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Beam point e-beam lithography systems:
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E-beam lithography system basics

[

Stabi Measures & Effect for
CABL-9000C series

= Magnetic Shield: <0.002 micro T

— Thermal Controller: +/- 0.1 °C

4 Vibration Absorber: < 0.02 gal

“~ht 2016. €%

Electronic Controller

CAD & Writing
Controller

Installation and environment control



E-beam lithography system basics
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E-beam lithography system basics

Electron Gun

Blanker

CL (Condenser Lens)
Aperture

Deflector

OL (Objective Lens)

Substrate on

/v/" ’ / XYZ stage

EOS column




E-beam lithography system basics
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VSUP : Suppressor voltage I0DW Crystal
Temp= 1800+£50 K VEXT : Extractor voltage
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Vext= 4.5 kV
Vacc=50, 100 kV

Polyceystalline tungsten
heating Glament

TFE Emitter

J.Vac. Sci. Technol. B 27,,6..., Nov/Dec 2009 8



E-beam lithography system basics

Pulse motors. (X,Y: 0.1 ym/pulse, Z: 0.01

um/pulse)
Meas. Resolution: 0.6 nm (A/1,024, A = 633 nm).
/ N
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Workplace-exchange
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pump or Rotary pump

Interferometer stage and evacuation system
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E-beam lithography technic basics

How does the system expose!

Field | Field 2 Position DAC: 20 bit
Scan clock: 100 MHz

Working distance

saAoW
agelg

Optical axis
Field 4 Field 3




E-beam lithography technic basics

Vector & raster scans :
In vector mode the beam is deflected only over the

entities to be exposed. In raster scan the beam
scans at constant speed, while turning on/off the beam
according to the presence absence of pattern.

Vector Raster




E-beam lithography technic basics

Pros and cons of e-beam lithography:

* Resolution < [0 nm
Spot size £ 5 nm.
Ae(50 keV)=5.5 pm.

* Mask less lithography

* Pixel by pixel exposure
* Stitching accuracy
low throughput
* Aberrations distortion & Stig.
* Proximity effect (PE) and charging effect.
* Beam stability.

How do manufactures
overcome stitching, aberrations
and PE to get theoretical
resolution?



E-beam lithography technic basics
Stitching accuracy

s

Patt e |

1. Field Size 2. Orientation

=
©

Q

IPatt ern I

3. Right Angle

Three main factor are corrected electronically via
electrostatic deflectors. Field size, rotation and right angle
are adjusted using internal marks.



E-beam lithography tec

hnic basics

The Other Error Factors
4. Field Distortion

9 Beam Position Drift
6. Surface Height of Wafer
7

Local Field Rotation due
to Stage Position Shift

Pincushion distortion field
(Stitching error is occurred.)

field is realized.

Field
distortion
correction

Barrel distortion field
(Stitching error is also occurred.)

Height Sensor (HS) |

Light

WD: 20 mm

Beam Deflection Angle

Field distortion correction,
Also provide high accuracy
within the field.

Y I%Az:o

Height sensor control
maintains constant
working distance

Stitching accuracy

After distortion correction, real square

(Accurate stitching is accomplished.)



E-beam lithography technic basics

Stigmatism as cause non-uniformity beam size and shape,
leading a lack of uniformity in the exposure within the field:

After FSC

@ o

© 000
@00 0

@0 00

@@

Field
Stigmatism and distortion coming from electron-optical
lenses asymmetries, once the correction is taken for a
given e-beam current, it is independent of sample, resist...



E-beam lithography technic basics

600 um field uniformity:

160X 49.9kV

80kX349.9kV

80kX49.9kV

600pm

600pm



E-beam lithography technic basics

Proximity effect

Interactions of electrons with matter
Energy and spatial distributions.
Several eV needed for resist exposure.

Electron beam

_—10A Auger electrons
50-500A Secondary electrons

A / Secondary fluorescence |
f bx continuum and
L, characteristic X-rays

NE) —=

Plasmon

losses \

0 50eV 2keV E=eU
Electron energy —=

Secondary e~ mode

—
10 nm Backscattered mode

Energy spectrum of signal electrons (Reimer, 1998) consisting of Secondary Electrons (SE), Back-
Scattered Electrons (BSE) and Auger Electrons (AE).



E-beam lithography technic basics

Proximity effect

Auger Incident Secondary
Electrons Electrons Electrons

* Secondary electron
scatter small angles
(inelastic), responsible of
resist exposure, e~ e
interactions.

