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(57) Abstract: Methods and systems for performing broadband spectroscopic metrology with reduced sensitivity to focus errors are
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a further aspect, the dimension of illumination field projected on the water plane in the direction perpendicular to the plane of incid-
ence is adjusted to optimize the resulting measurement accuracy and speed based on the nature of target under measurement.
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OPTICAL METROLOGY WITH REDUCED FOCUS ERROR SENSITIVITY

CROSS5 REFERENCE TO RELATED APPLI
[0C01] The present application for patent
pricrity under 35 U.S.C. §119 from U.S. provi

claims
sional patent

application serial number ¢62/119,243, entitled “Apparatus
and Methods of High Throughput Large NA Optical Metrology
System,” filed February 22, 2015, the subject matter of
which is incorporated herein by reference in its entirety.
TECHNICAL FIELD

[0002] The described embodiments relate to metrology
systems and methods, and more particularly to methods and
systems for improved measurement of semiconductor
structures.

BACKGROU? INFORMATION
[O003] Semiconductor devices such as loglic and memory
devices are typically fabricated by a seguence of

processing steps applied to a specimen. The
features and multiple structural levels of th

by these pro

rmed

) - v

For example, lithography among others 1is one
fabrication process that involves generating
semiconductor wafer. Additional examples of
fabrication processes include, but are not li
chemical-mechanical polishing, etch, depositi

implantation. Multiple semiconductor devices
fabricated on a single semiconductor wafer an
separated into individual semiconductor devic

vari

cessing steps.

semiconductor

a pattern on a
semiconductor
mited to

on, and ion
may be

d then

o

es.
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[0C04] Metrology processes are used at various steps
during a semiconductor manufacturing process to detect

ects on wafers to promote higher yvield. Optical

netrology technicques offer the potential for high
throughput without the risk of sample destruction. A

e
scatterometry and reflectometry implementations and
associated analysis algorithms azre commonly used to

characterize criticsal dimensicons, film thicknesses,

composition, overlay and clther parameters of nanoscale
structures.

co0

3
5
s
{

Cngoing reductions 1n feature size and increasing
ok

complexity of semiconductor devices impose difficult
reguirements on optical metrology systems. Optical

metrology systems must meet high precision and accuracy
requirements for increasingly small metrology targets at
high throucghput (i.e., sheort move, acquire, and measure

(MAM) times) To remain cost effective.

More specifically, maintaining focus with sufficient

accuracy, particularly during high tThroughput operation
{i.e., short MAM times) has become a critica
optical metrology systems having high sensitivity to

focusing errors.
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illumination pupil 11, 1llumination field stop 12, and

illuminaticon optics 13 as the beam propagates from the
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the optical system and the center position of the images

ﬁ

shifts in the direction aligned with the wavelength
dispersion direction.
00141 The measurement spot movement on wafer 15 due to

focus error, 1.e. AZ#0, results in image movement along the

-

spectrometer dispersive axis as a function of wavelength.

dispersive direction induced by focus errcrs makes the

00158} In some examples, The emission spectrum of the

broadband light source includes one or more characteristic

metrology svystems, focus tracking and correction are
zssential for achieving measurement accuracy, and tool to

-

tool matching. However, 1f the broadband light scource is a

h

high brightness Laser Driven Light Source (LDL
characteristic atomic lines are no longer availlable for

-~

S T ~ At AT £ Emmr1e AT - rA R BN ) i
tldeluﬂ and correction of focus errors. Furthermore Tne

becomes exacerbated for large

formance of metrology systens, and large NA

SUMMARY
[0017] Methods and systems for performing broadbanc
spectroscopic metrology with reduced sensitivity to focus

errors are presented herein. Significant reducticns in
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tThe measurement spot onto the detector such that the
direction aligned with the plane of incidence on the wafer
surface is oriented perpendicular to the direction of
wavelength dispersion on the deftector surface. This
reduction in focus error sensitivity enables reduced focus
accuracy and repeatabillity requirements, faster focus
times, and reduced sensitivity to wavelength errors without
compromising measurement accuracy. These benefits are

lcularly evident in large numerical aperture optical

metrology systems.

