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10 nm Fins are ~25% taller and ~25% more closely spaced than 14 nm
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Overview of Metrology
Metrology in Nanofabrication
Optical Scatterometry
Inverse Problem Solving

Case Study : Diffractometry for roll-to-roll
microstructured films
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Overview

o Overview of Metrology
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Metrology Introduction <% ICN25 ?E@*“

“When you can measure what you are speaking about and
express it in numbers you know something about it; but when
you can not express it in numbers your knowledge is of a
meagre and unsatisfactory kind” — Lord Kelvin (1824 — 1907)

Metrology
I\Zg)teﬁncilngdofJ ) o Traceability e IIi’/lracticalll
andard Units easuring
(e.g. m, s, Kg etc.) < > Devices (e.g.
microscope,

SEM, ruler etc.)
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Measuring by the Body — The Cubit [ L0])\ PARE =

523.8 -529.2 mm

Louvre, Paris

www.npl.co.uk/educate-explore/factsheets/history-of-length-measurement/ W 7



Measuring by the Body — The Cubit [ L0])\ PARE =
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Meridian Definition % |(CN29 ?.._H

Pendular Definition Meridian Definition

www.npl.co.uk/educate-explore/factsheets/history-of-length-measurement/ \{\ 9



The Polar Quadrant Survey % [CN29 ?3%“

Castell de Montjuic, Barcelona
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Métre des Archives % |(CN2Y ?3%“

1799: Metre des Archives
(Platinum Bar)

Sourca! http//en wikipedia omg /wiki/History_of_the_metre

www.npl.co.uk/educate-explore/factsheets/history-of-length-measurement/ L AR



Krypton Lamp % [CN2°% ?ﬁm

Q: How many 605 nm wavelengths are in a metre?  A: 1 650 763.73
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www.npl.co.uk/educate-explore/factsheets/history-of-length-measurement/ WA 12



lodine-stabalised He-Ne Laser % |[CN2Y ?W‘“

I1m=
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Metrology % [CN29 9=

Metrology
Defining of - o Practical
Standard Units o_Traceability Measuring
Devices
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What has been the most
iImportnat invention?

Eric Betzig

The Nobel Prize in Chemistry 2014 Eric Betzig, Stefan W. Hell, William E. Moerner \/ L 15



Brief History of Optics

Compound Lens System ~ 1600
Inventor = ?

\/ | 16



Modern Microscopy % |[CN2Y ?3%“

Virus ~ 100 nm
Proteins ~ 10 nm

Modern Transistors ~ 20 nm |

\/\ 17



Diffraction Limit <% ICN25 ?E’Eﬁnm
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Metrology % [CN29 9=

Metrology
/ \ W
Defining of - Practical
Standard Units o_Traceability Measuring
Devices
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Traceability

Sl Unit

International/National 0.001 %
Standard ' °
Calibration Laboratory/ .
Reference Standard L B
In-house Calibration/ 0.05 %
Working Standard D
Company’s Equipment / 0.1%
Final Product / 1%

% ICN29 Qe

m

1
299 792 458 °

Micrometer Dial
(Primary)

Micrometer Dial
(Secondary)

Calibration Step

\ Microscope

www.npl.co.uk/educate-explore/factsheets/traceability-and-uncertainty/ WA



Metrology % [CN29 9=

Metrology
/ \ W
Defining of - Practical
Standard Units < Traceability Measuring
Devices

\/\ 22



Overview

o Metrology in Nanofabrication

\/\ 23



High Throughput Roll-to-Roll Printing % |[CN2Y% ?;‘j‘gﬁ%“

Nanofabrication technologies for Roll-to-Roll Processing, NIST-NNN Workshop, 2011 W



What to Measurere?

