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Subject Date
# Electron Scattering and Proximity Effect 07-Oct-2020, 6:00pm CEST, 12:00pm EDT, 9:00am PDT
Dose PEC Algorithm and Parameter 14-Oct-2020, 6:00pm CEST, 12:00pm EDT, 9:00am PDT
Optimization of Dose PEC Parameter 21-Oct-2020, 6:00pm CEST, 12:00pm EDT, 9:00am PDT

Process Effect, Calibration and Correction 28-0ct-2020, 5:00pm CET, 12:00pm EDT, 9:00am PDT
Shape PEC — “ODUS” Contrast Enhancement 04-Nov-2020, 6:00pm CET, 12:00pm EST, 9:00am PST

- Break 11-Nov-2020 -- No Session
_ 3D Surface PEC for greyscale lithography ~ 18-Nov-2020, 6:00pm CET, 12:00pm EST, 9:00am PST
- Thanksgiving Week 25-Nov-2020 -- No Session
N T-Gate PEC 02-Dec-2020, 6:00pm CET, 12:00pm EST, 9:00am PST

* The webinar series will explain one of the most important techniques in advanced
e-beam lithography. Modern E-beam systems are able to form small spot sizes in
nm range. In principle this enables to achieve feature sizes in nm-range. In practice
this is limited by physics, chemistry and tool limitations...
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* IMPORTANT NOTICE: Please note that this session will be recorded. By
joining these webinar sessions, you automatically consent to such
recordings. If you do not consent to being recorded, do not join the session.
* Q&A will not be recorded

* MIS Teams essentials (App Users): O Mute participant
* Right click on image, use ,,Pin“ to enlarge %2 Pin

5 Fit to frame

* This webinar/session is an overview/introduction
* |t picks out essential ingredients
* In case you want / need more depth -> let us know
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Proximity Effect in
E-Beam Lithography

Part 1: Electron Scattering &

Proximity Effect
TRACER JIESSEN R
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Electrons hit sample

* Exposure from primary electrons

* Exposure from backscattered
electrons

» SE‘s, Heat, X-Rays, Photons, ...

» Elastic + inelastic scattering
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&7 TSN How an E-Beam transforms to structures

S s ,”%
RS NP

ﬁzgui;scaﬁer
Exposure
/’

Electrons hit sample ~—

* Exposure from primary electrons '

* Exposure from backscattered ..

electrons Energy deposition
« SE‘s, Heat, X-Rays, Photons, ... * Local (primary exposure)
» Elastic + inelastic scattering * Proximity (backscattering)
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CD Sensitivity to Dose
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J ’,\J ® 100 (exp)

\ 1006

—=— 100 (sim)

Backscatter
Exposure

160 210 260
Applied Dose [uC/cm?]

Courtesy Pennstate University?

Electrons hit sample
* Exposure from primary electrons
* Exposure from backscattered

Printed Features

electrons Energy deP osition * CD = f(Dose, Density)
» SE‘s, Heat, X-Rays, Photons, ... * Loca.1 (prlmary exposu?e) * Iso-features require more dose
 Elastic + inelastic scattering *  Proximity (backscattering) * Dense features at degraded EL

Scattering — Energy Deposition — Printed Feature
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Problem Statement

E-Beam

Small Spot

EHT = 4.00 kV Signal A = InLens Date :17 Jan 2019
i WD = 45mm Mag=14171KX  Time 122000

Courtesy University of British Columbia?
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Problem Solved

E-Beam '
PEC

Signal A= InLens Date 22 May 2018
WD = 8.7 mm Mag=10000KX  Time:12:42:21

Courtesy University of British Columbia®
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e E-Beam Lithography Primer

Outline

* Beam Forming: Tool

* Exposure: Electron Solid Interactions

* Process: Resist Response
* Monte Carlo Simulation with TRACER
 Simulation of Proximity Effect
* Proximity Effect Correction
* Summary

* Q&A

PEC Webinar Part 1 - 10/2020
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! Spot Size / Blur have profound inﬂuence on lithography

[

Variable-shaped (VSB) e-beam writer
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& JENIOYS Spot Size / Blur Limitations

