput and minimize

inspection costs, the inspection technique would have to be non-destructive, non-

intrusive, as well as in-line or better yet in-situ.

In addition, the time savings associated with in-line placement of metrology solutions,

there is also the added benefit of being able to employ feedback loops that will enable

closed-loop process monitoring and process control, which is becoming increasingly

importantin optimizingprocessrecipes.

The technique of scatterometry appears to be a suitable candidate. With scatterometiy

still being a considered a "novel" technique, its fiill potential remains unknown. It is

necessary to formalize its capabilities for the lOOnm technology node as well explore its

full potential with respect to the 70nm and 50nm nodes, especially in post-lithography

inspection. Commercial ellipsometers have been identified as being capable of

performing spectroscopic scatterometry. Hence, the focus of this study is on this type of

equipment.

Spectroscopic scatterometry can also be applied to post-CMP inspection, which will be

part of a future study.

1.2 Report Organization

The report begins by providing a review of thin film metrology. The concept of

ellipsometry will be discussed in thecontext ofdetermining thin film properties. Thiswill

be followed by a description of scatterometry, which canbe applied to measure properties

of periodic profiles on a wafer.



Chapter 3 introduces the methodology and experiments earned out in preparation of this

lepoit. Software simulations were conducted as part of the study of the limits of

scatterometry. These are in the form of standard ellipsometric responses, tan ¥^and cos

A which define a particular thin film or profile.

Chapter 4 will describe the hardware experiments conducted, predominantly with a Sopra

GESP5 multiple incident angle, multiple wavelength ellipsometer. A quantitative

methodologywill be proposed in order to characterize the measurement errors associated

with a particular machine. The measurements and results of these experiments will be

discussed.

Chapter 5 summarizes the results from experiments as well as offers a methodology of

determining required ellipsometer specifications in order for scatterometry to be

successfully implemented in future metrology applications.

Finally, a conclusion on the entire project is offered in Chapter6, which summarizes the

capabilities of spectroscopic scatterometry as well as potential improvements that might

enhance its capabilities.
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Chapter 2

Background

2.1 Thin Film Ellipsometry

Ellipsometry has become an integral part of the metrology methods employed in the

semiconductor industry. This method is based on the characteristics of light upon

reflection from a surface. The component waves of light, which are linearly polarized
1

with theelectric field vibrating parallel (p or TM) or perpendicular (s or TE) to the plane

of incidence, behave differently upon reflection. The component waves experience

different amplitude attenuations aswell asdifferent absolute phase shifts upon reflection;

as such, the overall state of polarization changes. Ellipsometry refers to the measurement

of the state of polarization and intensity before and after reflection for the purpose of

determining the properties of the reflecting boundary. The measurement is usually

expressed in the form

iA Rnp = tanT'e»^=^, (2.1)
Rs

where and are the complex reflection coefficients for TM and TE waves

respectively.

Ellipsometry derives its increased sensitivity over non-polarized reflectometry from the

fact that the polarization-altering properties of the reflecting boundary are modified

significantly even when ultra-thin films are present. Consequently, ellipsometry has



become the de rigueur method of characterizing thin films. An illustration of the basics

of ellipsometry is presented in Figure 2.1.

Figure 2.1 Spectroscopic Ellipsometry Measurements
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Ellipsometry analyzes the polarization-state-in and polarization-state-out of light incident

on a thin film. Typically light with wavelength in the visible range is used; however,

virtually anypolarizable wave can be usedto produce an ellipsometric measurement.

The advantage of ellipsometry over reflectometry is its accuracy. Firstly, ellipsometry

measures the polarization state of light by looking at the ratio of values rather than the

absolute intensity of the reflected light. This property is especially useful in the DUV

wavelength range, where very little light is typically available. Second, ellipsometry can

gather the phase information in addition to plain magnitude reflectivity information.

Phase information providesmore sensitivity to thin-film variations.



12 Profilometry

With feature sizes being scaled down at a rapid pace, tolerances become smaller and the

tight of profile parameters, such as side-slope angle and profile footing, are becoming

increasingly important. There is a need for profilometry to fully extract the various

parameters of profiles rather than just theCDalone.

12.1 SEM

The SEM is currently the workhorse instrument used in production for measuring

submicron-sized features because of its nanometer-scale resolution, precision as well as

high throughput The SEM isdivided into two types: cross-sectional and top-down.

Cross-sectional SEM can provide profile information for structures on a wafer in the

form ofa direct image. This image can beused immediately for process characterization.

