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Glossary of terms
Micromachining: the ability to fabricate microstructures

and microsystems

LIGA: German acronym for a three-step process to make
microstructures by synchrotron deep X-ray lithography,
electroplating and molding

Deep X-ray lithography: lithography with 2-3 A
wavelength region

MEMS: Micro-electro-Mechanical Systems, generic term
for microsystems in Europe, micromachines in Japan.
HAR-MEMS: High-Aspect-Ratio MEMS

Aspect ratio: ratio of depth/thickness to width ot smallest

dimension CAMD, CKM-Nov. 97



- -t - 5

TO W

(TUNY C1U00/8 ~SMAUT/SMAUTT/INN/AP Zurtw-1un mamm/2dny) smau edr] m
IUONITWLIOFUL JO $22IN0S 13410

€661 ‘HOA d ‘A91g VN ‘ZUN ., Mnatuadu anf yuuyra s SOy,

'61¢-6L7 "dd ¥O11, ‘9 1deyD 661
NIOL MIN ‘UOIRY vo0g ‘SSald DD VN ‘NOPERIN °,, UOUDILIGDIoI I Jo sjoiuawpun.y

1661 Alnf *ssa1d wnusig
UIN M TBRIOIN C, SIPLIZIDRY pup ‘sasusnig sapdiuitg cydnadogiry sopmpuoirnuag

A1 AQ paystiynd “y§T) Tusofife) ‘0datg urs 9661 ‘SI-11 Aenigay ¢, swasdg
IPIIUDYIZPY OUINT OLUPY U0 dOYSYIOp [DUONDUI UL IPRULY YN 24 fo sSuIpaaaoid

FIdS Aq paysuand © Kydpadowry wog pun woadsg KpL-x wo visodwds F14S,,

IIAASTH AQ paystiynd *| SuriaauiSug-ounn pun -oa2ipy Jo s3uipaasotd

L SSUIPAIN0Lg AuALBfue) ssaroadoapy, f, so1sAyg papddy o (ewnor ssaueder,,
s wonpsugnfouny pun KSOOUYIA [ SWNAG UOIOY PUD U0 ‘UOLIRT WO 22UBI2{U07)
jpuonpuwul Ay, ANSS] 93(-AON ‘, ASO[OUYDS], PUR DU WNNOCA JO [BUINOf,,

LO6T 0TE-16T dd g euua) ¢ AydvaFowry doa-x,, ‘¢ 1adey)
g Amypnoyd-tey Aq panpg ‘Ayderfoyioidty i1 2wnjoA ‘L661 ‘65 W ydeidouop
ssaid JI4S ‘. UONEBIIQRJOINA put ‘SUUIYorwoIp ‘Aydeidoqpoldny Jo jooqpuel,,

€861 "SOTT-T¢1T dd @ - m urwgoiny *, dydpadoyny

Ava-x  wonpippt  uogonpuds, ‘c7 10Wey) ‘Auedwo) Juysyqng  pue[oy  YUON
‘Yoo pieyyag-swg Aq panpyg ‘g Swnjoa L UONTIPRY uOnoIyoul§ uo YOOoyputH,,
"TOGT ‘Ssald waud[d -y Y ‘AdlmA -, Aydradoyn uornugng Jo sosAyd 9uL,

P61 A191008 [EoTWRYD) urdURWY ‘¢ pue Z siadeq)) S A tuLpaog O D)
‘wosTAN S T ‘uosdwoy] Aq panpd ‘uonipg puodas *, AydeaSogioIsn 01 uononponuy,,

SSONIAHHDOUd / SMOOd



RV LD

WS SeXaL unsny Jonde)) 911 1e ROLITIN UNsnY 1L66]
‘0€-6T equiandag * | uonpaLquio iy pun Suttiyonwopy o winsodwas /661 ¥, 41dS.,

urdef apse) AOTEN [Q10H 'L66T 0£-9T
ALBNUT[ ¢, SWUASAS [PIIDYIIPY 0L O U0 doysytop (puonuaii] J97 {PUuag

VS tofrowyD (el Aouasay NEAH 8661 69T ABIN . (L6,
SUAINPSUDL] ) SAQIDIIY PUb S108UIG AIS-PLHOT U0 ADUILIUOTY [PUOYDULBIUY 66T YT,

“Auewan “S1aqaptaH 8661 "6T-ST
Krenue( ¢, SwasAS (PIMUDYIZ Y 0-422]F 012y U0 dOYSYLop (PUODULRIU] FT] YU,

