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OPTICAL METROLOGY WITH REDUCED FOCUS ERROR SENSITIVITY

CROSS REFERENCE TO RELATED APPLICATION

0P

[0C01] The present application for patent claims

pricority under 35 U.3.C. §119 from U.S. provisional patent

application serial number ©2/119,243, entitled “Apparatus
t

[oC02] The described embodiments relate to metrology
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BRACKGROUND INFORMATION
[O003] Semiconductor devices such as
devices are typically fabricated by a seguence of
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features and multiple structural levels of the
For example, lithography among others is one semiconductior
fabrication process that involves generating a pattern on
semiconductor wafer. Additional examples of semiconductor
fabrication processes include, but are not limited Lo,

chemical-mechanical polishing, etch, deposition, and ion

p’
bricated on a single senmiconductor wafer and then
separated into individual semiconductor devices.

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

ects on wafers fto promote higher yvield. Optical

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

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

characterize criticsal dimensicons, film thicknesses,

composition, overlay and clther parameters of nanoscale
structures.
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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 throughput {(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



illumination source 25 to wafer 15. Beam 14 illuminates a
portion of wafer 15 over a measurement spot 16. A beam of
collected light 17 is collected from measurement spot 16 by
collection optics 18. Collected light 17 passes through
collection field stop 19, collection pupil 20, and
spectrometer slit 21. The beam of collected light 17 is
diffracted by diffraction grating 22 to spatially disperse
the beam of collected light according to wavelength. The
wavelength dispersed, collected light is incident on the
surface of a two dimensional detector (e.g., charge coupled
device (CCD)) 23. The CCD detector 23 converts the
collected light into electrical signals indicative of
spectral intensity of the collected light. As depicted in
FIG. 1, the collected beam of light 17 includes two
distinct wavelengths. Diffraction grating 22 causes a
spatial separation between the two different wavelengths of
light projected onto the surface of detector 23. In this
manner, light collected from measurement spot 16 having a
particular wavelength is projected onto detector 23 over
spot 24A and light collected from measurement spot 16
having another, different wavelength is projected onto
detector 23 over spot 24B.

[0007] As depicted in FIG. 1, the Z-axis is oriented
normal to the surface of wafer 15. The X and Y axes are
coplanar with the surface of wafer 15, and thus
perpendicular to the Z-axis. The chief ray 26 of the beam
of illumination light 14 and the chief ray 27 of the beam
of collected light 17 define a plane of incidence. The X-
axis i1s aligned with the plane of incidence and the Y-axis
is orthogonal to the plane of incidence. 1In this manner,
the plane of incidence lies in the XZ plane. The beam of

illumination light 14 is incident on the surface of wafer
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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

-~

P T ~ At AT £ Emmr1e AT - TR BN ) i
tldeluﬂ and correction of focus errors. Furthermore Tne

becomes exacerbated for large

formance of metrology systems, 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



WO 2016/133765 PCT/US2016/017399

the measurement spot onto the detector such that thes
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 repeatability 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 thait the direction
aliagned with the nlane of incidenc on the wafer surface is
alidgned wltn The pDlane ©L IncCclidence Oon the waler SUrlace 1S

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 cobftained 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 1is
adjusted to optimize the resulting measurement accuracy and
speed based on Lhe 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:
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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
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[0028] FIG. 5 depicts an exemplary, metrology system 100
aving reduced sensitivity to focusing 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
—
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 the

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 aperturs 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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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
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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 I ~ T P 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~ T
ODL

igue angle. In general, illumination light may be
u

T
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il
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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 P - 3 =0 P ~ v - oy b -7
wavelengths below 250 nancometers and wavelengths above 750
- 5 NEP | JE . - ] e
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.3. 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