However, obtaining a cross-sectional SEM image requires breaking a wafer and is also

time-consuming, and there is the possibility of the presence of systematic profile errors

dependent upon the image processing technique being employed.

The top-down SEM, more commonly referred to as the CD-SEM, measures the CD ofa

profile at asomewhat arbitrary height and does not take into account the slope associated

with the profile that results in a constantly changing profile CD. Another problem

associated with this method is the build-up of charge in the sample under the electron

beam. The CD-SEM, being a surface scanning technique, is also unable to provide

information on underlying layers orundercut features. The state-of-the-art KLA-Tencor

8250-R has a resolution in the order of 2run.



222 CD-AFM

Atomic force microscopy provides a resolution between O.lnm and 5nm, depending on

the hardness of the material being scanned. For typical semiconductor profiles, this

translates into exceptionally high vertical and lateral resolutions, which combine to

provide information about a patterned structure's width, sidewall slope and thickness.

However, the AFM has difficulty tracking undercut features. Also, current AFM scan

rates are very slow, and measurement accuracy and precision are highly dependent upon

the tip shape and stability. At present, the AFM is too slow to be used for real-time

imaging as well as CD measurements.

2.23 Scatterometry

Scatterometry is the metrology that relates the geometry ofa sample toits light scattering

effects. In the same way that ellipsometry analyzes polarization-state-in and polarization-

sate-out oflight incident on thin film, scatterometry adopts the same theory and measures

the polarization-state-in and polarization-state-out oflight, incident not on a thin film, but

rather on periodic surface structures. The tan and cos Avalues are measured after

reflection and matched to the responses of known profiles.

Much work has previously been done which has ledto the advancement of scatterometry.

Moharam and Gaylord developed the Rigorous Coupled-Wave Analysis [2.1], which uses

Maxwell's equations and boundary conditions to solve for the electric fields in the

various regions of a sample. They subsequently used it to explore the diffraction

characteristics of photoresist surface-relief gratings [2.2].



McNeil et al have explored the idea of variable-angle scatterometry, which uses angle-

lesolved diffracted light analysis tomeasure etched samples with linewidth dimensions as

small as 150nm, andpoly-Si thicknesses on the orderof 250nm [2.3].

Niu et al have explored the idea of spectroscopic scatterometry, in which the responses

for multiple wavelengths are taken into account [2.4]. This method consists of

measurements taken at a fixed incident angle as opposedto variable-angle scatterometry,

and requires a less-complicated mechamsm. The lack ofexternal moving parts, and hence

simpler implementation, gives spectroscopic scatterometry the potential of being

employed in in-line or in-situ process control loops.

Niu et al also developed an efficient simulation engine, known as the gtk (Grating Tool

Kit) based on the Rigorous Couple-Wave Analysis [2.5]. It was demonstrated that the

simulated and measured diffracted light responses based on this technique correspond

with profiles that closely match those obtained through the AFM.

Spectroscopic scatterometry, when implemented with a library of generated profiles, is

about a factor of 100 faster than the CDSEM and the speed advantage is even more

significant when compared with the AFM. Another advantage of scatterometry is the

ability to determine the properties of underlying layers depending on the libraries

generated, which would not be possible with the CDSEM orAFM.
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Chapter 3

Sensitivity Analysis

3.1 Methodology

The semiconductor industry is expected to be operatingat the lOOnm technologynode in

the very near future, and at the 50nm technology node by 2011 [3.1]. In this research

project, the focus is to determine the sensitivity and effectiveness of spectroscopic

scatterometry in sub-lOOnm technology. To this effect, electromagnetic simulations as

well as noise analysis associated with commercial ellipsometers were carried out. This

approach is depicted in Figure 3.1.

3.2 Sensitivity Analysis

Sensitivity analysis was carried out using Timbre Technology's gtk simulation engine.

This simulation engine uses the Rigorous Coupled-Wave Analysis [3.2] theory to solve

for the reflected TE and TM wave responses over multiple layers. These responses are

then used to obtain the tan !Pand cos A spectrum.

Under the guidelines of the technology roadmap for the lOOnm technology node,

microprocessors will have features of 65nm gate length and llSnm half-pitch. For

ASICs, gate length would be approximately lOOnm, with a half-pitch of llSnm. The

relevant feature sizes for the various technology nodes are summarized in Table 3.1

below.