VS TUISUOISTAN TUOSIPRIN TLG6T TTTOT Qun( * /6, LSIWHVH.,

AN
‘stout([f ‘03eOI) [RIVH UNSAM UL 8661 ‘6T-9T AT ©..86. NIdIT “UOUDILIGPJOUDN
pun £Sojouyda [ wnag uoloyd pup uof “UouI|g uo MUNLAUOD PUONDULIY] L TE YT,

‘wnid[ag tuAANYT ‘8661 Pquadas $T-TT C L 86, FuriopSug -OUDN put 0L,

va10y ‘nldunoky wpuniy [910H 8661 91t A[Of 22URJUO)) mcoﬁcc;ouuo:mz
put $ass001d0IA [PUOTICWIANU] 866 .86, ASojouyraiouny pup s8a204doaipy,

WS ] PRI TR BIULS ‘[S10F] UNISIAN PUR 131U UONUIAUOT) TIT[D TIUTS
‘LE6T UMNPIN $1-6 . Lydvadoynoadtpy uo winsodwdg puonwuf (pnuuy 77 8 J1d4S.,

'SHDONAYHANOD



Tatoduwd on

Applications of Synchrotron Radiation

1 ‘ 10 100 1k 10k 100k
IR  VIS/UV VUV soft X-Rays X-Rays hard X-Rays
1k 100 10 1 01 0.01

® Projection X-Ray Lithography (13 nm)

- ® X-Ray Microscopy (4 nm)

® X-Ray Lithography (1 nm)
Microfabrication/LIGA (0.2nm) e

Angiography (33 keV) ®»

Analytical Applications sssse————————




MICROFABRICATION AND SYNCHROTRON RADIATION

e Synchrotron radiation for microfabricating devices
- Lithography

+ X-ray lithography by proximity printing (7-10 A)
+ EUV projection lithography (130 A)
+ Deep X-ray lithography (1-3 A)
- Radiation-assisted processes
+ Deposition
+ Ablation/etching |
 Microfabricated devices for synchrotron radiation
- X-ray optics
+ Gratings, zone plates, Bragg-Fresnel optics
+ Multilayer mirrors
- Detectors
+ Channel plates, CCD CAMD, CKM-Nov. 97



MICROFABRICATION TECHNOLOGIES

e Resolution
- Microfabrication
- Nanofabrication
e Aspect ratio
- 2-D technology

Micro-electronics planar technology
Microstructure thickness <a few Lum , aspect ratio <10

- 3-D technology

Bulk micro-structuring
Hundreds of um - 1 cm, aspect ratio: 10 - few 100

 Tolerances
e Materials



MICROFABRICATION PROCESS

eLithographic step
+ define the pattern on surface
o Pattern transfer

+ transfer pattern from surface to underlying layers/bulk
=> substractive process

— dry etching
x physical process: ion beam etching
x chemically assited process: e.g. reactive ion etching
— wet etching
x isotropic/anisotropic: orientation dependent etching of crystal
=> additive process
- e.g. electroplating, lift-off
=> material modification

- ion implantation
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Lithographic proéess

— Resist: recording medium

— Lithographic tool: pattern definition
+ parallel exposure

=> replication with mask (1:1, demagnification)
~ optical lithography
— X-ray lithography
~ projection electron beam lithography
~ projection ion beamlithography

+ serial exposure

=> direct write without mask: focused beam

— electron beam lithography
— focused ion beam lithography
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Radiation
source

, Collimating optics )
Mask substrate
L Iy ITIrY wj/
Spacing , : . Absorber
L __1K\‘Resisl

Wafer
F1G. 6.4 Shadow casting system configuration.
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W
Lithography is Key Driver

Chip Productivity

14% Lithography

Cost per Function

Years



Moore’s Law

- Memory

» Microprocessors
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Number of Transistors

2X Density/18 months

1975

LI T T T 1

1980 1985 1990 1995 2000

Source: Intel
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Post-Optical Challenges

Option
11X X-Ray
Lithography

EUV
Lithography

Electron
Projection
Lithography
lon Projection
Lithography

Electron Beam
: Direct Write

Main Challenges
Mask : Defects, Distortion, Life
Magnification correction
Reduction of gap
Source intensity
Optics reflectivity and flare management
Mask fabrication (defect management)
Surface imaging resists
Development of large field electron gptics

« Butting errors due to stitching # U%ﬂr\d’

Mask fabrication .
Stencil mask fabrication
Butting errors due to dual mask
requirement