* Backscattered electrons
scatter big angles ( elastic)
Semple by nucleus.

Back-scattered

X-rays Electrons

Properties of Electrons, their Interactions with Matter and Applications in Electron Microscopy
Frank Krumeich Laboratory of Inorganic Chemistry, ETH Zurich, HCI-HI | I, CH-8093 Zurich 19



E-beam lithography technic basics

Proximity effect

Forward and back scattering:

Resist

S*bstrate

\4/

Forward scattering

/

Back scattering (by nucleus)

Forward scattering is responsible of resist exposure and broadening theoretical line width.
Back scattering is responsible of proximity effect, when electrons arise again into the resist
and cause subsequent inelastic exposure far from incident beam.

20



E-beam lithography technic basics

Proximity effect

incident electron beam

Interaction volumes of the
incident electron beam (blue) in
compact samples (grey)
depending on electron energy
and atomic number Z.The
trajectories of some electrons
are marked by yellow lines.

Scattering probability varies
as square of atomic number
Z, and inversely as the
incident kinetic energy.

low Z high Z

High-energy Electron Beam Lithography for Nanoscale Fabrication

Cen Shawn Wul,Yoshiyuki Makiuchi2 and ChiiDong Chen3 |Department of physics, National Changhua University of Education. 21



E-beam lithography technic basics

Proximity effect

Practical conclusions I
As the beam energy increases, the forward scattering is reduced and the back
scattering area gets deeper and wider, leading a smaller PE and a lower resist

sensitivity.

Forward In addition, substrates made of light nuclei will

Dmggn By~ reduce backscattering. On substrates with
'heavy' films, such as gold coatings, electron

Backscattering backscattering increases significantly, but the

Nistxibutl details also depend on the substrate’s

/ thickness.
) T N Yo R
0keV 100keV

* At very low energies( 2 kV):resist sensitivity is higher, so faster writing,
for optical mask fabrication with low resolution due to aberrations.

High-energy Electron Beam Lithography for Nanoscale Fabrication
Cen Shawn Wul,Yoshiyuki Makiuchi2 and ChiiDong Chen3 |Department of physics, National Changhua University of Education.



E-beam lithography technic basics

Practical conclusions Il:

* Proximity effect is negligible for isolated/sparse fine features.

* It is good for area exposure (e.g. a big square >>|um), since pixel can be much larger
than beam spot size (right figure). E.g., beam step size (pixel) of 50nm is usually enough
to give uniform areal exposure, even with a beam spot size of only 5nm.

* Proximity effect is worst for dense and fine patterns, such as grating with sub-50nm
pitch and for high size accuracy.

Absorbed flux

Line exposure

— Exposure from forward scattering
— Exposure from back scattering

— Net exposure

Area exposure

Proximity effect

Threshold dose
f N .‘ |ﬂI || +Over exposed
f ,' \ N . +Too wide
| 1\ | ‘
it l"k i ] L li .‘_
. // \\ﬁ_ : QX_-_—.
: : : : : : : Area in-between
.......... P —— 9099 ®® . exposedby
. o0000 .g proximity effect
® 00000

23



E-beam lithography technic basics

Proximity effect

PE Correction
|. By software

Double Gaussian model. Simulation and correction

Lenght (pm)

o range of forward scattering (in um)
B:range of backscattering (in pm)

0.1F

— ¢, forward scattering

1 1 r ? n r ? 10-;l;l;:l;l{l\\ilrtlr,u:lltcx"ing
f(r)= exp| —| — | [+—5-exp| —| —
D=z | '{ (a” 5 '{ (ﬁj] |

1: ratio of backscattering to forward scattering 001

Table-3.12. Double Gaussian fitting parameters at different conditions

20
Energy (keV)

energy / keV  substrate resist thickness/pum a/um A/pm n
25 silicon 0.2 0.019,7 2.2954 04797
50 silicon 0.5 0.016,5 6.689,1 0.314,6
50 silicon 0.5 0.025 5.896,2  0.194,1
50 GaAs 0.5 0.025 3.55 0.674