[0018] In one aspect, a broadband spectroscopic

metrology system 1s configured such that the measurement
spot 1s imaged onto the detector such that the direction
aliagned with the nlane of incidenc on the wafer surface is
alidgned wltn The pDlane ©L Inclidence Oon e waler SUrlace 18

d ar to the direction of wavelength
dispersion on the detector surface. In this arrangement,
ogy system to focus errors 1s

greatly reduced. With reduced sensitivity to focus errors,

precise measurements are cobfained with shorter MAM times,
.t_.

[0019] In a further aspect, the dimension of
o F

cr
o
[0}

illumination field projected on the wafer plane in
direction perpendicular to the plane of incidence is
adjusted to optimize the resulting measurement accuracy and
speed based on the nature of target under measurement. In
some embodiments, the illumination field stop projected on
the wafer plane in the direction perpendicular to the plane

of incidence is adjusted to shape the PSF to achiesve a

flat-top profile that is less sensitive to wavelength for

,._
—

each measurement application. In addition, the spectral
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resolution i1s adijusted to achieve optimize the measurement
accuracy and speed based on the flat-top profile.
F0020] The foregoing is a summary and thus contains

1 J - oy T T4 L ~ 3 v S e o o
necessity, simplifications, generalizations and omissions

e
limiting in any way. Other aspects, 1inventive features

and advantages of the devices and/or processes described

sScr
non-limiting det:

)

;u
'..
,‘J
]
@)
jON

f‘)

c
herein will become apparent in the

RRIEF DESCRIPTION CF THE DRAWINGS

F00211 FIG. 1 depicts an exemplary, prior art metrolog

system 10 having high sensitivity to focusing errors

[0022] FIG. 2A depicts a top-view of wafer 15 including
a depiction of measurement spoft 16 i1lluminated by the beam

FO0231 FIG. 2B depicts a normal view of the surface of

.

detector 23 depicted in FIG. 1
1u

istrates
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position errors.

[0025]  FIG. 4 illust

I
-
.

N
iV}
—
o
I
53
ot
0]
1)
Ny
4]
-
O
¢
o
o
A
h
e
2
o
A
i
Ja—
o
Ll
ot
]
le)
[N
-
e
P

\k;\
P
g

ot
3
~J

that is wave

[0028] FIG. 5 depicts an exemplary, metrology system 100
aving reduced sensitivity to feocusing errors.

(00271 FIG. & depicts a normal view of the surface of
10028} FIG. 7 depicts images 124A and 124B of
measurement spot 116 projected onto detector 123.
[0028] FIG. & depicts a plot 150 illustrative of

simulation results indicating a reduced sensitivity to
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focus error for the system described with reference to FIG.
H versus the system described with reference to FIG. 1.
[0030] FIG. 9 depicts a plot 160 of wvalues of the
spectroscopic parameter, $§, over a range of wavelengths for

a series of thirty repeated measurements of a vertical NAND

(VNAND) structure by a traditional broadband spectroscoplic

system such as the system described with

ues of the

b

F0031] FIG. 10 depicts a plct 170 of va

i
-
L
il
b

spectroscopic parameter, B, over a range of wavelengths

f‘)

a series of thirty repeated measurements of the same
vertical NAND (VNAND) structure by a broadband
spectroscopic ellipsometer system that images fhe

measurement spot onto the detector such that the direction

aligned with the plane of incidence on the wafer surface is
dispersion on the detector surface.

[0032] FIG. 11 illustrates a method 200 of performing
.t_.