(1) Film thickness

(2) Height

(3) Period

(4) Width

(5) Sidewall Roughness
(6) Sidewall Angle

(7) Morphology
(8) Defects




Wish List of Metrology % ICN29 Pz
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Nanofabrication technologies for Roll-to-Roll Processing, NIST-NNN Workshop, 2011 \/ 4



Standard Microscopy Limitations

Optical Microscopy SEM

T A

_ , . f? * Requires Vacuum
« Diffraction L|m|ted_ . Sensitive Alignment

« Speed/resolution Trade-off

\/\ 27



Super Resolution: Flourescence % |[CN2Y ?W‘“

STED : Stiumulated Emission Depletion Microscopy

7 7
+lo]

The Nobel Prize in Chemistry 2014 Eric Betzig, Stefan W. Hell, William E. Moerner \/ \ 28



Super Resolution: Flourescence % |[CN2Y ?W‘“

STED : Stiumulated Emission Depletion Microscopy

Confocal
Resolution = 200 nm

STED
Resolution = 50 nm

The Nobel Prize in Chemistry 2014 Eric Betzig, Stefan W. Hell, William E. Moerner \/ L 29



Microsphere-assisted Microscopy _:-. | CNZE ?“ﬁ.%“’”

DQCHOA

lmgng = "'; By es

Kassamakov et al, Scientific Reports 7, 3683 (2017) \{ 1 30



Microsphere-assisted Microscopy o® |[CN2Y9 ?.._H

3D Super-Resolution Optical Profiling Using Microsphere Enhanced Mirau Interferometry

CAMERA —— l

COLLIMATOR

LIGHT SOURCE —E /‘—"‘ \
\___

\____ TUBELENS

_— BEAMSPUITTER [/ ™\

p———

PIEZO SCANNER / \_ OBJECTIVE LENS

B MmiraU —
OBJECTIVE

IMAGING PLANE POSITION

REF. MIRROR

L F=— BEAMSPLITTER
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30 FR0 SO BT QO G TR NAS TR eSS T
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0.0 0.5 1.0 ym
PEAK-VALLEY HEIGHTS
1 | 2 3

238 215 ! 203 186 17,2 21,1 nm

Kassamakov et al, Scientific Reports 7, 3683 (2017) \/ § 31



Overview

o Optical Scatterometry
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Scatterometry Schematic

w< A

h< A

v A\ 33










Scatterometry Schematic
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Scatterometry Schematic




Scatterometry Schematic
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Optical Scatterometry Types % ICN29 Q==

Optical

Fourier
Scatterometry Scatterometry
Reflectometry .
Diffractometry
Angle/Wavelength
<Epsometry

\/\ 40



Reflectometry: Angle Dependance o®% |[(CN2Y9 ?.._1.

Light
Source Detector

v




Reflectometry: Angle Example

Characterizing nanoimprint profile
shape and polymer flow behavior
using visible light angular
scatterometry

plane of incidence

specular order (m=0)

S higher order

=

residual layer

Reflectance

L q ENCELEMCIA
% [CN29 P

[ER-]

0.45

after 4 min heating at 10
& 365 nm pitch s=am

o 2 wm pltch u-am"h before Irﬂll B
IR i ‘
W r&min

@ bafore heating
ting at 100°C

LN g
035
0.3
025
0z
0S|
0l
0.08

049

a0 40 50 Es 7 80 90

hﬂ_

b=d 400 nm

h=215 nm, w = 870 nm
h, = 288 nm, slope angle: 21°

h=
h: = 114 nm, slope angle: 7°

h =188 nm, w = 83T nm
h. = 308 nm, slope angle: 38°

100 nm

108 nm, w = 80 nm h =98 nm, w = 68 nm
h; = 115 nm, slope angle: 20°

(b)

R. M. Al-Assaad et al, J. Vac. Sci. Tech. B. 25, 6, 2007

\/ N 42



Reflectometry: Wavelength Dependance [ 11\ VA, ?u

Broadband
Source Spectrometer

IA

v




BEXCELEMCLA

Reflectometry: Wavelength Example mm

. . . (a) Spectrometer
In-line characterization of nanostructured Light source

mass-produced polymer components using
scatterometry

(@)
0.5 (a) ~ T,8007)  T,5013)
0(- __ 6001 o © °§° -y f o:p °
= = '
=400 3 | :
0.5 -4 % 1oRef. 5013
S reScat. 5013
e 0 %200'% ¢ | aRef. 8007
- & #Scat. 8007
£ (b)° r r
. 1 ; a
o ' '
g | $ »
1 '_‘)—‘———— 5700 | j # $$ ? *?
051 T=90°C - » = 600 + | |
0400 600 800 St 50 ' 100 ' 150
Wavelength [nm] Temperature [°C]