Gaussian (GB) e-beam writer | Variable-shaped (VSB) e-beam writer

Zr/O/W TFEGun | LaBg TEGun
1st Aperture
L 1st Shaping lens
1st lens H < 3] shaping defiect
. . B ,
Blanker Fundamental issuge: - Ay SONIETE0
Aertue._ e | 2nd Shaping lens
____________ Cross-overs ____,——” o 2nd Aperture (cell mask)
___________________________ ! 1stDemagnification lens
2nd lens e T e e e e e L NN
ol o Electronsrepel 7T 1
(more electrons 2nd Demagnification lens
S R more repulsion) j
Aperture :
Objective lens 3 - [' ! H Objective lens
Deflector ! Deflector
|
!
Substrate Substrate

i electron clouds repel 3

I Higher current = larger blur / spotsize
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e Best Spot Size (field center) depends on

* Beam Current
* Beam Forming Aperture

* Acceleration voltage, Column Design

* Spot Size/Shape varies within field

e Strongest without dynamic
focus / stigmation

Spot Size [nm]

Spot Size / Blur

Spot Size

100

Spot grows with Beam Current and changes with position in field

PEC Webinar Part 1 - 10/2020

1000
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* A Spot Beam has 3 degrees of freedom
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&7 DT Why is Spot Size / Blur So Important

* A Spot Beam has 3 degrees of freedom

Positional /CD Errors

Settling Errors
(DAC, eddy currents)

Vibration, Noise
Position Drift (Stitching)

——————————————————

Process Bias

Over/under-etch
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&7 TS, Why is Spot Size / Blur So Important

* A Spot Beam has 3 degrees of freedom -

Positional /CD Errors

Settling Errors Current drift
(DAC, eddy currents) . S
Vibration, Noise Dwell time errors

Position Drift (Stitching)
Process Bias Electron scattering, fogging

Over/under-etch Resist thickness variations
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&7 2SS Why is Spot Size / Blur So Important

* A Spot Beam has 3 degrees of freedom -

Positional /CD Errors Shape Errors

Settling Errors Current drift Aberrations

(DAC, eddy currents) . S
Vibration, Noise Dwell time errors Distortions

Position Drift (Stitching) Defocus

Process Bias Electron scattering, fogging

Over/under-etch Resist thickness variations

PEC Webinar Part 1 - 10/2020 17
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Why is Spot Size / Blur So Important

* A Spot Beam has 3 degrees of freedom

Positional /CD Errors Shape Errors

Settling Errors Current drift Aberrations
(DAC, eddy currents)

1
1
1
1
1
1
1
4
¢
1
1

Vibration, Noise Dwell time errors Distortions
Position Drift (Stitching) Defocus
Process Bias Electron scattering, fogging
Over/under-etch Resist thickness variations

. / |V

Dose / Shape Errors are coupled to CD errors

Larger Spot/Blur translates given Dose / Shape Errors into larger CD Errors

PEC Webinar Part 1 - 10/2020
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e Exposure Latitude is the allowed dose error for a given CD error (e.g. 10%)
e Dose Errors from source stability (~ 1%), scattering, resist thickness fluctuations, ...

* To get 10% EL for £ 1nm CD variation, one needs a blur < 7nm for iso features
* For lower-contrast resists (e.g. y=3), one can only get 5% EL/nm

Exposure Latitude
16
14
12
10

EL [%D]/nm]

o N B~ O

edge

2/0

~ +
EL ILS E

center

C.Mack: LPM )

Blur [FWHM]

Note: this is why people think ,,a smaller spot is better* |

PEC Webinar Part 1 -10/2020
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Small Blur / Small Spot Drawbacks
* Throughput Hit

* Exposure Time = Dose * Area/ |
* Exposing a 2.5 cm? waveguide at 1nA (200uC/cm? resist) would require 6 days...
* Exposing a 2.5 cm? waveguide at 50nA (200uC/cm? resist) requires 3 hours

* Positional errors are (|m )prlnted dlrectly

4 ‘-}!
Fil N 31 012 500urr Mag=100.19 KX .
e S Courtesy AMO GmbH

User H BOLTEN WD = 3.0 mm

PEC Webinar Part 1 - 10/2020 20



Spot Size Tradeoffs
Quality Criteria

Resolution ¥ 2
CD Control / Exposure Latitude 2 ) »
LER, LWR L 2 )
Positional Accuracy ‘ f
Write Time ‘ f