13



PCT/US2016/017399

WO 2016/133765

] O T o] O @] 0] - ]
o & 0] [t ) 0] a 0] 13 3 - O Ew
o} (o] O [ IR ) e ] oW +3 = 4
et e © = © O - o fo O Q o
Qo 3 W 300, — o ¢ T @ 43 Q 4
0 = [ ] m [ [t} - e} @] WO 0] O = [} e [0}
0] i 5 H O Y O © o o AW — 0] - RS | © T ) 0]
e O] [ B (O - C I R = = > =} 4+ @] T QL S ! @]
43 @] — ) O] I3 [O T ] &} o2 & T o> 0] 4 Q — >
£y T W v« B v B B & B < -4 © P - 4 [OT) U o [oF (I
Ko I O G TN /) N U5 B o B o) N o 0 U W oW
43 Y4 - © o O LW 3 [O TG o it ~ Q -4 e N
- ~ M 43 g T ~ O Q0 W g U 0 O @ 4 b T n o
z [ = 0, @] ] - O, Ul o T | O e - [} @] o] = ] o o @] -4
— e B (s B ¢4 [ORE B o= T T - - = o0 K .
ko) [T ) NN N 0} 1} o} d 43 o a (GRS 3 148} o O w2 & =
] & e 50 S [ - 0] 50 O Y © )] ¢ o o — @] @] (G - — o — [
o o P« o + O (ORI G T [T = A e (OB (O O w0 3 By 42
o X -~ @ B N I S = A ( R o S W ¢ B o S C 2 - n W w
0] o 73] = [T R @’ O a Q = 0] O & < oo 0] W e e [ o
— O — = = U 42 = n | @] = oy - ] 4 — T Y] o g @ b8 Q - ]
I on Ita [O I O ] [ i) [ C [O T S, { it =
o T 4 n oz oo v o~ 2 U 9@ W8 8oy 0 >< ] @ T
o @® o] -3 o @ ) g ] [ - [®) @® @ 9] [ 0] @ T 4 ~ z @ n
o] 19 g @] [V eI O o o 0 - = & ] 4 bR o ] @] O o 42 @]
e T N O B e ) B () s (N © B S R = m © o L3 4 O
PO W o SRS B G B« N S B O ge! ¢ 0 o ~ U > ™ T o+ L O O -~ O
O R TS S © L (N~ R o LY I N > BT B ¢ S S R N o N« R Y A QM
¢ —- o ¢ A4 g U A g -~ A U S U S e T T R = (TR
o T o — U R T e A = T N B S 0 <D
- o oo 8 O £ 2 d 8 S v o S S &5 BTG TR o S N B @ PR & S O R < VIS N =
o0 o =0 g o0 © e o W o T
o G — 0 © U & W o™ O O b — W [G TN o 4
[0} e 9] DN S R = [ O o, & ° @] (O @] o} O et * [OIE] i} O
Ra [ R g — 1) e O w ks 0} o © e ) X ~ & ,f =
42 [O IS B 18] G o @ . ] ~ S R 2 T a O, W e [ ]
— @ & T -+ O ¢ g 4 @ o & (S i — = T O T4l
o> [ ) B < - o~ o o U P a3 =0 (G2 O o N O T
— © [ o 4 o ~ o ] o o O 3] 2} O -] > N = O] 00 QG
T 0O g v U ~ ®© oo QO 9o © “« T oA B oI I ) o T R O N = R o
- 3 o Q0 ™ e Ity o] 0 (GRS U 0] g O o~ = 0] @] 43 &) @
> e a O ] [N N 18] 1 O e (P ol [OFEEN ] @ o3
[an] @ - O O 3] (O e @] @] ~ o DI O] 4 I3 et Sl ] w [ [T ] O =
o | -4 & @ (ST s SIS BT T o ¢ O - ] e U0 o« = A3 C
- [OT Q@ @] 44 — G 4 =] o} O = 0] 2, = Q) - @] Y- 42 9]
. & o - ) Y ~ 4 Y (0] - 2 @ mu . > [ i 8] O
[ I s B/ B Yo nwooo>N 0 WU 4~ wm g & 0 Ui oM - @ 0O @ o
[ I 3 O @] oI ] C e = 9] b 2 @] N 4+ = D 0] £~ [
e — o e - +3 . — O] o o — [} [N o — 8] [O IS’ jn} @]
Q ~ - B = a [ s @ o @ O 3 ko) = ] o + ] @) © D
ko) Q O @] 0] @] — [ Y (O Q & O G o = [ TR B =
S 4] (T T G B 1) SN S /s B ¢ R S S N ¢ NI N B ) B RO TR ) N s T = S & N C
00 4 . I R T B B U R S N I O I S TS R Wb St I N /o B i
o [ [ 4+ (OIS [ @] 0, e [ S ] [ [0)) 3 9] @] 0] )] )] [ORES +
= A = 3 0, 3 © ® A4 N4 U L (I R 00 T © T IS R 5 N () B (D N W, = s O < O
go] © 98] 18] 48] - & @] 9] Q 0] )] [ = o O O 48] 18] fes] &4 ] O, [20] &4 QD [
[OR Q) [0 Q O] — o o (O G L0 [ONE ] < a0 - e @ - O] @ Y [aN [ < O
L0 T O R & B W L B L N & T T T2 N = R IS S+ B VN O TR I O T ¢ LPoE T T M0 Oy B e

14

gh

eam compared

19

N

ted

L



WO 2016/133765

depicted
elongated
perpendicular
[0C45] FIG.

spectrometer

in the

icted in FIG.