11



Figure 3.1 Sensitivity Analysis Framework
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Table 3.1 Feature CDs Projected by ITRS Roadmap
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Technology Node

Feature Sizes

MPU (Gate Length / Half Pitch) ASIC (Gate Length/Half Pitch)

lOOnm 65nm/ llSnm lOOmn/ 115nm

70nm 45nm / SOnm 70nm/80nm

50nm SOnm / 55nm SOiun / 55nm

35nm 2()nm/4()nm 35nm / 40nm

Due to various lithography process variations such as beam intensity, exposure time,

development time, bake temperature, bake time, development time as well as developer

properties, various profile variations areproduced as a result.

12



These profile variation parameters are the critical dimension of the gate (CD), the stack

height, the sidewall angle of the profile, therounding curvature of the topedges, as well

as the footing curvature at the bottom of the profile.

For the simulations, the number of retained orders for the simulation was chosen to be 31

for both TM and TE response. The rate of convergence with respect to the number of

orders retained is such that, for a grating with 30nm CD and SSiun half-pitch, the

difference in the simulated response between retaining 31 orders and 61 orders is less

than 0.03% for tan ^ and 0.1% for cos A. There is a factor of 7 time savings when

retaining only 31 orders against retaining 61 orders. Software coding was done using

Tcl/Tk[3.3]

Figure 3.2 illustrates the various profile parameters being considered. Figures 3.3-3.10

show the expected scatteiometric response for the profiles with nominal feature sizes

given in Table 3.1 with the response spectrum due to variations incorporated to

demonstrate the sensitivityof the electromagnetic simulations.

13



Figure3J2 Illustration ofprofile parametersusedfor sensitivity analysis
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Figure33 (a)-(j) ScatterometricResponse for 10(him Line/230iim Pitch
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Figure3.4(a)-(j) ScatterometricResponse for 65nmLine/ 230nmPitch
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Figure 3^ (a)-(j) Scatterometric Response for TOniii Line / 160iim Pitch
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Figure 3.6(a)-(j) Scatterometric Refuse for 45iim Line / 160iim Pitch
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Figure 3.7 (a)-(j) Scatterometric Response for 50nm Line / llOnm Pitch
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Figure3^ (a)-(j) Scatterometric Response for 30nmLine/ llOnm Pitch

4.5

4

3.5

3

« 2JS
CL

S 2

1.5

1

0.5

Tan Psi vs Lambda

0 11 I I I 11 I I I I I I I I I I I I I I I I I I I I I I I 11 I I 11 I I 11 I I I I I I I I I I I I I

Lambda(nm)

1.5

1

0.5

2 „« 0
O

o

-0.5

-1

Cos Del vs Lambda

A
/ iA\ Af V yv N

Lanibda(nm)

40

30nm line /

llOnm pitch

' CDs29.4nm

•CD=30nm

•CD=30.6nm

SOnm line /

llOnm pitch
CD=29.4nm

—CDs30nm

— •CD=30.6nm



Tan Psi vs Lambda

0 - I I I I >11 I I I I I I I I I I I 11 I I I I I I I I I I I I 11 I I I I I I I I I I I 11 I I • •

Lambcia(nm)

1.5

1

0.5

o

« 0
o

o

Cos Del vs Lambda

"V^

/

V

-0.5

-1

^ ^ ^ ^ ^ ^
Lambda(nm)

41

30nm line /

llOnin pitch

'•Slope=87deg

-Slope=88deg

'Slope=89deg

30nm line /

llOnm pitch
—Slope=87deg

—Slope=88deg

—-Slope=89deg



«
D.

e
.ca

0 I I 11 I I I 11 I I I I 11 I I I 11 I I I"iYTTI I 11 I I I 11 I I I 11 I I I I 11 I I I I n

Lainbda(run)

Tan Psi vs Lambda

Cos Del vs Lambda

/f\\ ^

i' F viT/' ^

1

0.5

2 „« 0
o

o

-0.5

-1

-1.5

^ ^ ^ ^ ^ ^ ^
Lambda(nin)

42

30nm line /

llOnm pitch

>Height=240nm

>Height=250nm

>Heightsi260nni

30nm line /

llOnm pitch
• •Heights240nm

-Height=250nm

-Helghtg260nm



o
O
CO
o

o

Tan Psi vs Lambda

^ ^ <f ^ ^
Lanibda(nm)

