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Please visit our webinar series for more detail discussion on Proximity effect
correction

https://www.genisys-gmbh.com

IN-ACTION

WEBINAR SERIES: PROXIMITY EFFECT IN E-BEAM

LITHOGRAPHY

Webinar Series:
Proximity Effect in E-Beam Lithography

Webinar Series Summary:

The webinar series will explain one of the most important techniques in advanced e-beam lithography.
Madern E-beam systems are able to form small spot sizes in nm range. In principle this enables ta
achieve feature sizes in nm-range. In practice this is limited by physics, chemistry and tool limitations such

db.
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* Proximity Effect _

* Principle
* Monte Carlo Simulation in TRACER

* Proximity Effect Correction by Dose modulation
e Edge Equalization algorithm
e Simulation comparing with and without correction

* Inside the PEC window
* Why divide into Short, Mid, Long range
* Effective Blur
e Short — range correction

* Summary

* Q&A
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Incendent Electron Beam

Secondary e

Backscatter e

w, . X-ZView

Energy [eV]

Excitation Volume Backscatter Range
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& TNV, / How do we write features with e-beam?
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Electrons hit sample

* Exposure from primary electrons

e Exposure from backscattered Energy deposition
electrons * Local (primary exposure)

e SE‘s, Heat, X-Rays, Photons, ... * Proximity (backscattering)

* Elastic + inelastic scattering

» Positive Tone

[—

Resist thickness

e

0 0.5 Absorbed Energy

. Negative Tone

|

Resist thickness

—_— )

0 0.5

Absorbed Energy

Threshold = 0.5
Base dose =1
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How an E-Beam transforms to structures

Primary Backscatter
Exposure = Exposure
Electrons hit sample 3 S —

CD Sensitivity to Dose
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° cce@eee 0 (sim)
_ L sk
€ o W d 25 (exp)
= R
£ .A*‘\ N == =-25 (sim)
ng ‘-p-‘* .,..0'3"" o0 ® 50 (exp)
@ M [ L .
5 ’.' ° 50 (sim)
.O" ® 75 (exp)
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® 100 (exp)

=100 (sim)

160 210 260
Applied Dose [uC/cm?]

e Exposure from primary electrons _
P P Y Energy deposition

* Exposure from backscattered _
e Local (primary exposure)

electrons
* SE’s, Heat, X-Rays, Photons, ...

* Elastic + inelastic scattering

* Proximity (backscattering)

Courtesy Pennstate University

Printed Features
e CD =f(Dose, Density)
* |so-features require more dose
* Dense features at degraded EL
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TRACER Monte Carlo simulation to generate 1
Electron point spread functions z
* Plots the absorbed energy density in the resist §
vs the radial distance from the beam center %
=
Radial distance from beam center
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Mante Carlo Simulation O

Simulation

Stack Description

e Define the Stack

e Start with subrate material, e.g. GaAs wafer _ BlEss o
* Material data are coming from database TRACER
* Adding new material:
* Define Stoichiometries o
* Define mass density (from literature or measure) o
* Excitation Energy determined automatic by database, or entered manually S

* Add coating (layer) onto the substrate

e Add the resist on top (special layer market Resist)

Edit Material *

Material Name | AlGaks 80 |

Materials can be copied by changing the name

Mass Density [g/cm"3] | 4.072000 |

Stoichiometry | AIB0Ga20As100 |

Excitation Energy [V] (@) Automatic () Manual | 276552190

0K Cancel
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* Define Beam Energy, e.g. 100keV

* Define number of electron, e.g. 2 million
* More electron give better statistics (quality for PSF)
e 24+ million are recommended for good quality

e Save Trajectories, only for a nice presentation plot

* Click Simulate, wait a couple minutes

GenlISys

Advancing the Standard

Si

DDDDDDDDDDDDDDDDDDD

imulation

TRACER

aaaaaaa Thickness [nm]| Save [w/n]
Resist 200 Yes
LLLLL 100 Mo
LLLLL No
Exp
Simulation
[keV]
lectrons[e-] | 1000000
[nm]
.......
[ 5aw
ults
al [5]

Simulate | | SaveSetup | | SaveAsDefault | | Cancel

Edit Material X
Material Name | AlGaks 80 |
Materials can be copied by changing the name
[ Resist
Mass Density [g/cm"3] | 4.072000 |
Stoichiometry | AIB0Ga20As100 |
Excitation Energy [V] (@) Automatic () Manual | 276552190
QK Cancel
BEAMER Training Part 4 10
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Simulation Result for GaAs wafer with 500nm PMMA resist exposed at 50keV