%_.J

wave

N

(DR

th

PCT/US2016/017399

this manner,

3
L

-

cmen

-

ion of

a metrology

r\

SOCUS

in

crrors

i
+
[

to rotate

ion path

the beam of

Metr

rology

—

of the surfe

3

F..J

&, the projection of the

spot (i.

Wa

way of

1248 is

surf

3

&

endicular wavelength

.
T
R

spectrum, i.e., intensity



ive

e

ar

[@]
(S

PCT/US2016/017399

£

ispersion

-
4
'

~
(=

la)
11

.
H
[
=

veleng

-
to w
Vo
Jjecte

(034

t

ec
20
pro

4~
I
o
<
Pl

icula

A

.-\.l
mage

o

CCD de
rernu

e

h

}
i

pe

m

WO 2016/133765

axis.
[0047]

< >
(@] g o - O — 4
(@] U (O NN = o W
e . L] ] 3 (O Ity N
o O g O A [N = ORI o n P

- by 500G @] 9] o S = 0 03] S

£ e S [ R 1] ] @] 18] o] ] ] (ST ]
@] n 4 Oy D @] S — 9] . @] © @]
Q 4 U wWw O, - D Do L p 7
= o} a A O T O o~ B T O v 4 o A

s QO 43 4+ @} oo by S [ T @ 192}

~ 0 wn G It o g 0] QW @ T 0] 43 e @]

e 4+ 0 [T O, T [af] [ - ~ D
Qo T 0 o 4 4 ~— oo i ° e 9] ]
e © [ (o RN - ) Q O go] o i} QO O] O
B e N O R (ORI o P s T C R O S =

[T B T B o' o I O I S RS A RO N ) N 6 B R ¢
oo @ o & T Oy - > @
e R« B = = I R w Dy Qo> WP

)] @O 3 [ - o] 4+ @] @] 9] n o~ o =z 4 n @

T~ qg o2 £ ¢« OB v 20 — DM
[0} 9] 0 v o [0} [ 3 —i (I 4 0 [ [

] > [N > e (@) -4 (ORI o] @ 4 @ o U 0]
© W G @} 0 — [ Q 0 s 0) e 0] 4D
&4 = + [go] B @] m U L o [ 4+ o
ol O ] O 18} [ [} @ &~ [ R
0] & a < Q, 0 Q @ O, I >N e -4 .

43 (T 42 i3 99} G — O & = [ €3] & o] @ o O
[N © o} 9] 0 [OF G AT © [0 ° &
— (O] U 4 — O i 0 @ > T ] oW 8]

g QO @ ¢ (NS O B o o ® o @© -
w O O 2, Q [®; Ity B [ S B = W)
(T S o~ s © o 3L -t O0m™ R o
© 0 g I 1 N U G ST B o LTS o R o [N o 0
(G JENTS  () B 0 S e 3 Qo - () R

— Q [ [ ] W o [OTREN ¢S] = 0] O [ B e R -+

SOT O TR o B ") W e L C R N © PR B & B (v}

[QM (€3 J—-] @ @ [¢3] S~ — 8] 0] QG @] 0] — )] I

et () T © a9 v a9 P M o R S S

@ [ e} = I > A 3 [OIE] > - @

[ T N () B & oo TR T I B () B I ST ) B B o >

O R R O A e <

(@) [ON O TR L o - RS A ol O

0o B> w g oo ¢ W w0 w0 g ¥ 0 g

“ B =3 oo 0w SO = B B e
. CAE S o 43 .| 13 W [0} (.

o @ ® - o e S © ~

. (s I =T O @] o O O] [¢3] @] o (8] @] ~ [S2NEN

o o~ U T m©  E 3O - T e e ¢ o o

- 3 © -A O 03] B R e S5 n 4 0w

@] @ > M ] ) @] @ o] © @] = O Q,

| - [T @) S @] Q - DI o G = [ I

(O 6 NN R ¢ T Y) B o [O T ] 0] R T (e I & T s B =i

T o A B Qe U 40T T O ¢ L
] ] “r N el @] o} T 18] seef e ] NI L 0]
0] 0, w o [OR - © — Y [Fp ] Q0 4

42 o R I o BN @ 0] & (03] o Q ] O ] )
Q O] X G O (O] [¢3] o = 3 O (SR (O - = o O

ke O, o B4 G, B o= T o B 0 (IS [OTI (s B C TR

Ql’_‘

ko

£

O

et

SLron

le

Cf

el
A

C
]

spe
an

he

1

.-
v

W

mani

e d.
his
16

d

1..

11
the PSE.