(wu) ySuary

4 10000



E-beam lithography technic basics

Proximity effect

Dose Distribution for 50 kV

Calculation by PEC Simulation Software l 0% it
Simulation of dose distribution for
+ Substrate : =i O kv d I 3 5 kv
o “.., 5 an
* Resist : e st
ZEP520 Function
 Une
* R. Thickness : i
2300 nm ot
Direction
& Auto
0% ~x
0% 0% |~y - - -
... Dose Distribution for 130 kV
g
Comschin - -usecio : : . Jewrrecvin |
— R | Calculation by PEC Simulation Software | S
|| =
Scatter Parameter Mirsmum dose time: 2 £3usec/dd : m
Forward Scatter Coefficient R e Resis Sensivi [139.0 ~| pClem? -
0.030 pm I~ Enable Beamourert [0 pA * Substrate : Zero
InP
Backward Scatter Coeflicient Dose Distribution ) -
30 pm ¥ Enable Mk = Mif ess e donan * Resist : or i
? =2T% ™ Store this value as defaut ZEP520 e
Ratio Eta efault C Une
* R.Thickness
075 ] _cance Need PEC = :300 nm <
Direction
o% : :‘"“
o Simulated Result i)
Mouse Position
Comection ~ ~usec/dot
: 3 H : : Field Size: 120um
Resist Thickness Forward Scattering | Backward Scattering Ration s e | = Change
(@ ® ) e [ —
3610 -
300nm Around 0.3um Around 4.5um 1.1 A St ol ; Detaut dose tie: 10 40usecit lics
100nm Around 0.2um Around 3.5um 0.9 0.030 Hm I_Enable — b Gl 0 PA
- Dose Distribution
Experimental values of o, 3, % from our tests. Backward Scatter Coeficient Weese i 1 Dose Time: 10 40uSeciot
2400 pm HED '_‘aneleltn = 7o ™ Store tis value as defaut
s Need PEG
Values above were got by our own experiments under the conditions as bellow. 075 Cancel
HV : 30KV

Substrate: Sﬂ
Resist : ZEP520
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E-beam lithography technic basics

Coreoction e Proximity effect

Original patterns are broken into a lots of Line patterns with Layer number.

Layer means the group which has the same dose timer.

Number of Layers is equal to the Quantization Level.

[Each Layer is created base on the Overlapped Layer Method which means exposure
should be undertaken by Layer on Layer as bellow.

3.53us
37%“&3
Dose High Layer3 : Dose3-Dose2—> 0.24us
T Layer2: Dose2-Dosel —> 0.21us
Layer]l : Dosel-Dose0 — 0.19us
Dose Low

Layer0 : Dose0™— 2.8%us
Fig.3 Overlapped Layer Method (Base Layer)

Therefore the dose timer of No.N Layer is the difference between N and N-1.

Corrected CCC file (XXX.CCC)
A
- ™

‘ N 3 A
CRESTEC approach
for dose correction |

| & 4

Layer O Layer 1 Layer 2 Layer 3

27



E-beam lithography technic basics

Proximity effect

PE Correction
2. Resizing patterns

Resizing for get nominal
Feature or single line with
dose variation

Nominal feature Widening due to PEC

28



E-beam lithography technic basics

Charging effects. Insulating substrate produce charge-induce error

in position and shape (distortion).

Avoidance: conductive polymer ( or metal) on top of the resist and
use low e-beam currents( 50- 100 pA)

gleciron beam

_repulzive electric

. - ol b
. % potential lines

negative charge
accumulation

Item ESPACER 300™
pH Weak acid
Guarantee 3 months

Shelf Life at 5+3 degC
Impurities < 50ppb

Sheet 1x103
Resistance

~5x%x107 ohm/sq

ESPACER [
3007

SR \

29
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Parameters to be chosen

Resist thickness

Exposure energy Resolution, sensitivity, PE.
Beam size ( beam current) Resolution, throughput
Exposure dose Pattern quality
Pattern density PE
Resist material Sensitivity, resolution, contrast, pattern transfer.
Resist thickness, resist multi stack Sensitivity, resolution, pattern transfer
Developer temperature Sensitivity, resolution, exposure window
Field size Resolution, accuracy: Stig&Distortion and overlay
Field resolution Resolution
Table-3.8. Conventional e-beam resists and properties
E 3 b *
‘ negative resisttone  resolution/nm_ sensitivity developer
\ BN Z PMMA + 10 100  MIBK:IPA
A . _qé ZEP-520 + 10 30 xylene : p-dioxane
2 ma-N 2400 - 80 60 MIF726
2 EBR-9 + 200 10 MIBK:IPA
2 PBS + 250 1 MIAK: 2-pentanone 3:1
_ a cop _ 1,000 03 MEK : ethanol 7:3
D, ]‘)1 > * sensitivity measured at 20 keV beam energy, unit: pC/om’.
Exposure dose Exposure dose
(a) (b)