1.5

1

0.5

0

-0.5

-1

Cos Del vs Lambda

v:

tf *

•f

« •/ 1/Vs Ay V
Ij *\ •/ \ /
IT %\ ./ \y
n A 7 •
• *\j/

^ ^ ^ ^ ^ ^ ^ 4' ^ ^ A-lP -v-S*
Lambda(nm)

43

SOmnline/

llOmn pitch

•Rounding Curvature
Radius=:8nm

Rounding Curvature
Radius=10nm

•Rounding Curvature
Radius=12nm

30nm line /

11Omnpitch

Rounding Curvature
Radius=8nm

•Rounding Curvature
Radius=10nm

-Rounding Curvature
Radiu$=12nm



Tan Psi vs Lambda

0 I' I I I I I I I I I I I I I I I I I I I I I M I I I I I I I I I I I I I I

Lambcla(nm)

1.5

1

0.5

S „
« 0
o

o

-0.5

-1

Cos Del vs Lambda

v?

#/

'/ *
•f

n
§1
• 1
it

A Vi

i -Aa 'A\ V\r Yv "/$ 1
» [

lit V

\ •/ \/Jl \ 'f ^ *
i1f V

Lambda(nm)

44

30nm line /

llOnin pitch

Footing Curvature
Raclius=8nm

•Footing Curvature
Radius=10nm

•Footing Curvature
Radius=12nm

30nm line /

llOnm pitch

•Footing Curvature
Radius=8nm

•Footing Curvature
RadiusslOnm

•Footing Cunrature
Radiuss:12nm



Figure 3.9 (a)-(j) Scatterometric Response for 35nm Line / 80nm Pitch
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Figure 3.10 (aHj) Scatterometric Response for 20nm Line / SOnm Pitch
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3.3 Conclusion

The figures show that the sensitivity differs for each profile parameter. For CD variation,

in all simulations, there is theoretical variation in simulated electromagnetic response.

However, for variation in height, as well as variation in rounding and footing for smaller

feature sizes, the difference in simulated response is small in magnitude, which will

present itself as a decrease in sensitivity. This could possibly be due to the finite slice

thickness inherent in the ^'construction" of the simulated stacks. The tan ^ and cos A

response for each nominal feature is used to determine its associated scatterometric noise

when measured using a commercial ellipsometer. This result will then determine the

practical sensitivity that can be achieved with spectroscopic scatterometry, which will be

discussed in Chapter 4.
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Chapter 4

Ellipsometric Detection Limits

In the previous chapter, simulations were shown that a minimum CD variation of 0.4nm

for a nominal CD of 20nm could be detected by the difference in the complex reflectance

ratio between TM and TE light waves. However, this represents the numerical difference

as determined using the RCWA formulation. In order for the sensitivity to be realistically

determined, a characterization has to be carried out on the equipment used, in order to

take into account uncertainty in measured response caused by the inherent noise of

equipment. This overall noise can be attributed to fluctuations in the intensity of the light

source; angular uncertainties of the polarizer, compensator and analyzer; as well as the

resolution ofthe detector.

Work has been done to explore the feasibility of variable-angle ellipsometric

scatterometry for the metrology of sub-0.1|Lun linewidth structures [4.1].

In this chapter, the theory of scatterometric measurements using an ellipsometer will be

described. A ftdl understanding of the functioning of an ellipsometer is required in order

to fully understand the noise contributions by each element in the ellipsometer. Jones'

vectors [4.2] will be used this effect to analyze the transformations for a nulling

ellipsometer as well as for the case ofmodulation by a rotating element.
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4.1 Jones vectors

4.1.1 Nulling ellipsometer

The nulling ellipsometer is so described because it uses the detection of a minimum

reflected signal to calculate the complex reflectance ofa surface profile.

In this setup, the polarizer, compensator and analyzer are rotated such that a zero (or near

zero) intensity value is obtained at the detector, apart firom noise. The notation for

unpolarized or circularly polarized light immediately after passing through the polarizer

is given by

^BcosP\
(4.1)^5sinPj

where B is the amplitude of the light emerging fiom the source and P is the polarizer

angle, whichis measured from the plane of incidence looking in the opposite direction of

the traveling light. The vector can be simplified to become

^cosP^

.sinpj-
given that we are only interested in the polarization state of the light, as is the case in

nulling ellipsometry.