&l

In

S

P

tion i

I

[

construct

re
7

di

wavel

els
In

+
[

ular

ongation
accura

[004%]

(S

incids

to



WO 2016/133765

perpendicular to the directi
image, and corresponding int

perpendicular to the elongat
short axis of the ellipse) i
incildence. Thus, the image,

distribution, projected in t
dispersion is largely invari

on of

NS

I

PCT/US2016/017399

ectral dispersion. The
istribution
ction {i.e., across the

rariant to of

a

e}

spond i1

FOO5C] In another example, the resulting PSF is
significantly less sensitive to focus errors compared to
prior art configurations. As the measurement target on

wafer mo of fo

measurement spot on the wafe

to the description of metrol
wafer 115 is in focus, the b
iliuminates the wafer at loc

light 117 is wavelength disp
123 over spots 124A and 124

defocused by an amount, AZ,

7

beam of illumination light 1
location C. The beam of col

fas

124B7. This shift in image
wavelength dispersion direct
measurement errors induced b

e~ ) i : 5 - K -
wavelength to pixel mapping
wafer 115 is moved downward
e f"\"*"(\af\? 'h\' ATY ATOUNT N7

deloCused DYy an amount, L4,

illumination

The bes ~
e Deall Oon

B.

115 is moved upward

Y

CUS

~r shifts

il

ation A.
ersed an
as iliu

A
that
11lumi
ect

etector 1

location

min

imizes

detected image of the
location. Analogous

em 10 and FIG. 3, when
ilumination light 114
The beam of collected
d imaged onto detector
strated in FIG. 6. As
z-direction and is
greater Than zero, the

inates the wafer at
ight 1177 is wavelength
23 over spots 1Z4A7 and
perpendicular to the

~direction and is
less than zero, the
inates the wafer at
ight 11777 is



wexr

D

-~

8

PCT/US2016/017399

nto

O

3
-

ea

C(

4
)

e
Th

WO 2016/133765

a

Al

@ D W D s

> e & @) =3 ) J — < 9]

o] 42 i go] @] > 00w 18} 4

Sy & O @] = &-H Q ) @]

(@ o O P = TS R L ] N ~ ¢ g 0 .« o)

0] Kol R 6 it} - W 43 T 3 LR TS R A A (O R

@] 4 (O NS S © T R I S O /5 S B /) ¢ooQ @ B D

= (TN O = R R © B (O TR (s B o B 4 . o T o T

SN 6] RN (N )] L o R ¢ 2 o & R U 4 A =0T O

o d G r fn T (s T 3 b c — Q43— O T - [O I
e B A= R & TR« B © S I B R WY+ S5 NS I )] W QW@ L a0
0 o T O TN ) B T s S (5 N S R & S = B ()] ] s 0O -+ w4 Q woon A A
& (03] [ I 3 -4 O - @] 0] © 0 SN 6] @] o o - 0] 43
Q r T 8] [@; = W) 0 o e o} o & 0] 8] “ “ 4 O
0, O n S N T ) SR 6] I /5 B O TR o O @ T T (@] o DO I
(SR “ o 3 T 0 o g < g o 3 0 oo U oo g 9o 9w o T o
- ] O [OTN O] [ i Q 2] [ R o 3] F=R 05 TR I R O 0] © ] g o
T w 4004 4 C s —~ 0O ¢ 00 Ly g T i i Vs N &

5 ) w3 [STEE() 0 T & B4 o & Q O] ] > QO o (O @) O o
O (ORI © B T U =L >~oqg =4 v QO A T T o [N -
G ) B o N O Bt O D3O & w O R 7 B ) SR

o™ © nog o 0 3 A8 u e = I o L T i & B o I O 2 /0 B S
o g S0 4 @ B TS T o R /> B ) ) I T ® B
O & |G N a4 (@S Q s — & SN . O w4 @ [0} ]
- & (GRS oW O ] O O o Q 3] Q ~ Q i & b 7] ~ e
@ 3 U e o« f o [N = O . oy 3 O H Wwowm