“roscoplc measurements in at least one novel aspech as

DETATLED DESCRIPTION

(00341 Reference will now be made in

background examples and scome embodiments of the invention,

[0035] Methods and systems for performing broadband
ctroscopic metrology with reduced sensitivity to focus
errors are presented herein. In some examples, a Twenty

Times reducticon in sensitivity to focus poesition is
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achieved by imaging the measurement spot onto the detector
such that the direction aligned with the plane of incidence

r to the

d a
direction of wavelength dispersion on the detector surface.

focus accuracy and repeatabllity regquirements, faster focus
th errors without
compromising measurement accuracy. These benefits are

ticularly evident in large numerical aperture optical

[0036] In one aspect, a broadband spectroscopic

metrology system i1s configured such that the measurement

aligned with the plane of incidence on the wafer surface is

oriented perpendicular to the directlion of wavelength
ispersion on the detector surface. In this arrangement,

the sensitivity of the metrology system to focus errors 1s

precise measurements are cbtal

.
=
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p
z,
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and thus, higher throughput.

[0037] FIG. 5 depicts an exemplary, metrclogy system 100
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focusing errors. Metroloc

system 100 may be configured as a broad

o2
Q3
~
O
n
l-r*j
(

actroscopic
eliipsometer, reflectometer, or any combination therect,.
100 includes an illumination source 110
that generates a beam of i1llumination light 114 incidence
on a wafer 115. The beam of illumination light 114 passes
through illumination pupil 111, illumination field stop
112, and illuminaticn optics 113 as the beam propagate

from the illumination source 110 to wafer 115. Beam 114
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measurement spot 116 by collection optics 118. Collected
light 117 passes through collection field stop 119,

collection pupil 120, and spectrometer siit 121. The beam
of colliected light 117 is diffracted by diffraction grating
122 to spatially disperse the beam of colile
according to wavelength. The wave

e
collected light is incident on the surface cof a two
t

dimensional deftector. In cne example, detector 123 is a
charge coupled device {(CCD). However, in general, other

two dimensional detector technologies may be contemplated
— I Y ~ T PR R SN - ™ o 4 N |
{e.g., & position sensitive detector (PSD), an i1nfrared

detector, a photovoltaic detector, etc.). Detector 123
1

cxample. Diffraction grating 122 causes a spatial

separation between the two different wavelengths of light

manner, light ceollected from measurement spot 116 having 2
icular wavelength is projected on T
spot 124A and light collected from measurement spot 11¢€

detector 123 over spot 1241,

light 114 is provided to the surface of wafer 115 at an
o~ 1
ODL

igue angle. In general, illumination light may be
u

T
)
O
A

il
Q.
)
3
O
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iy
D)
0
[
]
H
oy
O
o)
O
o)
R
o)
e
I_\
|_..l

5 a2t any okli

or nunber of obligue angles. In some embodiments, an

amount of illumination light 1s provided to the surface at

normal incidence (i.e., aligned with the surface normal) in
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[C039] In a further aspect, the amount of 1llumi
ight is broadband illumination light that includes a range

~

of wavelengths spanning at least 500 nanometers. In cne

3 1 - 3 =0 1 N v - oy b -7
wavelengths below 250 nancometers and wavelengths above 750
- 5 NEP | T I . - ] .
nanometers n general, the broadband i1lluminaticn light

includes wavelengths kbetween 150 nancmeters and 2,500

nanometers.

F0040] In some examples, the beam size of the amount of

illumination light 114 projected onto the surface of wafer
115 is smaller than a size of a measurement target that is

easured on the surface of the specimen. Exemplary beam
shaping techniques are described in detail in U.S5. Patent

Application Publication No. 201

o
\\
O
S
3
™.
ao
ul
=
o
o
o]
o]
®
m
0
[

the contents of which

W
~
]

incorporated herein by reference

n their entirety.