The corresponding Jones matrix for this arrangement is

(cosQ -sinQ^

or

f\ 0

0 -i)
^cos2 sin2^

-sin2 cos2

fcosP^

sinP^sin0 cos 2

Zf''
^cos 2 cos(P - 2) +' sin2 sin(P - Q)^
^sin 2cos(P -Q)-icosQsm(P - Q)

58

(4.3)

(4.4)



where Epj and Esj are the components of incident lightwithits electric vector in the plane

and perpendicular to the plane of incidence, respectively; and Q is the angle between the

fast-axis ofa quarter-wave plate and the plane of incidence.

After reflection from a sample, the polarization state of light is given by

Rp 0
0 R

S /

zr-'
(4.5)

where Ep^ and £s^are the components of the electric field for the reflected light and Rp

and Rs are the complex reflection coeffrcients for incident light with its electric vector in

the plane and perpendicular to the plane of incidence, respectively.

In order for the light reflected from the sample to be extinguished completely by the

analyzer, then the light incident on the analyzer after reflection has to be linearly

polarized. As such, the two components of the Jones vector for the reflected light must be

in phase. This implies that the ratio of reflected TM and TE light has to be a real number:

Substituting the term

(e.,]
Im = Im p p.'

= 0

< j

P =

and rearranging, we can rewrite the equation as

where denotes the conjugate of ^.

p can be broken up into its real and imaginary parts by using the relation from Chapter

2:
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>5 = tan T COS A+ /tan sin A (4.9)

Substituting this relation into the prior equation enables us to find the polarizer angles

that couldpossiblyresult in linearlypolarized lightafter reflection and hence can produce

a null after passing through the analyzer, which will satisfy the following:

tan2(P-0 = -sin22tanA (4.10)

If a null exists after passing through the analyzer on satisfying the equation above, then

the resulting Jones vector relation

will give the result of

cos^^ sini4coSi4

sin^coSi4 sin^^
J''''

'X P''taiiA = -p

Solving this equation gives

^0^

tan^ = tan^
cos(2P - 20cos Asin 2g - sin(2P - 20sin A

cos(2P - 20cos 2Q-\

which is the relation between A and *F.

(4.11)

(4.12)

(4.13)

4.1.2 Modulation by Rotating Element

In this method, the light beam incident on the sample is modulated by the rotation of the

polarizer, compensator or analyzer. During the course of this research, measurements

were conducted using the Sopra GESP5 variable-angle spectroscopic ellipsometer. This

ellipsometer uses a rotating polarizer to suppress the effects of parasitic light on

measurements.
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The associated Jones vector for this technique is given below:

p
'\ 0^ ' cosA sini4^fl o' ^ cosP sinP^ '1

.0 0, sin A coSi4^

o

^-sinP cosP^ .0 oj
which gives

= EqR,cos>4(tan cosP + tan ^4 sinP)

The resulting intensityseen by the detectorcan be writtenas

which expands into the form of

=/o(acos2P + /?sin2P + l),

where

/o =

i~ |2|Po| \RA cos^^(tan^4' +tan^^)

tan tan A

tan^^ + tan^ A
a =

2 cos A tan tan ^

^ ~ - ,2 iTi . * 2tan T + tan"^^

The intermediate variables a and P are of interest since they are used by the GESP5 to

determine tan and cos A.

4.2 Signal-to-Noise Ratio for Sopra EUipsometer

It is important to note that although different ellipsometers utilize different techniques to

obtain the values of tan T and cos A, their errors can be characterized using a general

method. Logofatu et al have previously postulated that the more influential sources of

measurement errors, such as light source intensity fluctuations and errors from the
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polarizer and analyzer are proportional to the intensity of the measured beam [4.3]; if the

intensity being measured is low, then the noise floor, caused by factors such as the

limited resolution ofthe detector, figure more importantly.

For this research, signal (intensity)-to-noise ratio (SNR) measurements were taken using

the GESP5 over the wavelength spectrum 190nm-760nm. This SNR spectrum, shown in

Figure 4.1, is used to determine the noise for each sample, which is a function of

wavelength as well as the reflected intensity of the beam.

Figure 4.1 Sopra GESP5 Signal-to-Noise Ratio
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4.2.1 Sopra £llipsometer Measurement Technique

Using the Hadamard method [4.4], the values of tan and cos A can be obtained as

functions ofdirect measurements made by the ellipsometer:
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where

and

cosA = -===
(1-21)

tan tan A (4-22)
Vl-a

a=-^(S,-S,-S,+S,) O^y

^ = (4M)

/o =—(S,-l-Sj+S3-l-S,), (1-25)
It

S, =f lifW (4J6)

53 =^J{P)dP (l-ZT)

ff/4

S3 = mdP (4.28)

S, = (1-29)

In the calculation of tan in order to maximize the SNR value and decrease the

sinusoidal contribution of the signal, the analyzer angle A is adjusted so that

tan A = tan ^, (4.30)

which is also known as the tracking method.
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4.2.2 Noise function

Based on the above equations, Taylor's expansion was used to derive the sensitivities of

a and p across the wavelengthspectrum for different samples.