W o U og 0] woo© o0 o> o 0 4oad own o~ T i
[ T+ . 4 g o oH S owmoH T oW O o - ud (I I Vo S B B TR
T W o N o O e ) (O R (O NS 6 P o VE o A o R o .q @]
& QO T o © [T = T B = R B B O TN ¢ ® e B e o 4 <O
@ — K “ T [} o O - oI G I O ) 20 B & s O

g0 0~ W o\ o T I S0 a oW o v»
o © O . - T e L U D I I O B> T S e (@ o @ U
“ 4 PN o X o4 4o g 3 0~ 0 w4 (OS] = o
o 3 o A = TR t BN B O B -4 W v g O v 0 Q0 ~ U W ® St
Bw (O e “ — ] (O T o S ) W A6 S o o N & B 1 O g
@ ~ (VS (P ] ] n A @ ] C 0] 3 ol - O
(UGN = @ > 3 9} RO () S ¢ TR © TN (\ I R /2 B & T () B O] © 2 &
oW [ o e 4 = T R © PR SRR ) B B ¢+ BT+ B o] = o0
— O C O [ )] i @ = . e} o0 — 0] @) v LT @ © ]
5w U DS o H o o ¢ 3 Q O e 2 N T R o Y B o oo8e o

0w (O TR /> Y 16 S < BT« BN B RS S & T & T 2 B N R LY - o} QW W
. N mow Y o [OFNTE = = o own - O @) | 0 e =3 D e D
o A i ] Q) — [} © [N 3 - T 0] (SN = = wnoowm 3 O (oM
SR < o0 O T T YR Y N I B & SN 6 SY{) IS () B B o N o S © S o ) i oo

Q@ - Do o>y T,y 3 @ o o oy UooxX 1w @ a2 o . =g e
o, o . -~ O 0] 0] o Q @ © O, O 0] o 0] & >N
a9 - 0 e QT [ 8] [V S T | D, W = Y a0 o~ O o O 8] w0

Q5 4 g L ) o ) B R T = S = (N B ) B & TN &) N S I ST I
oF [0} I e O S e T = S ! o a Y Y, g e - ke
oy £oa (U B & R T o 4+ © o @) . D
g [®] 4 4 o & W 4 &} = [ [ K e 9] - 4 4
O = Q O - o] O = o} @ ol 2 [0 - . ] 3 3 e O e
A e Q4w [ w0 d (O e T O TR &) s T o o U e g E
I @] [ Qo o~ O 2 o P 3] [N 0] @] Z N (O o) o0 - L00Mm Q [
N 3] =W [ IO 9] [O I @] ] [®) © > - Lyl — o Y [OR 9] [OTEE ORI S

G IR UEE O T o T (¢ B Do 0 U M 0 -3 D O O £+ IS I e YO o S VAT o T B
O +HA ©o o & o w o S O O 4 4y R en SR o SRR o SR UV B & S 70 SRR & S N < SRR O BENN ¢ N (!
e A & T 5t e o . o - woom L0 A (GRS = G B © T O R T U & e O T e

18



=
t
}

[@]
o
-

o

of
nent .
fla

n

O

PCT/US2016/017399
31¢
ire

<
Py

» the plane

nen
CO

.

meast

di

C

O achieve a

aer

-

un

|3

erpendicular

itive

[

-
o

tion
sen

—~
L
<o
<

iire

"

vendicul
Zi:)