CEl
File Edit View Help
i) LPSF
exposure B & A S0
Save Simulate Calibrate Store Export . . o
aaaaaaaaa » Beam incident point
S wa -
LT 3D-PSF Archive
LB -PSF Archive for
e T Material Archive Radius
B Project o7
=30 I Min _0‘0010130
| M 97293645.000000 1ee
Max | 21.877616 104
3
S
[ Locator [ Legend 102
101
100
10-1
10-2
10-2

10-2 10-1 100 101
radius [um]

llllll

At different resist depth
* Red - resist top

eeeeee

2D -View

111111

* Blue —resist center

111111

111111

Purple — resist bottom

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

Calculation of Absorbed Energy

E(x) = P(x) ® PSF__

A

|

D

1__

BEAMER Training Part 4

12



g‘" GenlISys

Advancing the Standard

E(x) = P(x) ® PSF

Calculation of Absorbed Energy

Knowing the PSF, the absorbed energy at any position x can be calculated:
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> GenlSys / ' Calculation of Absorbed Energy

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

E(x) = P(x) ® PSF

A

>

[—

Resist thickness

>
0 0.5

Absorbed Energy|

rd
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* Proximity Effect

* Proximity Effect Correction by Dose modulation

e Edge Equalization algorithm
e Simulation comparing with and without correction

e Inside the PEC window
* Summary
e Q&A
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* Edge Equalization-Target of correction:
e Adjust all feature edges to the same absorbed

energy: Dose of clear for positive tone resist |_|1|:I D_‘
e E(x)>Dose to clear:

+ Positive Tone

 Resist will develop away ! 1
* E(x)<Dose to clear: : - -
e Resist will remain <
0 0.5 Absorbed Energy

* E(x)=0.5=Resist Edge
* Correction Equation:

E(edge) =0.5= D(x) ® PSF Aaj//

* There is a large number of PEC Algorithms. F=0.5

* The strongest algorithms are based on:

J. Pavkovich, J. Vac. Sci. Techmol., B. Vol 4, No.1, Jan/Feb 1986 ,
BEAMER Training 16
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e Simulation comparing with and
without PEC

* PEC module general tab with
selecting PSF

-

Modulelnfo Loginfo Emor/Wamings Al | Hide ¢ | payouc mboxtum] ¢ (=50.05000
Mid Range Activa
Single Line Beam |=“HI EI
Periodic Layout Repdit nnnnnn i
ResistEffects: false v l
View Area um:-7.27 414,656, 12.112. 8.

1ot E6msnb £ mvemrbinn
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Edge Equalization

PMMA
on GaAs
at 100keV Case 1. Narrow line Case 2. Lines & Spaces (50%) Case 3. Narrow gap ( w << b)
W o=t LUl = WLl o=
No PEC | - 3 1.1
| I
Df =1 BT 1 T  Dose to Clear
E E(l_BE)
< A
“ Under -developed Just on size Over- developed!
1 D=1
PEC W o =1=5 l lll ll by =1 R
z T T Dose to Clear
o
<
-~ onsize = 7 onsize on size

/
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Absorbed Energy in Resist
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PEC -> Contour

d
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* Proximity Effect
* Proximity Effect Correction by Dose modulation

* Inside the PEC window - s

* Why divide PSF into Short, Long range
e Effective Blur
e Short — range correction

* Summary
* Q&A
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Inside the PEC window

Proximity Effect Correction

General Accuracy Advanced Label/Comment Quick Access

Correction Layer Selection

Layer(s)

PSF Representation

@ Archive (O Gaussian Approximation (O Numerical PSF

Tag: ; Substrate: Si; Layers: ; Resists: PMMA 100 nr| | Archive... Global Archive...

View Comment...
Effective Short Range Blur FWHM [um] | 0.010000
[JAdd Gamma [um] | 1.000000 0.100000
[JInclude Short Range Correction

[] Lateral Development Correction Parameters...

(O Show Energy Density
(® Show Cumulative Radial Energy

Behaviour X-Axis: (®) Logarithmic (O Quadratic (O Linear
Behaviour Y-Axis: (O Logarithmic (®) Linear

0.75

Cumulative [1 =100%]

05

0.25

0.001 0.01 0.1
Radial position [um]

Separation at 01455 um.
No additional Separation necessary.