* Choice of spot size is application dependent

* Small spot is better only if small features are required and resist resolution is adequate
* A small spot does not imply an equally good exposure latitude
* For low-y resists, the incremental gain of smaller spots is small

* Large photonic crystals are better when NOT using the smallest spot
* Positional accuracy most important

PEC Webinar Part 1 - 10/2020 21



Beam Position / Beam Jitter
* Example: e-Beam electrostatic deflectors
» A voltage V corresponds to a (desired) position ) 4| Iiv
* ~100 uV voltage difference between two adjacent positions
* For practical reasons, the voltage swing is ~100V
* 1nm positional accuracy within a 1mm field means 10° positions

* Every metal is an antenna and picks up > 1ImV...
* Even in a perfectly shielded room, there is 50/60 Hz noise from power supplies, pumps, ...

* In other words, the beam is never where it is intended to be...

 Similar arguments can be constructed for the other deflection options

Noise creates Beam Jitter, effectively broadening the Beam l

22
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e E-Beam Lithography Primer

* Beam Forming: Tool

Outline

e Exposure: Electron Solid Interactions

* Process: Resist Response
* Monte Carlo Simulation with TRACER
 Simulation of Proximity Effect
* Proximity Effect Correction
* Summary

* Q&A

PEC Webinar Part 1 - 10/2020
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Incendent Electron Beam

a

Backscatter e

Excitation Volume

Electron-Solid Interactions

Beam Size: 2-100nm

* Current
e Voltage

Forward Scatter: 1-10nm
* Acceleration Voltage
e Resist Material & Thickness

Backscatter: 10-30um
* Acceleration Voltage
* Substrate Material

PEC Webinar Part 1 - 10/2020
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°
Forward Scattering
Forward Scattering for various Resist Thicknesses
108
107 1000
108
1051 = —0— 500
s 104 £ 100
5 ap —&— 300
= 103 .E
102 o] —o—200
A 150
o
IS —e—100
z 1
o ——7/5
[N
\\\\‘ —— 50
0,1
0 20 40 60 80 100 120 ~€=25

Acceleration Voltage [kV]

* Forward Scattering (~ (0 / V,..)!*) blurs the beam further in z:
 Stronger with thicker resists (0: resist thickness)
* Higher beam voltage V, . reduces this somewhat
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/ EL dense features
‘oD Sensitivity to Dose EL iSO features
.
e
.". 3’,,9réx';;)‘
... Iy /,/7:‘0 «+ 0 (sim)
.. “_‘4’"* """""" 25 (exp)
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® 100 (exp)
———100 (sim)
160 210 260
Applied Dose [LC/cm?] H
SR LT L S L
Courtesy Pennstate University? {“Spot slope* i Degraded slope

» Sounds surprising: backscattering also contributes to effective blur
* The different Exposure Latitudes between iso- and dense features are indicative

* Slopes in absorbed energy profile are different
* (const background + spot) has different slope than (spot)

PEC Webinar Part 1 - 10/2020
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e E-Beam Lithography Primer
* Beam Forming: Tool

* Exposure: Electron Solid Interactions

Outline

* Process: Resist Response

* Monte Carlo Simulation with TRACER
 Simulation of Proximity Effect
* Proximity Effect Correction

* Summary

* Q&A

PEC Webinar Part 1 - 10/2020
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| | . .
°\c,°e_°\c,° °\C,° °\C,° GPC analysis of PMMA950k films
| \ | | I ses T T T T |
\C/?\C’T\c/?\c/?\ 14 THF stabiliser unbroken DO
CH, CH, CH, CH, i BHT Peak 1 PMMA chains
128 ||/ {broken PMMA
' D)
“ril | D1-4 @
I o | 0 (I) 0 I o * i N\\N
N N N\ N\ 2 osl ~/
. | | | | - 2
b : 8 i PMMA950k fi ft
\C/I \c l \c/ I \c/l s = 06 [ |Peak2 el’:xrtn b:anl\n::o:t:le:
ol CH, Chy CHs g (PMMA fragment?) unexposed
© 0.4 dose 250 pClem’
‘ = | dose 310 uCIcm:
dose 360 pClem’
c|H ¢ C|H : c|H : C|H ) 02| . —— dose 400 pClem’
O\CIO O\CIO O\C/O O\C/O i
| | (|: (|: v 0.0 i - |
Sy g | g s 1000 10000 100000 1000000
cH Gt EHy o Relative molecular weight M [g/mol]
.. : 6
PMMA scission, Alexander et al.’ Courtesy of Paul Scherrer Institute