£

timi

~

-~
I
IeYe
2

A

pe
o

.
L

ted
plane

us
2T

P

WO 2016/133765
ad]
watf

i

Q O [OFE () &
ES) b 42 O b ©
o >N L i (o -
0] 4 )] - @] ] ] = 0n
& o T oo A |G
Q > O 0] @] oo IO BT BN e A
] oy 4 (AT It (O R B T © SN = N T B
= (A — 4 — 43 @ 0 fu G O
et W0 b T o 0 O w© O T ] O e
jt © 199} [OIEE] ] @] 4 S @ M U [o o k)
(R )) « oo 2@ » i - 4o~ T U
L8 o O woH L0 Tog e U o g ¢ v g ¢ u
@) - [ B TR S, ¢ © N O & (O G, 0 By
ORI B T R R o Y A © SR ) SR R Y B O o, A 4 - e
O, g o © O Tvow w LU O v own 4 o 4 v
[42] 4 @] & [ @ 2, )] [afl 3 [ O 0™
= o i 4] ) ™ o T o =T o [} @ 9] 0]
O (O NN PR N = O B 19} S0 00 g =g N+ 3k [ N«
< N S [N S S N -4 = g T U - O,
e A O TR O B B 9] oy - W = 0 ¢ O
& O . O T 4 O W C T At & i M o
~ ) I 3 @] 0] — Q4 — o — — > = -
i i a 1S O 0] [ TS @] T QN
[T IS R @ [0} 9] @} w4 [ N e B i3 Qo @
O @© -~ o o TUoa W o™ B3 SH D (O N
— S - o — O S e RS B e R o
[0} Y] -~ @] : e ] @) e [aN 2 [ 4+ o 5}
b . ~ O O a4 (OIS 0 [ R — i ~
(O TN ) N o) () S P R O @ e N o ke
O D @ ~ -~ T @ = noow 3 AW g
e + @ 3 O - [P o 5 B ] LN )
o U “oog 0 g e Q@ U w O Y, T © A o A
- © -~ U © (O I T O M =] OF = o s
O ] = ] ) [OTN @] S ] @ (o]
0] (O S o TN g2 - 0 2 Xm0 om0
. o 4 @ 9] (8] 4 [OR O (43} €3] — [N @] 43 [0
o 0] Q. e X © FEE 4 a O &
o T n & O (O a G 0w W Y 9] 2y, =
T B (v IR« B o B (o] - 0 T D e e o T w0
R TS L o T T = S (BN ¢ B N R (O B == B R O B = [OTN e ER = 0
T 5} )} - o B &= s S B [} [N R )] © @] [ £
O 3T i oowm O (O T — z o
oy @ th o] o Ui e 0} 3 ] [ e A3
— T 0 & o o O T - oo W ™~ 0] w4
2, © O O o N o A © Bt [ o I S
Q 9] 9] T 0] —i (ORI ] 3 ] ¢ - s o =
it ! i Q - o = (@) . 3
— - o @ U 43 Q@ ¥} = T [ @ noom
2 [ [ . N G [ S TR N 4 O « [N
ooogoaw g o0 3 o w ) o o — A
¢ 0 T DS A T © S = Do O (IO IS
£ > - (OIS I S R 4 @ ORI E o0 - b
T o U [ LU [ oo O o, [ C
] ] @ [N 4 @ = [¢3] &~ I QG @) O] ~ 43
o T & O A 0] O [N ] O ™~ OB O] [T 3 9]
w0 3w U oo O 3 ¢ 4o o + o O Q) T A S R ()
T n U 9O 40 M Towm o ™ Uowm o S BN O 4
0 Q U e 4 b 0] ¢ a — o O -] (OB o O o ]
& ] (T I S /s B © PR N & T [ T R O o, T

ion.

1

o~

ire

a

19

o

LhL

+

with

s ¢
cd

align



PCT/US2016/017399

WO 2016/133765

uting

103

5, con

=4

~
[

v BT

LS}
L

i

depicted

nent

embodis

-7
ne

4
H
[

in

[0058]

ng

Computi

-
Il

@
)
8]
s

>rogrammabl

¥
f.
i

to

rated

~

nic

ommu

e C

e
CThLo

126

nals

ig

o
e}

o
LN

=1
A

T

a

N

X

Prog

-

~
Z

stop 11

=
et

-

id

s
<

£1

ation

LS
il

umi

i

il

and

26

[

ation

illumin

of the

size

tion

na
LIlL

illumi
[0059]

3,

nple

zXa

I

G

m

oY

5C

o

n

-

racy

~ N
Cu

C

40
n

SR
A

@

- example,

B
b

e

o

i1

N

i

umination

il1

orresponding

C

and

Lit

<

spectrometer

the

_)y

IS
LN

g

LS}
1L

ppi

11

C

o
vl

one

o~

+

onto

£S]

N

L
(@)

@

-

1

i
L

i1

3

o

spot

4
]
-

N

”

asur

ne

It
i

a

o~

+

o
v

‘hen

b

[00B0]

o
or

1 the plane

i- 7
Rl e
1Ur

v
¢

W

igned

}
}
4

direction

.
he
ne

4=
¥

t

s
<

incids

O

-

sltive

e}

el

3

oaQ
R

3
}
o

[T

O

]
]

et

40

-

1.

~
[

FI

3
e

N

ence

efel

~d with 1

ibhe

oo
aescr

stem

-
s

Y

3

150

+
[

Plot

-
O e

08

e
Cus

Q

3
L

induced by £

20



WO 2016/133765 PCT/US2016/017399

r-+

The change in the spectrometer signal, 8B, 1s the diff

between the spectromefer signal measured when the target

B 7 - - Bt T S o A B G A - - &~ - -
Plotlines 151 and 152 indicate the values of o83 for a range
of wavelengths that spans mcre than 500 nanometers with a

respectively, for a conventional me

'T)
"(‘
19
et
(&)
)]
W
6]
«
54
9]
i
.ﬂ
=
n
D
i
jo.
=
{
—t
—
{1
€A

with a +1 micrometer focus error and a -1 micrometer focus

srror, respectively, for a novel metrology system such as

b
—
—
I

A2
i
{1
pat
2
O
=
]
ot
p—
o)
0]
<«
“a
Qu\
h
]
=~
o
pt
C
=~
=

A,
P
N s

N
®
i
U
e
s
=

3
®
-
o]
+
]
)
[@]
(
=~

o]
0]
e
]
=
ks
.
9]
a
C
[
Qu\
—

3
—t

-0

o)