[

“J

[0041] As depicted in FIG. 5, the Z-axis 1s oriented

normal to the surface of wafer 115. The X and Y axes are
coplanar with the surface of wafer 115, and thus

perpendicular to the Z-axis. The chief ray 126 of the beam

f
of 1llumination licght 114 and the chief

FO0042] As descr
depicted in FIG. 1, th ric projection of a beam of

illumination light onto the surface of a specimen at

R

oblique angle resultfts in an elongation of the illumination
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00611 FIG. 9 depicts a plot 160 of walues of the

spectroscopic parameter, B, over a range of wavelengths that
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spans more than 500 nanometers for a series of thirty

“roscopic ellipscmeter system such as the
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oy
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spectroscopic parameter, $, over a range of wavelengths
spans more than 500 nanometers for a series of thir
repeated measurements of the same vertical NAND (VN

structure. The data depicted in FIG. 10 was generated by a
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broadband spectroscopilc ellipsometer system that images the
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measurement spot onto the detector such that the direction
aligned with the plane of incidence on the wafer surface is

oriented perpen r to the direction of wavelength

d a
dispersion on the detector surface. Such a system is
ear that imaging the measurement

the plane ¢of incidence on the wafer surface
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perpendicular to the direction of wavele
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the detector surface results in a significant improvement

in system repeatability, primarily due to a reduced

(')

sensitivity to focus
F00632] FIG. 11 ililustrates a method 200 of performing
spectroscopic measurements in at least one novel aspecth.

Method 200 is suitab

i
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. - - ~ . 3 oy ] <= . - N e = po 4 e 3.
particular structural aspects of metrology system 100 do

not represent limitations and should be interpreted as

1
0064 ] In block 201, an amcunt of troadband illumination

Light from an illumination source is projected onto a
measurement spot on a surface of a specimen under

imaged to a surface of z two-dimensional detector surface
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such that a direction aligned with the plane of incidence

PR

5

on the specimen surface is coriented perpendicular to a
direction of wavelength dispersion on the detector surface.
[C068] In plock 203, a plurality of output signals

indicative of a response of the specimen to the amount of

f.
n i

illumination light is generated. The output signals are

part, by integrating charge over a
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100681 As descrikbed herein any normal incidence or
obligue incidence broadband optical metrology system may be
configured such that the measurement spot is imaged onto

the surface of the detector such that a direction aligned
with the plane of incidence on the wafer surface is
oriented perpendicular fo a direction of wavelength
dispersion on the detector surface. In some embodiments,
the spectrometer dispersion axis is oriented orthogonal to
wafer focus axis (e.g., zZ-axis in FIG. b)) to reduce the

system sensitivity towards focus error.

[0069] Exemplary measurement ftechnigues that may be
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to spectroscoplc ellipsometry (SE), including Muelie
matrix ellipsometry, rotating polarizer SE, rotating
larizer, rotating compensator 3SE, rotating compensator,
rotating compensator, SE, spectroscopic reflectometry (SKj,
including polarized 3R, unpolarize
scattercometry, scatteromelry over.
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discrete wavelength ellipsometry, X-ray relectivity (XRR),

x-ray fluorescence (XRF), grazing incidence x-ray

fluorescence (GIXRF), x-ray ellipsometry, eftc. In general,

any metrology technique that incliudes illumination having

multiple wavelengths may be contemplated, individually, or

e
applicable to the characterization of semiconductor

structures, including image based metrclogy techniques, may

be contemplated, individually, or

[CO7C]

S
scoplc measurement data collected in accordance

r
wre computing systems 130 are configured to receive

[

n any combination.

In a further embodiment, system 100 includes one

computing systems 130 employed to perform

T
oot
i

<t
<y
[

o

ods described herein. The one or more computing

measurement data 125 associated with measurements of the

single computer system 130 or, alternatively, a

i

computer system 130. Moreover, diff

subsystems ¢of the system 100, such as the spectroscopic

eliipsom

for carr

[0072]

communicatively coup

eter 123, may include a computer system su

ving out at least a portion of the steps described
Cen
limitation on the present invenition

n addition, the computer system 130 may be

manner known in the art. For example, the one or more
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computing systems 130 may be coupled to comput
ssociated with the spechtrometer 123. n anoth

~ b

Z5 may

the ectrometer 1

system

The comput

> configure

N

from t

193

Oormati

ctrometer

[0074]

SY stem

Com Lp

be configured to receive and/or acqg

<Y

is manner, t

link betwe

en

mnemory on-board m

2xTernal

PRt

system

memory 132 or

ay be configured
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ing sys

N
s
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- example,

single

modeling

from other

ctroio
S).