Aa =-^(S^-S2 -^3 +—(AS, +AS2 +AS3 +AS4) (431)
in in

1 1A/? =^(5, +52 -53 -S,)AI, +—(AS, +AS2 +AS3 +AS4) (4.32)

Given that lo is averaged over n and has units of counts per second, while S values are

calculated over n/4 in each instance with units of counts, and the average rotational speed

of the polarizer is 60 revolutions/minute or 1 revolution/second, we can qualitatively

deduce that

AS =V4 A/„

(433)

Therefore,

1 1Aa =^(5, -52 S,+S,)AI, +—(A/o) (4.34)

1 1A/? =^(5, +52 -53 -5,)A/o +^(A/o) (435)

Following this, Taylor's expansion yields sensitivities of tan T' and cos A ofthe form:

AtanT*-—XanA
1

1 (l+a)

(l+a)(l-a) «(!-«)•
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AcosA= , ^ 1 1

il-ay(l + a) V(l + a)'(l-a)
Aa (4.37)

For approximation of the errors, based on the fact that a = 0 when tan A = tan T, we can

substitute a = 0 into the Taylor's expansions, which simplifies to:

A tan T* = Aa tan .4 +
1

cos A
•AA

AcosA = A)^

4.2.2.1 Noise vs Integration Time

(4.38)

(4.39)

The derivation ofnoise in the previous section is for measurements made over a period of

71 for each wavelength. This noise can be further derived as a function of measurement

time as follows.

A/ (4.40)

AS„ =-^ (4.41)

The complete Taylor's expansion on the noise functions of tan T' and cos A are given

below:

Atan4' =
tanA 1 + a 1I ^ sec^ AAA-

1-a 4/; (1-a)' V(l-a')
Air

tanA

ITT

tan .4

"477

1 + a 1

(l-a)' V(l-a')

1 + a 1

AS, -

AS, +
'^e
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tanA

ITT

tanA

ITT

1 + a 1

(1-a)^ V(l-a')

f 1+ a 1
(1-a)^ ^V(l-a')

AS,

AS4

(4.42)



AcosA = ——
p a}p

A/o + —
21.

ap
AS,

*1

ap

2L (!-«') VO-a^)"
AS, —^-

27,

ap

V(!-«') _AS,

1

2/o
AS,,

Given that we are concerned with the magnitude the noise, substituting for a=0,

(4.43)

tan^ tan,^ tan,/4 tan,^ tan,^Atan^ =sec +^^AS,^
21 2L 2L 2L

AcosA =——A/n +—^AiS. +—^AS, —~^3 ——AiS4
h 2/. 2h '' 2/„ 21, ''

<T^ tan^ = sec'* ,<4 <7^.4 +
tan^ A 2

tan^ A 2
4/;

<7^54,

. ah + ,
47' 47'

tan',4_2^ ,tan',4_2„ .tan',4_2^
G Oi H —G o, H z—G o,

47' '• 47' '•'1,

(4.45)

4^2.. tan A G L tan A G Iq tan Ag Iq tan A g Iqsec^^c7M + T -+ 5—7T^ + —r72—+
4li 2t All 32/ All 32/ All 32/

tan^ A G^ IQ
"^l 3^

= sec'* Ag^A +
tan^ Ag^Iq tan^ Ag^Iq

4/o' 2/ II 32/

Likewise,

cosA=|-a'7,, +^a'S., +^<t'S2, +^<t'S, +^cr'S,,
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jg' g'/p ^ 1 O-^/q ^ 1 ^ 1 g'/p ^ 1 g^/p
/„^ 2t All 32f 4/„' 32/ All 32/ 4/,' 32/

^0 (4.47)
2/ II 32/

Repeated measurements for different measurement times using the ellipsometer produced

results that agree fairly well with this noise function as shown in Figures 4.2(a)-(d)

below.
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Figure 4.2 (a)-(d) Theoretical and measured scatterometry noise for integration times of 1 second
and 10 seconds
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Variance of Cos Del (Integration Tlme=1s)
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From the noise functions, we can observe that the time effect is small for tan T

measurements. However, for cos A, the standard error of measurement decreases with

increasing measurement time,whichenables detection ofsmallerprofilevariations.