(s
my
]
Q.
-
e
3
I
9]
o+
-
O
—
3
@}
h
z,
W
<
O
i
0]
]
o
3
o+
3
Q.
;_J -
wn
T
]
=
wn
0
jm
O
—
3
e
bt
—
]
O
D
(s
D
9]
(@1
8)
=

surface.
00611 FIG. 9 depicts a plot 160 of walues of the
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measurement spot onto the detector such that the direction
aligned with the plane of incidence on the wafer surface ig
oriented perpendicular to the direction of wavelength
dispersion on the detector surface. Such a system is
described with reference to FIG. 5. Comparing the results
of FIGS. 9 and 10, it is clear that imaging the 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 detector surface results in a significant improvement
in system repeatability, primarily due to a reduced
sensitivity to focus errors.

[0063] FIG. 11 illustrates a method 200 of performing
spectroscopic measurements in at least one novel aspect.
Method 200 is suitable for implementation by a metrology
system such as metrology system 100 illustrated in FIG. 5
of the present invention. In one aspect, it i1s recognized
that data processing blocks of method 200 may be carried
out via a pre-programmed algorithm executed by one or more
processors of computing system 130, or any other general
purpose computing system. It is recognized herein that the
particular structural aspects of metrology system 100 do
not represent limitations and should be interpreted as
illustrative only.

[0064] In block 201, an amount of broadband illumination
light from an illumination source is projected onto a
measurement spot on a surface of a specimen under
measurement at one or more angles of incidence within a
plane of incidence.

[0065] In block 202, an amount of collected light from
the measurement spot on the surface of the specimen is

imaged to a surface of a two-dimensional detector such that

22



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.

[0066] " In block 203, a plurality of output signals
indicative of a response of the specimen to the amount of
illumination light is generated. The output signals are
generated, at least in part, by integrating charge over a
plurality of pixels in a direction perpendicular to the
direction of wavelength dispersion on the detector surface.
[0067] In a further aspect, an estimate of a structural
parameter of the specimen is determined based at least in
part on the plurality of output signals.

[0068] As described 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 to a direction of wavelength
digpersion on the detector surface. In some embodiments,
the spectrometer dispersion axis is oriented orthogonal to
wafer focus axis (e.g., z-axis in FIG. 5) to reduce the
system sensitivity towards focus error.

[0069] Exemplary measurement techniques that may be
configured as described herein include, but are not limited
to spectroscopic ellipsometry (SE), including Mueller
matrix ellipsometry, rotating polarizer SE, rotating
polarizer, rotating compensator SE, rotating compensator,
SE, spectroscopic reflectometry (SR), including polarized
SR, unpolarized SR, spectroscopic scatterometry,
scatterometry overlay, beam profile reflectometry, both
angle-resolved and polarization-resolved, beam profile

ellipsometry, single or multiple discrete wavelength

23



ellipsometry, x-ray reflectivity (XRR), x-ray fluorescence
(XRF), grazing incidence x-ray fluorescence (GIXRF), x-ray
ellipsometry, etc. In general, any metrology technique
that includes illumination having multiple wavelengths may
be contemplated, individually, or in any combination. For
example, any SR or SE technigue applicable to the
characterization of semiconductor structures, including
image based metrology techniques, may be contemplated,
individually, or in any combination.

[0070] In a further embodiment, system 100 includes one
or more computing systems 130 employed to perform
measurements of actual device structures based on
spectroscopic measurement data collected in accordance with
the methods described herein. The one or more computing
systems 130 may be communicatively coupled to the
spectrometer (e.g., spectrometer 123). In one aspect, the
one or more computing systems 130 are configured to receive
measurement data 125 associated with measurements of the
structure of specimen 115.

[0071] It should be recognized that one or more steps
described throughout the present disclosure may be carried
out by a single computer system 130 or, alternatively, a
multiple computer system 130. Moreover, different
subsystems of the system 100, such as the spectroscopic
ellipsometer 123, may include a computer system suitable
for carrying out at least a portion of the steps described
herein. Therefore, the aforementioned description should
not be interpreted as a limitation on the present invention
but merely an illustration.