* For positive resists, generated secondary electrons break bonds
* Mean Free Path for 100eV electrons is ¥Y\nm; Total travel distance 1-5nm

* This is why Monte Carlo Tracing of Primary Electrons is a good indicator
» Side Note: material density is the only parameter required for accurate enough Monte Carlo

* Development then washes the shorter chains (more soluble) away

PEC Webinar Part 1 - 10/2020 28



* Spot 4 = Spot

Beam

X Jitter

® Forward Scattering

& Back Scattering

& Resist Effects

Total Effective Blur

< depends on current, 2-100nm

< noise dominated

Forward Scattering for various Resist Thicknesses

100
(_ 1-10nm g 10 \\\\’\\‘\\‘—<
K CD Sensitivit y to Dose
e 74

< reduced EL for dense L e
;, ,F."a"w
J /”.
e

<« diffusion, lateral development, ...

’ Development, Scattering and Beam Jitter typically dominate over native Beam Size l

PEC Webinar Part 1 -10/2020
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e E-Beam Lithography Primer

« Monte Carlo Simulation with TRACER

* Material Database

* Stack Definition

* Acceleration Voltage

 Sensitivity Analysis
 Simulation of Proximity Effect

* Proximity Effect Correction
* Summary

* Q&A

Outline
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Live Demo

TRACER calculates the absorbed energy spread over resist thickness and distance.

Fie Bt View Hep

I
Soe Smbk Stre Export
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i

Radus lognthme v

b Project =
W 5.PMMA S00um 125k 2000009 M7 000400 -
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e Define the Stack

 Start with subrate material, e.g. GaAs wafer
* Material data are coming from database
* Adding new (custome) material is easy

e Define Stoichiometrie

* Define mass density (from literature or measure)
* Excitation Energy determined automatic by database, or entered manually

» Add coating (layer) onto the substrate
» Add the resist on top (special layer market Resist)

Define Beam Energy, e.g. 100keV

Define number of electron, e.g. 1 million
* More electron give better statistics (quality for PSF)
* 1-5 million are recommended for good quality

Save Trajectories, only for a nice presentation plot
Hit Simulate, wait a couple minutes

Running a Simulatio

Monte Carlo Simulation m} x
Simulaticn
Stack Description
Tupe Material Thickness [nm]| Save [v/n]

Resist PMMA 200 Yes

Layer 5i02 100 Mo

Layer Gahs Mo

Insert Row Delete Row Import... Export...
Parameters
Simulation

Beam Energy [keV]
Mumber of Electrons [e-]

Vertical Grid [nm)]

Intermediate Results

Update Interval [s]

100

1000000

[ save Trajectories to File

60

Simulate Save Setup Save As Default Cancel
Edit Material *
Material Mame | AlGaAs_80 |
Materials can be copied by changing the name
[ Resist

Mass Density [g/cm*3] | 4.072000

Stoichiometry |AISDGEEDA51 00

Excitation Energy [eV] @) Automatic () Manua

QK Cancel
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Simulation Result
* Simulation Result for GaAs wafer with 500nm PMMA resist exposed at 50keV

W TRACER - X

.‘;g Sir‘nuiaﬁe Ckz& -S’tg Export
g 0 Beam incident point
Bl b. Archive Energy | Density ~

L™ 3D-PSFArchive

0
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= 2
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[ Jhopster iteond ® 0a 1o
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from beam inci 01
102
05
10-3
103 102 101 100 101
radius [um]

2D-Radial

Energy Density ~ = [ev/umeal
letos |

X-Axis Logarithmic %

Y-ois Logarithmic  ~| 1407 4

2D - View At different resist depth

—— - Red - resist top
\ - Blue —resist center

11111 ] = - Purple — resist bottom
m: ‘_ 7

X-Min | 0.