4.2.2.2 Incidence Angle Error

The noise analysis in the previous section applies for measurements made for a single,

specific incidence angle. However, for all practical purposes, measurements made using

commercial ellipsometers have a spread associated with the incidence angle. This is due

to the finite size of the lens used to focus the beam onto the object wafer. The Sopra

GESP 5, for instance, has a spread of 1.4 degrees. This results in a measurement that

could very well be approximated as an average of all measurements made over that

spread of incidence angles. This effect is also taken into accoimt in characterizing

measurement noise.

Simulations were done small increments in the incidence angle around the spread of 1.4

degrees. The average of the responses was taken to approximate the response obtained

using the ellipsometer.

4.3 Sensitivity Analysis for lOOnm Technology Node

Based on the theory presented in Section 4.2, sensitivity analysis was conducted for the

lOOnm technology node using a nominal measurement time of 1 second. Theoretical

variation in response is compared to the noise associated with the Sopra ellipsometer to

determine the sensitivity ofscatterometry in detecting a specific variation. The results are

presented below in Figures 4.3-4.4.
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Figure 43 (aHj) lOOnm Linewidth / 230niii Pitch
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Figure 4.4 (aHj) 65nin Linewidth / 230nin Pitch
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The figures showthat for both lOOmn dense linesand 65nmisolatedlines, CD variations

in line with the technology roadmap's specifications are readily detectable. Slope

variations are also readily detectable in both cases. In the case of stack height variation,

the complication arises fi'om the fact that because the profiles are constructed piecewise,

using rectangular layers of finite thickness to construct rounded profiles, certain

variations result in no change tan ^ and cos A response. As such, this would prove to be

undetectable.

Simulations were also carried out to determine the effects of interactions of profile

variations. The purpose of this experiment was to determine if the different profile

variations, ie. CD, height, slope angle, rounding and footing, produce unique changes in

the tan ^ and cos Aresponses, which can thus be easily differentiated.

A total of 3 X S'* simulations each were carried out for the lOOnm and 65nm linewidth

specifications. This is illustrated in Table 4.1

Table 4.1 Matrix for test of interaction effects of profile variations

Linewidth lOOnm 65nm

CD(nm) 98,100,102 63.8,65,66.2

SlopeAngle 0 82, 85,88,91,94 85, 86.5, 88,89.5,91

Height (nm) 340,345,350,355,360 290,295,300,315,330

Rounding Curvature (nm) 18,19,20,22,24 19,19.5,20,22,24

Footing Curvature (nm) 8,11,14,17,20 8,11,14,17,20

The total of 1875 runs for lOOnm linewidth profiles including the nominal profile

returned 9 imdetectable changes excluding the nominal profile. However, upon

inspection, these undetectable variations are the result of insufficient sensitivity in

detecting height as well as footing changes with respect to the step size, rather than the
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result of independently detectable variations canceling each other out. Similar runs for

65nm linewidth profiles also did not demonstrate any interaction effects.

4.4 Conclusion

In this chapter, we have demonstrated the ability of spectroscopic scatterometry to detect

the variation in CD as stipulated in the International Technology Roadmap of

Semiconductors. Scatterometry has also been demonstrated to have potential to detect

variations in otherprofileparameters suchas stackheight, side slopeangle, rounding and

footing, with varying degrees of success. It has also been demonstrated that the various

profile variations, due to its spectroscopic nature, produce essentially unique variations in

the tan ^ and cos A responses. This is important because it proves that even with the

interaction of various profile variations, these variations will not counteract eachotherto

render them undetectable through spectroscopic scatterometry.

More importantly, given that most advanced commercial ellipsometers today employ the

modulation-by-rotation method in obtaining measurements, this chapter hasdemonstrated

a systematic way to characterize the noise functions associated with these ellipsometers

based on Jones' vectors.
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Chapter 5

Sub-lOOnm Scatterometry

Based on the analysis in the Chapter 4, we can conclude that the Sopra GESP5 is indeed

capable of operating in the lOOnm-technology node. It has sufficient sensitivity in

meeting the CD metrology requirement stipulated in the International Technology

Roadmap for Semiconductors.