Additional Information:

B Short Range
Il Long Range

X

Min. layout independent LR dose factor = 0.7314

* PEC influence ranges

* SR & LR PSF parts
treated differently
(computational
complexity)

* Basic parameters : PSF,

Effective Blur, Base Dose

/ BEAMER Training Part 4 22
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it bl Point Spread Function - PSF
]
D)
=
L) Short Influence Range = a
D1 Relative Energy = 1
d
=
@ - D Long Influence Range = 3
% ' Relative Energy = n
o) B 1 1 ——Z n —%
§ PSF(T)—W(l—l—’I]) — +—e 6]
2 < >
< 1 10 100 1,000 10,000

Distance from beam center [nm]

BEAMER Training

23



enlSys :
JEILIOYS Effective blur and short range

Proximity Effect Correction

| General Accuracy Advanced Label/Comment Quick Access
¢ yp I Ca | ra n ge Of = (O Show Energy Density

Correction Layer Selection (® Show Cumulative Radial Energy

Effe Ctlve Bl U r ( F\N H I\/I ) Layer(s) [ * ) Behaviour X-Axis: @ Logarithmic O Quadratic O Linear

Behaviour Y-Axis: (O Logarithmic (®) Linear
PSF Representation

~ 10 n m tO 100 n m ® Archive (O Gaussian Approximation (O Numerical PSF B Short Range

Il Long Range

Tag: ; Substrate: Si; Layers: ; Resists: PMMA 100 nr| | Archive... Global Archive.

* Include short range —— 1

corre Ct | on: Effective Short Range Blur FWHM [um] | 0.010000

* If Feature size < 2 x o—a—
Effective blur IR S————

0.75

Cumulative [1 =100%]

0.25

0.001 0.01 0.1 1 10
Radial position [um]

Separation at 01455 um.
No additional Separation necessary.

Additional Information:

Min. layout independent LR dose factor = 0.7314

7 BEAMER Training Part 4 24



- y Total Effective Blur

Spotys = Spotye, <« depends on current,
2-100nm
X Jitter <+ noise dominated |+

® Forward Scattering <= 1-10nm

® Back Scattering <« reduced EL for dense

® Resist Effects <« diffusion, lateral development, ...

/ BEAMER Training Part 4 25
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Proximity Effect Correction

| General Accuracy Advanced Label/Comment Quick Access
¢ yp I Ca | ra n ge Of = (O Show Energy Density

Correction Layer Selection (® Show Cumulative Radial Energy

Effe Ctlve Bl U r ( F\N H I\/I ) Layer(s) [ * ) Behaviour X-Axis: @ Logarithmic O Quadratic O Linear

Behaviour Y-Axis: (O Logarithmic (®) Linear
PSF Representation

~ 10 n m tO 100 n m ® Archive (O Gaussian Approximation (O Numerical PSF B Short Range

Il Long Range

Tag: ; Substrate: Si; Layers: ; Resists: PMMA 100 nr| | Archive... Global Archive.

* Include short range —— 1

corre Ct | on: Effective Short Range Blur FWHM [um] | 0.010000

* If Feature size < 2 x o—a—
Effective blur IR S————

0.75

Cumulative [1 =100%]

0.25

0.001 0.01 0.1 1 10
Radial position [um]

Separation at 01455 um.
No additional Separation necessary.

Additional Information:

Min. layout independent LR dose factor = 0.7314
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Line Width

—target— Dose
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CD and Dose Sensitivity

— target—

Line Width

Dose
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CD and Dose Sensitivity

«—target —

Line Width

Dose

BEAMER Training
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* Impact of proximity effect on lithography result depends on tool + process
parameters
* The effective short range blur transfers absorbed energy variation to CD variation

* The effective 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

small blurt

Dose to Clearﬂg___

On-Set Dose . //
« target > / |

w—u — ‘ Exposure Latitude ‘

Line Widt/

Exposure Dose

large blur

BEAMER Training Part 4 30
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& TR How to determine Effective Blur
e Quick and fast approximation

e Expose an isolated line with a dose variation around dose to size

* Measure CD for each dose change
e Blur (FWHM) =0.76 * ACD / A%dose

* Use Tracer Process Calibration to determine the Blur taking the entire process
iInto account

BEAMER Training Part 4 31



enlISvs : .
& Tenloys / Base Dose Determination

1.Correct base dose can be found BEAMER takes dose factor 1
by measuring the center ofa 1:1 as the base dose of your
Line Space Grating experiment