:

X-Max | 21.385289

Y-Min [0000000 | o4 J

Y-Max | 116752373.857535
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Impact of Acceration Voltage
* GaAs wafer with 500nm PMMA at 50keV vs 100keV

File Edit View Help
B & A N
Save St

Simulate Calibrate Store Export

il

Energy | Density ‘

<

i =1
Sywwwz|”

Color | Logaithmic
-
Col Min [ 0.001000

Col Max [ 100000000

Rad Min | 0001000

Rad Max | 30

ZMin [ 0.000000

ZMax | 0500000

depth [um]

Olecator [Legend

Energy | Density

I

Radius | | ogarithmic

Col Min | 0.001000

PF

Rad Max | 3

~
B

£

£ :

g8 \=(18)|2||E|1E 4
EEIHEII%
€lLL

depth [um]

[iocator [ Legend

radius [um]

50keV
- Larger short range blur
- Shorter influence range

100keV
- Less short range blur
- Longer influence range
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Impact of acceration voltage

e GaAs wafer with 500nm PMMA at 50keV vs 100keV

2D-Radial

Energy | Density
X-Axis | Linear

V-Axis | Logarithmic

le+06 o

le+0s o

xxxxxxx

1111111

2D — Ernergy Density View
X-Achsis - Logarithmic

at resist bottom for:

- Purple — 50keV

- Black 100keV
Black 100keV has longer
influence range

Le+07 o

vE leto
X-Min | 0.000000
letd
X-Max | 48.950866
¥-Min | 0.000000 le+04
¥-Max | 14835061.428714
le+03

2D — Ernergy Density View

X-Achsis - Linear

Purple 50keV has Larger
Background

PEC Webinar Part 1 -10/2020
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File Edit View Help

& A [ LSt
Save Simulate Calibrate Store Export
Navigator
Bz Archive
ieee® 3D-PSF Archive
-7 2D-PSFArchive
feee®  Material Archive
B Project
&30 Gahs_PMMA_500nm_50kV_2000000
i 2D Layer 0: 0.025: PMMA
i 2D Laye
[72D Layer4:0225: PMMA
=30 Ga

[W2D Layer: 0475 PMMA

Energy Density

X-Axis | Logarithmic

Y-Axis | Logarithmic

X-Min

0.000000

X-Max

48.990866

¥-Min

0.000000

¥-Max

14835061.428714

2D-Radi
Energy
X-Axis
Y-Axis
X-Min
H-Max
¥-Min
¥-Max

al

cccccccccc
Logarithmic

Linear

0.000000

43.990866

0.000000

1885.300189

[eV/um~3]

le+06 o

le+0s o

xxxxxxx

1111111

2D — Ernergy Density View

at resist bottom for:
Purple — 50keV
Black 100keV

aaaaaaa

New Project, not saved

2D — Cumulative Ernergy View

Impact of acceration voltage
* GaAs wafer with 500nm PMMA at 50keV vs 100keV

Black 100keV has longer
influence range

Purple 50keV has higher
cumulative energy

‘  100keV needs 79% higher dose:

New Project, not saved

Dose Factor >

Reference absorbed energy per incident electron and vertical distance [eV/um]: 1571.083491
Dose Factor Energy [eV/um] MName of 2D-PSF

1.000000 1571.083491 GaAs PMMA_500nm_50kV_z475nm
1.788760 878.308845 GaAs PMMA_500nm_100kV_z475nm

OK
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e GaAs vs. Si with 500nm PMMA at 100keV

M TRACER
File Edit View Help

B & A Q5

Save Simulate Calibrate Store Export

Navigator

B Archive
= 3D-PSF Archive
2D-PSF Archive
Material Archive

B2 Project
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2D — Ernergy Density View

Impact of Substrate Material

at resist middle for:
Black — GaAs

Red Si has longer
influence range
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€00
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400 o

300

200

100

0.001

2D — Cumulative Ernergy View

Mew Project, not saved

R [um]

Black GaAs has higher
cumulative energy

Si needs 27% higher dose:

Dose Factor X
Reference absorbed energy per incident electron and vertical distance [eV/um]: 826951035
Dose Factor  Energy [eV/um] MName of 2D-P5F