SY ste

e

ne;

instance, spectral results obtained using spectrometer 123
nay be stored in a permanent or semi-permanent memory
device (e.g., memory 132 or an external memory). In this
regard, the spectral results may be imported from on-board
memory ¢r from an external memory svstem. Moreover, the
computer system 130 may send data to other systems via a
transmission medium. For instance, a measurement model or
an actual device parameter value determined by computer
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exported to another system.
[O0075] Computing system 130 may inciude, but is not
limited to, a personal computer system, mainframe computer

system, workstation, image computer, parallel processor, or

Lo LULPULT Ly, bdadlallcd

any other device known in the art.
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“computing system” may ke broadly defined to encompass any
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transmission medium such as a wire, cable, or wireless

transmission link. For example, as illustrated in FIG. 5,
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F0077] In scme examples, the meas

Tencor Corporation, Milpitas, California, USA. In this
manner, the model is created and ready for use immediately
after the specltra are collected by the systen.

o078} In some other examples, the measurement mod
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Tencor Corporation, Milpitas, California, USA. The
resulting, trained model may be incorporated as an element

28



WO 2016/133765

system performing i

measured parameters

to provide

tools, spect

depoeosition

(008G} As

i . .
e nsion” 1

0
=
m

S 10T

{e.g., bottom

dimension, to
height, etc

ape® library that

xample, va
determined ba

ommunicated

i
+
t

ral dimension,

et

sidewall angle, gra

structures {e.g., overlay

aerm

lmension measu

PCT/US2016/017399

ssible by a metrology

measurement model

to provide active

ithography tool etch

sed on measurement methods

to a lithography tool

PR S - I
acnieve a geslred

parameters {(e.g., Time,

included in a measurement model

term “critical
mensicn of a structure

idie critical

3
I
i
e
i
o

etween any two or more

rating structures, etc.).
dimensional structures,

structures, etc.

w ~ ] 3 N
critical dimension

measurement

~ Ly 4=
ement.

-2



WO 2016/133765 PCT/US2016/017399

[0082] As described herein, the term “metrology syvstem”
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limit the scope ¢of the term “metrology system

herein. In addition, the metrclogy system 100 may be
configured for measurement of patterned wafers and/or

unpatterned wafers. The meifrology system may be configured

as a LED inspection tool, edge inspection tool, backside

-

inspection tool

macro-inspecticon tocl, or multi-mode

that benef

[0083] Various embodiments are described herein for a

semiconductor processing system {(e.g., an inspection system
or a lithography system} that may be used for processing a

wafer, a reticle, or any other sample that may ke processed

{e.g., printed or inspected Tor defects) by means known in

[0084 ] As used herein, the term "wafer" generally refers

to substrates formed of a semiconductor or non-

limited to, monocrystalline silicon, gallium arsenide, and
indium phosphide. Such substrates may be commoniy found
and/or gprocessed in semiconducter fabrication facilities.
In some cases, a wafer may inciude only the substrate

{i.e., bare wafer). Alternatively, a wafer may include one
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substrate One or more lavers formed on a wafler may be
"patterned" or "unpatterned.” For example, a wafer may

include a plurality of dies having repeatable pattern
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at any stage of a

may ¢or may not be released for use in a semiconductor

and configured

in a pattern. The substrate may include, for example, a

glass material such as amorphous 8i0;. A reticle may be
disposed above a resist-covered wafer during an exposure
step of a lLithography process such that the pattern on the

reticle may be transferred to the resist.