200 nm lines in 4B x 4B grating

— Y} —

/ BEAMER Training 32
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1.Correct base dose can be found
by measuring the center ofa 1:1

Line Space Grating
200 nm lines in 4B x 4B grating

2.Expose the grating at increasing
dose in a dose matrix

Base Dose Determination

BEAMER takes dose factor 1

as the base dose of your

experiment
0.8 0.9 1.0
Increasing Dose >
1.1 1.2 1.3

/ BEAMER Training
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%9 y / Base Dose Determination

1.Correct base dose can be found BEAMER takes dose factor 1
by measuring the center ofa 1:1 as the base dose of your
Line Space Grating experiment

200 nm lines in 4B x 4B grating

2.Expose the grating at increasing
dose in a dose matrix

3.Measure the center of the pattern
where pattern density is exactly
50%

/ BEAMER Training 34
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1.Correct base dose can be found
by measuring the center ofa 1:1
Line Space Grating
200 nm lines in 4B x 4B

grating
2.Expose the grating at increasing
dose in a dose matrix

3.Measure the center of the
pattern where pattern density is
exactly 50%

4.Choose dose where line and
space are same width

Base Dose Determination

BEAMER takes dose factor 1
as the base dose of your
experiment

Dose A Dose B Dose C

Below On line Above
line width width ine width’

/ BEAMER Training 35
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The dose without any residue is the base dose!

& 195 nm

AccV SpotMagn Det WD Exp p——————— 500pum 3 3
500KV 30 72x SE 50 0 GAD 4.5 1.700 LB ';‘;702“9)( %"l" :N]U ,,53(0
651 %

§

AccV SpotMagn Det WD Exp
500kV 30 72x SE. 49’ 0

p 212 nm

4186 om

T AR

e

e — LA
1 1830m

1 1880m

ot Magn  Det WD }—'_u”:;'gb nm pot Magn  Det WD Exp

0 63995x TLD 50 GAD 80012080

GAD ZEP 200 overview

— 1940m

500 nm

0 73728x TLD 49 0 GAD ZEP 2.1 0.600

Base Dose found

—— 1800m ——{1880m

178 nm

- {2170m F——H233mm

Exp
0 GAD ZEP 8.1 0.650

112 nm
115 nm
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* Proximity Effect
* Proximity Effect Correction by Dose modulation

* Inside the PEC window

+ Summary I

* Q&A
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Standard Dose PEC — Introduction
* Proximity Effect

* Principle — electron scattering, CD = f(Dose, Density)
* Monte Carlo Simulation in TRACER
e Proximity Effect Correction by Dose modulation
e Edge Equalization algorithm
e Simulation comparing with and without correction
* Inside the PEC window
* Why divide into Short, Long range — Computationally treated differently
e Effective Blur — sources of origin

e Short-range correction —when its required
* Base dose determination
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e PSF definition
e PSF Stack / PSF with Gaussian

* Process parameters
* Base dose / Effective blur / Lateral development
* TRACER process calibration

* Advanced Parameters
* Dose assignment / Fracturing

BEAMER Training Part 4 39
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BEAMER TRACER

support@genisys-gmbh.com

f VIEWER

Headquarters

GenlSys GmbH

Eschenstr. 66

D-82024 Taufkirchen (Munich)
GERMANY

+49-(0)89-3309197-60

+49-(0)89-3309197-61
P4 info@genisys-gmbh.com

USA Office

GenlSys Inc.

PO. Box 410956
San Francisco, CA
94141-0956

USA

+1 (408) 353-3951
>4 usa@genisys-gmbh.com

Japan / Asia Pacific Office
GenlSys K.K.

German Industry Park

1-18-2 Hakusan Midori-ku
Yokohama 226-0006

JAPAN

+81 (0)45-530-3306

+81 (0)45-532-6933
>4 apsales@genisys-gmbh.com

4 BEAMER Training Part 4

40



g‘" GenlISys

Advancing the Standard

e A e-beam direct write tool has a Gaussian
spot beam

* Energy from exposure can represented with
a Gaussian distribution

* Pattern definition is considered binary —

PEC: Why 0.5?
b S —
Gaussian beam  Edge of pattern  Absorbed energ
profile V‘

either on or off
e Can be represented with a step function

* The exposure is convolving a step function
with a Gaussian, with the result that the
applied energy is exactly 50% of the total
energy at the pattern edge

* In BEAMER, 0.5 is the correction target — it
IS an edge correction

BEAMER Training

41