1
Contrast definition log,, (D, /D,)



Parameters to be chosen

Beam Dia. [nm]

Beam current vs. beam diameter

. S.x?
I B
S Sensitivity, (Area dose) [pAs/cm?]
X Step size [um]
Ig Beam current [pA]

Dose time calculation

Field size
|

100
/i
Objective lens aperture @60 pm /’/
10 /
| J o | F
7z
"
| -
i ; Objective lens aperture ®40 pm
1 | LT T T T
1.0E-12 1.0E-11 1.0E-10 1.0E-09 1.0E-08

Beam Current [A]

Field size and field resolution

I_|_|

Field resolution
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Application examplesl

Dry etch using a ICP. Very high aspect ratio and dense structures as

resonator for bio-optical applications:

Beam current: 2 nA

Single shot exposure, 500 nm pitch, 175 nm diameter

Dose: 140 us

600 um field and 60.000 dots. Only using 300 um inner field

Resist: PMMA. 3000 rpm, 10min@ 160°c

Developer: AR-600-55, 3 min sonication

|70 nm Nickel metallization and lift-off

ICP etch: low density plasma: RF: 75 W, HDP: OV, 20sccm CHF3, 4sccm O2

Time: 50 min, rate: 40 nm/min ( total etch: 2 um)

e

————— SCATTERED | ¢ ——————
/ / ELECTRONS

I/ e e
R AN [y )

Profile of Pmma resist helps to get a good lift-off

34



Application examples |

Resist after exposure and development.
Pitch 500 nm.
|75 nm diameter.

|70 nm Nickel disc after lift-off.

35



Application examples |

2 micron deep high aspect ratio
nanostructures.

ICP system with end point detection

36



Application example 2

Two layer approach for thick metallization:

14,000 Spin Speed vs Thickness - Intermediate Films

First resist layer: LOR, 7B Microchem R : ST
Diluted 2:1 in Cyclopentanone 250 nm or I O e el
650 nm no diluted =

. . o £ 4000 %
Coating speed: 3000 rpm, 5 min@200°c 200 R

Second resist: PMMA 950 K 2:1 in Chlorobenzene Ym0 130 2000 250 S0 a5 4000 4%
Diluted 2:1 in Chlorobenzene 260 nm thick ppestn

Coating speed: 3000 rpm, 10 min@ 160°c
Step |: e-beam exposure

Step 2: PMMA development, AR-600-55, 3 min
Step 3: LOR development, MF319, 30 s. Depend on undercut desired

Two resist stack plus metal deposition

37



Application examples 2

16kX

No diluted LOR

2:1 diluted LOR

250 nm of Nickel before lift-off

38



Application examples 3

Dry etch using a ICP. Very high aspect ratio and very deep
etched structures of GaN for material X-ray analysis:

Beam current: 2 nA and 5 nA

Single shot exposure, |.2 um pitch, 530 nm diameter

Dose: 300 us for 2nA and 47 um defocused. 140 us for 2 nA

500 um field and 60.000 dots. Only using 300 um inner field

Resist: LOR/PMMA , 260/ 260 nm thick.

Developer:AR-600-55, 3 min for PMMA and MF319, 30 s for LOR

500 nm Nickel metallization and lift-off

|CP etch: high density plasma: RF:250W, HDP: 250VV, 20sccm BcL3, 4sccm CI2
Time: 12 min, rate: 0.3 um/m.



Application examples 3

A:0.808u 2 nA, 300 us, 47 um defocused.

A:1.191u
B:0.532u
C:0.074u

el ‘/"v‘— i.'

A:0.438uf
B:0.432u

5 nA, 140 us, resist profile and 500 nm Ni.