[0072] In addition, the computer system 130 may be
communicatively coupled to the spectrometer 123 in any

manner known in the art. For example, the one or more
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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
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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 ke incorporated as an element
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[0082] As described herein, the term “metrology system”
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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 defecits) 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 TN e g N o~ - de g oy £ ] (o3 e~ o 3 o . oy g e S ey st oy
waler 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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Claims

1. A metrology system comprising:

an illumination source configured to generate an amount
of illumination light;

an illumination optics subsystem configured to direct the
amount of illumination light from the illumination
source to a measurement spot on a surface of a speci-

men under measurement at one or more angles of

incidence within a plane of incidence;

a detector having a planar, two-dimensional surface sen-
sitive to incident light, wherein the detector is config-
ured to generate a plurality of output signals indicative
of a response of the specimen to the amount of illumi-
nation light by integrating charge over a plurality of
pixels in a direction perpendicular to a direction of
wavelength dispersion on the detector surface; and

a collection optics subsystem configured to collect an
amount of collected light from the measurement spot
on the surface of the specimen and direct the amount of
collected light to the surface of the detector, wherein
the collection optics subsystem images the measure-
ment spot onto the surface of the detector such that a
direction aligned with the plane of incidence on the
wafer surface is oriented perpendicular to the direction
of wavelength dispersion on the detector surface.

2. The metrology system of claim 1, wherein the amount
of 1llumination hight is broadband illumination light includ-
ing a range of wavelengths spanning at least 500 nanome-
ters.

3. The metrology system of claim 1, wherein at least a
portion of the amount of illumination light is provided to the
specimen at a normal angle of incidence.

4. The metrology system of claim 1, wherein at least a
portion of the amount of illumination light is provided to the
specimen at an oblique angle of incidence.

5. The metrology system of claim 1, wherein the metrol-
ogy system is configured as any one or more of a spectro-
scopic ellipsometer and a spectroscopic reflectometer.
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6. The metrology system of claim 1, wherein a projection
of a polarizer slit of the illumination optics subsystem
underfills a spectrometer slit of the metrology system.

7. The metrology system of claim 1. wherein the illumi-
nation source is a laser driven light source.

8. The metrology system of claim 1, wherein the illumi-
nation optics subsystem includes a programmable 1llumina-
tion field stop configured to limit an illumination field
projected onto the specimen in a direction orthogonal to the
plane of incidence.

9. The metrology system of claim 1, further comprising:
a controller configured to:
transmit a command signal to the programmable illu-
mination 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.

10. The metrelogy system of claim 1, wherein a beam size
of the amount of illumination light projected onto a surface
of the specimen is smaller than a size of a measurement
target that is measured on the surface of the specimen.

11. The metrology system of claim 1, wherein the detector

is a charge coupled device (CCD) detector.

12. An apparatus comprising:

an illumination system configured to direct an amount of
broadband illumination light from an illumination
source to a measurement spot on a surface of'a speci-
men under measurement at one or more angles of
incidence within a plane of incidence;

a spectroscopic detector having a planar, two-dimensional
surface sensitive to incident light, wherein the spectro-
scopic detector is configured to generate a plurality of
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output signals by integrating charge over a plurality of

pixels in a direction perpendicular to a direction of

wavelength dispersion on the detector surtace; and

a collection optics subsystem configured to collect an
amount of collected light from the measurement spot
on the surface of the specimen and direct the amount of
collected light to the surface of the spectroscopic
detector, wherein the collection optics subsystem
images the measurement spot onto the surface of the
spectroscopic detector such that a direction aligned
with the plane of incidence on the wafer surface is
oriented perpendicular to the direction of wavelength
dispersion on the spectroscopic detector surface.

13. The apparatus of claim 12, wherein the illumination
system includes a programmable illumination field stop
configured to limit an 1llumination field projected onto the
specimen in a direction orthogonal to the plane of incidence.
14. The apparatus of claim 13, further comprising:

a controller configured to:
transmit a command signal to the programmable illu-
mination 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:
projecting 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:
imaging an amount of collected light from the measure-

ment spot on the surface of the specimen to a 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 direc-
tion of wavelength dispersion on the detector surface:
and
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generating a plurality of output signals indicative of a
response of the specimen to the amount of illumination
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.

16. The method of claim 15, further comprising:

determining an estimate of a structural parameter based at

least in part on the plurality of output signals.

17. The method of claim 15, wherein the amount of
broadband illumination light includes a range of wave-
lengths spanning at least 500 nanometers.

18. The method of claim 15, wherein at least one of the
one or more angles of incidence is an oblique angle of
incidence.

19. The method of claim 15, further comprising:

limiting an extent of an illumination field projected onto

the surface of the specimen in a direction orthogonal to
the plane of incidence.

20. The method of claim 19, wherein the limiting of the
extent of the illumination field involves transmitting a
command signal to a programmable 1llumination field stop
to alter a state of the illumination field stop to achieve a
desired point spread function along the direction of wave-
length dispersion on the detector surface.
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