J. S. Madsen et al, J. Micromech. Microeng. 27, 2396 (2017) \S A



Fourier Scatterometry *% |CN2'§ ?:%M

Real Plane Imaging
YL
X

CCD

A
A\ 4
A
A\ 4
A
A 4
A
A 4

flo fl 2R
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Fourier Scatterometry *% |CN2'§ ?:%M

Fourier Plane Imaging

A
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3 1 f3 | f1 i f1 f2 1 f2

‘/ .\ 46



Fourier Scatterometry *% |CN2'§ ?:%M

Solving the inverse grating problem by white
light interference Fourier scatterometry

Simulations Measurements Difference

0.2

S
£ 0.15
2
CCD camera % 0.1
Prwiaray - 1 2 0.05
fi\ image of backfocal 1
’,“ \‘w,‘ pupil plane
' 0.2
\ &
\ ] 0.15
3
Bertrand lens b . ‘5 0.1
o jectlve reference mirror 8- 0.05
pupxl plane n
0
aperture stop /\" r
Kohler illumination \ / pupil planes l l I l
-\ z-piezo
,‘} \ objective £ 50
() s
| ; 5
! Lt object 2 2
| XyZ-piezo |
0
0.8 1 1.2 1.4

V. F. Paz et al, Light: Science & Applications volume 1, page €36 (2012) W47



Ellipsometry % [CN29 ?3%“

Eg;qﬁrser (45°) Rotating

polariser

Output

Perovskite Example: MAPDI,

Measures the polarisation amplitude ratio and ° 2.6- ~ 114
the dephasing of reflected light 24 :z :
ive i = : %2'2- | B :o.aé
* Complexrefractive index n =n + ik £ I
* Anisotropy g1 e
* Thicknesses of films or stacks of films (nms) ® 181 13
* (Grating Stucture) 16, {0.2

Ll L) Ll L) L] L 00
400 600 800 1000 1200 1400
Wavelength (nm)

https://www.jawoollam.com/resources/ellipsometry-tutorial N 48



Diffractometry % [CN29 ?ﬁm
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Overview

o Inverse Problem Solving

_:!‘l | C N 2 9 ? SEVERD
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Inverse Problem Solving

Real structure

> v

&

=

h=100nm
w=50nm
6 = 80°

L q ENCELEMCIA
% [CN29 P

A
hl' 91' Wl \

Prior knowledge
of structure

\
>

w
—
1

Simulated structure

‘/ N 52



Electromagnetic Simulations % |[CN2Y ?W‘“

Solving Maxwell’s Equations in 1D, 2D & 3D Computationally

https://www.comsol.com/ N 58
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Finite-Difference Frequency/Time Domain

FDFD/FDTD
« Solves Maxells equations

L L L
o [esNeNoNeNsNeNoNe)
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http://emlab.utep.edu/academics.htm FDTD & CE
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http://emlab.utep.edu/academics.htm

Rigourous Coupled-Wave Analysis % |[CN2Y% ?3@“

Rigourous Coupled-Wave

Transfer Matrix Method (TMM) Analysis (RCWA)

Incident

—
r—,

Reflected  -——

Transmitted

T, Ty T,
N J
Y

Tglobal

« Semi-Anaylitical Method

- 1D Dielectric Stacks * 3D Structures
» Assumes Periodicity

» Anaylitical Method

http://emlab.utep.edu/academics.htm FDTD & CE N\ 55



http://emlab.utep.edu/academics.htm

RCWA: Methodology % |(CN2Y ?:%“

» Convert to Fourier Space
(Spatial Harmonics)

* Sequentially Solve
Maxwells Equations in
Fourier Space

v

http://emlab.utep.edu/academics.htm FDTD & CE AR



http://emlab.utep.edu/academics.htm

RCWA: Opal Example % [CN2Y ?W‘“

http://emlab.utep.edu/academics.htm FDTD & CE N 57



http://emlab.utep.edu/academics.htm

RCWA: Opal Example % [CN2Y ?W‘“

. Y
S-polarised IR Reflectance of 8 ym Opal Structures Re‘\eo““\
1.0
OO
" 0.8
o 20°
C
)
2
O 0.6
C
— 40°
o
()]
IS 0.4
c o
< 60
0.2
80° | | | |
8 10 12 14 16 18 20 22 24
0.0