40



Application examples 3

A:3.769U

|ICP etch: high density plasma: RF:250 W, HDP: 250W, 20sccm BclL3, 4sccm CI2

6/1/18

41



Application examples 4

HSQ for waveguide applications

1A:0.080u 1A:0.154u

B:0.333u
Beam current: 5 nA

Area dose: 1000 uc/cm?2

300 um field and 60.000 dots.
Resist: xr-1541 (6%) Dow Corning
Thickness: 120 nm, 3000 rpm,
2min@90°c

Developer: MF319 @ 50°c, 70s

600
S EECLLLLLLLLL L Lo BA:0.564u

E 500 0’1‘5
\E @50°C
g 400 040°C
-
'_;:E 300 A3°C
2 A25°C
§ 0 @ ultrasonic
2 8°C
= 100 <l

G b i il i Al bl

10 100 1000 10,000

Fig. 3.32 Contrast curves of HSQ resist at different development temperatures

42



Application examples 4

Resist: xr-1541 (6%) Dow Corning for high
contrast

Field Size/resolution: 60/60000.

Resist thickness: 40 nm

Beam current: 50 pA.

Developer: NaOH (1%)/NaCl(4%) in DI water
during 4 minutes.

Dose: 750 uC/cm?2 A:0.023u

A:0.021u

43



Application examples 5

Negative tone resists: Ma-N
direct writing for
interferometric applications

Beam current: 100 pA

Dose time single shot: 21 us
60 um field and 60.000 dots.
Resist: Ma-N 4203 MicroChem
Thickness: 200 nm. 5000 rpm.
2min@90°c

Developer: MF319, 70s
Pitch:200 nm/Diameter: 50 nm
Area dose: 230 uC/cm?2

44
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New developments |

Prototype: Surface Emission EB Lithography System.
Pursuing throughput.

Vacc:5~10kV

=

Photo Laser
transistor diode

Pulse
"\ -_ generator

Piezo Actuator

'!" CTonfoller

|||||—|

- Magnet1

"
// Nc-Si
r____+ Surface Electrode

Laser —
Interferometer =
. Patterned mask
B-o.ssTl T———— | capacitive
— — gap detector
=) Target wafer
Motor E Magnet2
L

~

/Electron Source Array
( Cylindrical Si
quantum nanowires
formed by vertically-
ordered Si Nano dots
with less than S nm in

diamet
\_diameter ) r /_/

[—r—hﬁ-—h_—._—.—i S

-
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New developments 2

Massively
Parallel

New concept: Massively Parallel EBL System based on nc-Si  emission

emitter array

External Computer

ﬁ Optical Fiber
Network Transmission

MEMS SEED Array

Patterned Parallel E-Beam i;/

10 um sq. pixel

i~ ® _M | size active matrix:
| 1000 x 1000 pixels
Vace |
5-30 kV 110 —
. Ko XY Stage

st Continuous Movement

Crestec, Tohoku Univ.and TUAT are jointly
developing supported by the Cabinet Office in Japan

Source
(SEED)

Active Matrix Circuit

Patterned Emission
Sites selected by Active
matrix

1. 200-pm-thick 4inch Si Wafer 6. Anodization / SCRD
ne-Si

| P-type Si-sub (200pum) I
2. Deep-RIE / Grow thermal SiO, Thermal SiO;
I |

7. Back-side patterning / Bonding with LSI

3. n** Poly-Si deposition / Surface polish

H I e

4. Non-dopedpoly-Si deposition / Patterning

Massively parallel emitter
47



New developments 2

Exposure Test of nc-Si Emitter Array integrated CMPL-6000

with Active Matrix LSI

No fluctuations at pattern
edge due to small energy
dispersion of emitted
electrons

Nc-Si Emitter Array Exposed Image on Target

< Exposure condition >
Acceleration Voltage:5.7 kV, Magnetic Field:0.56 T, Resist: ZEP520 (t 60 nm), Dose:30.0 uC/cm?

48



New developments 3

In optical devices such as DFB laser, pitch grating uniformity and pitch control
along the device are critical for optical output and single frequency operation.

Pitch control is controlled since several years
using the field size modulation ( FSM ) function

The grating pitch can be controlled by changing
the deflection amplifier gain through the 2nd
DA converter. Positioning accuracy is 0.0 nm.

Nowadays, the challenging reside in grating uniformity
in 1.2 mm cavity lenght DFB lasers, to ensure optical
output and single frequency operation, no stitching
errors are needed, so the use of 1.2 mm field size is
compulsory. Stig&distortion and focus should be
corrected.

High resolution an accuracy writing for field size
wider than | mm is been developed for general
purpose fabrication

I;li’

1
1

.‘ *

Hi

{‘i

11

Pitech

200

200.

200
200
200

200

M 200.

.0nm

.2nm
.3nm

.O0nm
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Thank you for your attentionjj;
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