L0086} One or more lavers formed on a wafer may be
patterned or unpatterned. For example, a wafer may includ
a plurality of dies, each having repeatable pattern
features.
material ma

different types of devices may ke formed on a wafer, and

the term wafer as used herein is intended to encompass a

e T N e g [N R - U £ ] (o3 e~ o 3 Aoy oy g e S ey st oy
walfer on which any type of device known in the art 1s being

fabricated.
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functions described may be implemented in hardware
ware, firmware, or any combination thereof. If

implemented in software, the functions may be stored o

3

1 OF

transmitted over as one or more instructions or code on a

computer-readable medium. Computer-readable media includes

both computer storage media and communication medi

including any medium that facilitates transfer of a
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4, The metrology system of Claim

a portion of the amcunt of illumination light is provided
to the specimen at an obligque angle of incidence.

5, The metrology system of Claim 1, wherein the
metrology system is configured as any one or nmore of a

spectroscopic ellipsometer and a spectroscopic

5. The metrology system of Claim 1, wherein a

0

5

projection of a polarizer slit of the illumination optics

subsystem underfillis a spectrometer slit of the metrology

-
o2 ¢

ISTEIM,

L{*

3

. The metrology system of Claim 1, wherein the
1

iight source.

=

&)
0
®
=
Q.
B
o
ot

1llumination source is a

e
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g. The metrology system of Claim 1, wherein tThe

3
@
o
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illumination optics subsystem includes a programn

(‘1‘

illumination field stop configured to limit an i1ilumina

field projected onto the specimen in a direction orthogonal

)
Lo the plane of incidence.
9. The metrology system of Claim 9, further

a controllier configured to:

transmit a command signal to the programmable

illumination field stop to alter a state of the
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direction aligned with the plane of incide
surface is oriented perpendicular to the direction of

wavelength dispersion on the spectroscopic detector

13, The apparatus of Claim 12, wherein the
f

illumination system includes a programmable illumination

field stop configured to limit an illumination field

£

projected ontce the specimen
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the plane of incidence.

14. The apparatus of i
a controller configured to:

Lransmit a command signal to the programmabl
illumination field stop to alter a state of the
illumination field stop to achieve a desired point
spread function along the direction of wavelength
dispersion on the detector surface.

15. A method comprising:

0

rojecting an amount of breadband illumination light

s

-

from an illumination source to a measurement spolt on a
surface of a specimen under measurement at one or more

angles of incidence within a2 plane of incidence;

ocht from the

)

imaging an amount of collected 11
measurement spolf on the surface of fthe specimen to a

surface of a two-dimensional detector surface such that a

specimen surface 1s oriented perpendicular to a direction
on The detector surface; and
generating a plurality of output signals indicative of

a respconse of the specimen to the amount of illumination
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200

PROJECT AN AMOUNT OF BROADBAND ILLUMINATION LIGHT FROM
AN ILLUMINATION SOURCE TO A MEASUREMENT SPOT ON A
SURFACE OF A SPECIMEN UNDER MEASUREMENT AT ONE OR
MORE ANGLES OF INCIDENCE WITHIN A PLANE OF INCIDENCE

2117~

IMAGE AN AMOUNT OF COLLECTED LIGHT FROM THE
MEASUREMENT SPOT ON THE SURFACE OF THE SPECIMEN TO A
212~ SURFACE OF A TWO-DIMENSIONAL DETECTOR SURFACE SUCH

THAT A DIRECTION ALIGNED WITH THE PLANE OF INCIDENCE ON
THE SPECIMEN SURFACE IS ORIENTED PERPENDICULAR TO A
DIRECTION OF WAVELENGTH DISPERSION ON THE DETECTOR
SURFACE

GENERATE A PLURALITY OF OUTPUT SIGNALS INDICATIVE OF A
RESPONSE OF THE SPECIMEN TO THE AMOUNT OF ILLUMINATION
213 ~_] LIGHT, WHEREIN THE GENERATING OF THE PLURALITY OF OUTPUT
SIGNALS INVOLVES INTEGRATING CHARGE OVER A PLURALITY OF

PIXELS IN A DIRECTION PERPENDICULAR TO THE DIRECTION OF

WAVELENGTH DISPERSION ON THE DETECTOR SURFACE

FIG. 11
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