Wavelength (um)

http://emlab.utep.edu/academics.htm FDTD & CE N\ 58



http://emlab.utep.edu/academics.htm

Overview _:... |CN2|; ?E@M

o Case Study : Diffractometry for roll-to-roll
microstructured films

\/\ 59



Case Study: Diffractometry @ ICN2 ab |CN2E ?m




FLEXPOL: .Antlmlc.roblal FLEleIe POLymers o® |CN2I; ?E%M
for its use in hospital environments

Materials processing Antimicrobial Product validation in
& Nanostructuring films laboraty & hospital

SV

e IK4QTEKNIKER

https://www.flexpol.eu/



Hypothesis

% [CN29

BEXCELEMCLA
SEVERD
DQCHOA

The realtive diffractive effeciencies of the
diffraction pattern is indicative of the unit cell
which created it

\/\ 62



Initial Device % |(CN29 ? B

633 nm Laser

L1

CCD

PET film

UV light sou

M. Kreuzer et al, APL Materials, 6, 058502 (2018)




Initial Testing — Line Width Detection

Test Sample

« 80 mm long stripe with 4 distinct regions

» Periodicity 6 ym

« Each region varies line-width (320 — 470 nm)
« Silicon Master replicated in PDMS

545 T T T T i li T T
l @ Sj 4
50 ] poms@ O &
— I ) @)
S 4'?,“ (7\ ?
d )
g I 8
'%‘ 40 ) 3
2 I
S ] (9) ;
g ®
g 30 (20)
1 o
21 @
20 | |
JoElo: D 340 360 380 . 400 20 T a6h 80
PO 3%y 340 360500380 gof00 1 ARP 4Bfho 48%00

Line WH;@(nm)

% ICN29 Pz

M. Kreuzer et al, APL Materials, 6, 058502 (2018)
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FDFD and The Diffraction Pattern o®% |[CN29 ?3@“

Device Structure

E, Solution o the FDFD

h=115nm SWA = 90°
w=2320nm Yincident = 18°
RC = 60 nm

M. Kreuzer et al, APL Materials, 6, 058502 (2018) D ARE



FDFD and The Diffraction Pattern _:". |CN2'; ?m

Extracted Field

w e :
05 -
X
1 Repeated Field x20
05F -
NI =
L
0.5F -

X

M. Kreuzer et al, APL Materials, 6, 058502 (2018) N 66



Far-Field Projection

1

Repeated Field

05k ’ o

O .

05 i

3| 1 | | 1

2

o2p(P)

b oy — ) = (1} 5in  + 1 os ) et o==9
L

Projected Far-Field

O>p
|

oo e .IJM J rl 2 . |

¢

Near-to-Far-Field Transformation, Chapter 14, John Schneider Lecture Notes ¢\ 67



Calibrating for Line-Width <% ICN29 ?;@m

4th Order Diffraction Peak

60

_—
55 Ta a T
4 @ Si § /‘Ki
50 - PDMS /I
e
401 - 5’

35 ’?
25 —

20

Reakineeraiyday.)

15 T T r r r v r r r
300 320 340 360 380 400 420 440 460 480 500

Lineewiddtingmin)
Silicon PDMS
h=115+10nm h=120+5nm
Vincident = 13 £1° Vincidene = 11 £1°
RC=50+15nm RC=40+15nm

M. Kreuzer et al, APL Materials, 6, 058502 (2018) N 68



L q ENCELEMCIA
% [CN29 P

OFFLINE MEASURMENT

M. Kreuzer et al, APL Materials, 6, 058502 (2018) N 89



Roll-to-Roll Line Width Sensing o®% I(CN2Y ?:%“

@ 1 m/min

_ { @ 2m/min
Diffractometer 480 _'% o 3 m/min
] T

Line Width:

> 470 nm

=
HeT
[ and s

> 430 nm

Fe
o

Imprinting B 400
roller % 380
o ]

e
vl

-'Ieﬁﬂn : > 380 nm

=g
H—6—

_|_| ©—
HH | —e—

Patterned >320 nm

300
film - -
0 10 20 30 40 50 60 70 80
Displacement (mm)

M. Kreuzer et al, APL Materials, 6, 058502 (2018) N0



Diffractometry: System Update % [CN2°% ?W‘“

CCD 1

Input L:if.er

Mounting
Plane ™

CCD 2

Inspection Be

/
Sample Stage

M. Kreuzer et al, APL Materials, 6, 058502 (2018) S AR



FDFD: Update Methodology % [CN2°% ?E-EEFM

- —> -S> - > - > - — > - —> - —> —

FDFD New Method

FDFD Old Method

1
!

L

Modelling finite, more realistic
areas leads to smooth far-field
diffraction patterns




Defect Detection % ICN29 ?3%“ .

Defect Gratings
« Varying amounts of missing lines (100-70%)

‘ 100% 90%
* 5 um pitch :
e ~300nNm he_zlght I i —
« ~ 200 nm width S ] 5
m, —-3
100% 90% E o] fmbshod
EERRERRRER 5 mmahptan el
A ,
o 5 10 15 20 Tir:e_ [S:: 20 35 a0 a8 50
=1 80% 70% —
&0 — +2
i — 2
PENE +3
= — 3
g 30 -
o A L
’ N 1 Tin:Z[s] i 3




Live Diffractometry




Diffractometry % [CN25 ?3%“

Silicon Master

Ormocomp AFM Comparison

0.4+ Eowe
03

Height = 330 £ 5 nm, Width=95 £ 5 nm, 02 i
Slope=78+2° :

Ormocomp NI Replica
. )
| 0.0 1.0 2.0 3.0 4.0
X (um)
« Comparison shows
reasonable agreement with
AFM limitations
« Comparison with a FIB
cross-section required

Height = 315 + 5 nm, Width= 90 £ 10 nm,
Slope=72+6°

\/\ 75



Conclusions o®e |CN2I; ?E,Egm

v Overview of Metrology

v Metrology in Nanofabrication
v" Optical Scatterometry

v" Inverse Problem Solving

v" Case Study : Diffractometry for roll-to-roll
microstructured films
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Future of Diffractometry

Potential for high-throughput fast
dimensional metrolgoy

Nanoscale accuracy but limited to
microscale periodicity

Improvements required on traceability
Move to 2D structures
Possibility for other metrology for

microscale phenomena
(hydrophobicity, microlens)

% ICN29 Qe

W\ 77



Roll-to-Roll Line Width Sensing % ICN29 Pz

520
- 1 mimi
_ 0017 > ol Line Width:
Diffractometer 480 g . I @ 3 m/min
460 §1 Ifﬁi > 470 nm
E 0 88 g 1 .
Unpatterned S’ i ; > 430 nm
film Imprinting g 400 - ; - ;;
roller 380 2 o > 380 nm
£ 360 JEIT i ICH 17 T
0 T
Patterned 320 E}“ & : > 320 nm
uv film 300 =9
Exposure 280 -

0 10 20 30 40 50 60 70 80
Displacement (mm)

@6 °
c
o4
R ° 2.9
2273 0 0g 29570 %9 0 80 ;
()] .
' ' T T T T T I ' ' T y
0 10 20 30 40 50 60 70 80 1 2 3
Displacement (mm) Speed (m/min)

M. Kreuzer et al, APL Materials, 6, 058502 (2018) N8



Example : Organic DFB Lasers % [CN2°% ?W‘“

 Completely Solution Processable
* Wavelength Tuneable Laser
e Easy to Upscale?

A x Alaser

S4800 1.0k 9 3.50k SE(L)

Organic Semiconductor Lasers, . D. W. Samuel*, and G. A. Turnbull, Chem. Rev., 2007, 107 (4) \ 7\ 79



https://pubs.acs.org/author/Samuel,+I+D+W
https://pubs.acs.org/author/Turnbull,+G+A