1.000000 826.951035 GaAs_PMMA_500nm_100kV_z225nm
1.274273 648.959243 Si_PMMA_300nm_100kV_z225nm

T
0.001

New Project, not saved
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Impact of Resist Thickness
* Si with 500nm vs. 100nm PMMA at 100keV

B macer - X
File Edit View Help
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[0 Layer 0: 0,005 : PMMA i
2D Lay AA =
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New Project, not saved
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e E-Beam Lithography Primer
* Monte Carlo Simulation with TRACER

 Simulation of Proximity Effect

* Layout: Iso — Dense
* PSF: Acceleration voltage, stack
* CD - Sensitivity

* Proximity Effect Correction
* Summary

* Q&A

Outline
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Calculation of Absorbed Energy

Knowing the PSF, the absorbed energy at any position x can be

calculated: A

E(x) = P(x) ® PSF
~

E=1
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Calculation of Absorbed Energy

Knowing the PSF, the absorbed energy at any position x can be

calculated: A

E(x) = P(x) ® PSF

| >
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Calculation of Absorbed Energy

Knowing the PSF, the absorbed energy at any position x can be
calculated:

E(x) = P(x) ® PSF
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Modeling Absorbed Energy
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Absorbed Energy in Resist

iy
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Resist thickness

U

Resist Development

(positive tone resist)

A (positive tone resist)

w1

O

k>

Q

=

Z

%

0 0.5 >
PN Absorbed Energy 0 0.5 Absorbed Energy
[ Dose to Clear J [ Set On D/oé
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A constant energy is tied to the
resist development to where
the resist edge will land.

|

]

Resist Contour
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Extended e-beam simulation functions
» Intensity image simulation of multiple regions
» Extended viewing

= 2D only, 1D only, 1D + 2D views
= 1D image at user defined cut-line
= Multiple region selectable by drop-down

Easy simulation of additional regions
= Matrix-view for loops
» Powerful evaluation

Simulation / Verification

= Measure image intensity, slope, log slope at 1D view
= Export data for external evaluation (e.g. Excel, MatLab)
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e E-Beam Lithography Primer
* Monte Carlo Simulation with TRACER

 Simulation of Proximity Effect
* Proximity Effect Correction

e+ BasicIntro

* Summary

* Q&A

Outline
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Absorbed Energy in Resist

I
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Default Proximity Effect Correction

Edge Equalization Target: Adjust all feature edges to _
the same absorbed energy (On-et Dose) 1 [

Inside the feature E(x) > On-Set Dose:

Resist will remain (negative)

Outside the feature E(x) < On-Set Dose:

Resist will be removed (negative)
Equation: E(edge) = 0.5 = D(x) ® PSF

Optimal Contrast | 100.000000 ! |0 Uniform Clearing \f/

E=0.5

J. Pavkovich, J. Vac.Sci. Technol.. B, Vol.4, No.1. Jan/Feb 1986
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PEC -> Contour
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e E-Beam Lithography Primer
* Monte Carlo Simulation with TRACER

 Simulation of Proximity Effect
* Proximity Effect Correction

. Summary

* Q&A

Outline
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summary

* Proximity Effect has major influence on e-beam lithography
* Electron scattering in the material (resist, layers, substrate) spreads the energy
e Strength and influence ranges depend on material and acceleration voltage
» Adjacent features interact with each other, leading to a layout (density) dependent absorbed energy

* Impact of proximity effect on lithography result depends on tool and process parameter
* The effective short range blur transferes absorbed energy variation to CD variation

* The efective beam size depends on e-beam tool parameters
* beam current, apperture, focus (variation), noise
* Reasonable exposure time and exposure quality ask for higher beam curent

* The process (specifically resist) is another contributor to effective short range blur

* Monte-Carlo Simulation is an excellent technique to modell electron scattering
* Point Spread Function (PSF) for different stacks and acceleration voltages

* Absorbed energy and resist contour at threshold can be simulated by convolution of the
layout with the PSF

* Proximity effect can be corrected by adjusting the dose for uniform absorbed energy
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e E-Beam Lithography Primer
* Monte Carlo Simulation with TRACER

 Simulation of Proximity Effect
* Proximity Effect Correction
* Summary

< Q&A

Outline
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