This sensitivity analysis, however, is not perfect. One limitation is that the profiles used

in the simulations were constructed by stacking many rectangular layers of different

thicknesses and widths, and as such these profiles have defined edges to them, which

might provide a stronger reflected signal than what is otherwise possible with a real-life

profile.

5.1 Sub-lOOnm Technology Node

Having confirmed that scatterometry can indeed beemployed successfully in the lOOnm-

technology node, the final part of this work consists of testing its capabilities in sub-

lOOnm nodes. Figures 5.1 through 5.4 below illustrate the variations in tan^ and cos A

responses in response to CD variation for the various sub-lOOnm technology profiles.

Scatterometry noise analysis was carried out for 70nm and 50nm dense lines, as well as

45nm and 30nm isolated lines, with the results included in the plots of CD variation for

these lines.
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Figure 5.1 TOnin Dense Lines
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Figure 5.2 SOnm Dense Lines
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Figure 53 45nm Isolated Lines
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Figure 5.4 30nm Isolated Lines
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5.2 Sub-240nin Wavelength Analysis

Rayleigh's criterion predicts that asfeature sizes decrease, more optical information will

be obtained in the shorter wavelength regions. This can be observed from the responses

for the 70nm, 50nm, 45nm and 30nm lines.

Additional noise characterization was done for 35nm dense lines as well as 20nm isolated

lines. The CD variations for these profiles based on the ITRS roadmap, based on

theoretical simulation, will be barely detectable by scatterometry based on current

ellipsometer specifications. This section is dedicated to defining specifications required

to successfully detect these CD variations. The noise analyses of these profiles are

included below.

Figure 5.5 35niii Dense Lines
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Figure 5.6 20nm Isolated Lines
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5.3 Conclusion

In this chapter, we have investigatedthe ability of scatterometry to operate in the SSnm

node. The results are that the CD variations for 35nm dense lines as well as 20nm

isolated lines are detectable, but they appear to be approaching the sensitivity limit of

scatterometry.

Based on Rayleigh's criterion governing resolution, there is reason to believe that as

semiconductor features are scaled down, scatterometric response will move in a similar

trend, with more response information being contained in the sul>200nm wavelength

region. There is a need to have ellipsometers with high signal-to-noise ratios sufficiently

high in this wavelength region to take advantage of the information contained there.
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Ellipsometers that operate dowQ to the 157mn wavelength in a purged environment are

already available by SOPRA and others.

Secondly, given the complexity ofmoving parts in an ellipsometric system, there is room

for improvement in the precision of the parts. The fact that the variance of tan does not

decrease significantly with increasing measurement integration time suggests that the

angular noise from the analyzer is dominant. As such, motors with more steps per turn

could possibly improve the repeatability of measurements and hence the sensitivity of

scatterometry.

Future work on this project includes incorporating this information along with other

information pertaining to the lithography process in designing and implementing a

closed-loop control system. This system will be able to continuously fine-tune the

lithographyprocess to produce higher yield and minimize machine downtime.
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Chapter 6

Conclusion

6.1 Report Summary

The semiconductor industry is a rapid-moving one, with feature sizes so small that they

were once beyond our capabilities, now easily produced. This was best predicted by

Gordon Moore, who stated that the logic density of silicon integrated circuits would

double approximately every 18 months. Along with this phenomenon, many advances

have been made, one of them being the introduction of sophisticated metrology systems,

which played a significant role in increasing product yield.

Many different metrology tools have been invented, with the SEM and the AFM being

the most prominent tools used for profile metrology to date. However, as device sizes

continue to scale down toward the sub-lOOnm range, new challenges have surfaced due

to several reasons. Firstly, tolerance has reduced along with feature size, necessitating

metrology tools with higherresolution. Secondly, with the need for more inspections due

to lower yield, metrology throughput has become a significant issue. Thirdly, with the

complexity of current semiconductor manufacturing processes, wafer destruction for

metrology purposes is undesirable.

Scatterometry has recently been proposed to address these issues. In this report, this

technique has beenexplored to determine its ability to operate in the sub-lOOnm regime.

This was conducted in a systematic way, through software simulation using Timbre
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Technology's gtk engine, hardware experiments with the Sopra GESP5 DUV

ellipsometer, as well as quantitativeanalysis involvingJones' matrices.

The results obtained indicate that scatterometry would indeed be able to operate in the

100,70 and 50nm technology nodes based on the International Technology Roadmap for

Semiconductors.

Possible improvements in ellipsometer specifications have also been discussed in order

for scatterometryto be implementedin the sub-35nmnodes.
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