Electrostatic lens fabrication
Butting errors due to stitching
Data handling

Very low throughput




Presently, bending magnet radiation froma
synchrotron has higher deliverable power to a
wafer than does a laser-produced plasma

Power (mW/(3% BW)
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Huhne, Thormagel Eublak et al

Bending Magnet:
20 mrad beamline
collection angle

assumed 10 sterad.
collection solid angle
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International Workshop on Small Storage Rings and FELs

l’ 3 -_:;.._:;5::;:-5.3.,;.5‘_‘ i { <‘§i¥;§\ﬂ¢ r§§&\‘%¢

5\'0’“‘3 o Comparison -1-

Small Large
Size - Diameter (m) 1-20 50-500
Cost/Construction ($million) 15-25 50-500
Cost/Operation ($million/year) 3-10 25-100
Staff: 30-80 Several 100
Cost per Beamline ($million) 0.8 8
Distance to Source (m) 3-10 15-50
Emittance medium/high low
Flexibilty of Operation high low
Mission/Owner regional/ind. national facilities

V. Saile, Okazaki, August 8-10, 1997



FIGURE 1
World Market for Micromechanical
Components
$12B ¢ ——
10 1
8 +
iMicro- |
Hactuators: §
i $1.50
AL crosyslems: ,,,,,,”
6 U g40m Dk
Microstructures: ;
M oa0m :‘;fs":,s
Microactuators: | ¢5 s .
4 - ES160m
Microsensors:
DSI.Bb
.Microslruclures: :
2 =9 $30m P IRG A E
DMicrosensors:
$700m

1990 1995 2000
Total: $730m  Total: $2.7b  Total: $11.8b

Source: sgt Sensor Gruppe
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Louisiana State University

I
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Q}:M_“v Center for Advanced Microstructures and Devices

X-Ray Lithographies

Research
Effort




X-RAYS: ASPECTS LINKED TO THE WAVELENGTH

- little difference in atomic absorption coefficient
no material really transparent or opaque to X-rays
- index of refraction n ~1
reflective demagnifying optics
multiply the interfaces for constructive interference at normal incidence

=> X-ray proximity printing: no démagnifying optics (1X)

=> EUV projection lithography: reduction optics with multilayer mirror system (4X)

CAMD, CKM-Nov. 97



i X-ray lithography l

Mass production forULST and components
Asia: Memory, components
Japan
ASET/NTT: 15,000 wafers with XRL
Mitsubishi: 1Gb DRAM with 0.14 pun feature and 4 X-ray levels

Plans for manufacturing 256 Mb devices
Korea

USA

IBM: Memory, Logic:
256 Mb DRAM, 64 Mb SRAM 0.18 pim technology (0.13 pm test sites)
X-ray masks with 2 chip, 0.18 pm Gbit DRAM (46 mmx23 mm ficld)

Motorola: Memory, Logic
X ray-masks: 100/month (450 masks in 1996)
CXrL: Sematech Center for Excellence in XRL (Univ. of Wisconsin)
Nanolithography: USA (MIT, Naval Research. Lab), France (CNRS-L2M), ...

CAMD, CKM-Nov. 97



Absorption of X-rays

* Beer’s law-type dependence
I= I(} exP('!-lmpl)
I, and I: intensities before and after passage through the absorbing layer

density (p),
thickness (1),

mass absorption coefticient (1)
““m = Ai ,"Lmi/ Ai
A.and atomic weights and [, mass absorption coefficients

* Elemental absorption L_; is given by
i = CA"
C and n dependent on element and type of absorption event (K, L., M,...)
n = 3 for PMMA and polymers with light elements
- Mass absorption of polymers, [,

maximized by incorporation of high weight absorbing elements (Z > 25)
CAMD, CKM-Nov. 97



Advantages of synchrotron radiation X-ray lithography

« High resolution (0.25 pm in manufacture)
« Single level resist

* Throughput

« Linewidth control

e Unifornmuty

» Transparency of defects

e Large depth of focus

« Large field size

« No reflection from substrate

« Small proximity effect

CAMD, CKM-Nov. 97
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Advantage of XRL: High resolution on high-step coverage
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Louisiana State University
Center for Advanced Microstructures and Devices

X-ray Resists

X-ray sensitivity < 100 m¥/cm?
Technological stability (etching)
Resolution < 0.1 um

Single Layer Resists

PMMA (chain scission): 0.01 wm but 1000 mJ/cm?
poor etching stability
Novolak-resists: well proven technology
sensitivity to be improved
—» Novolak/diazotype
=> 500 mJ/cm?
——» Chemical Amplification

=> < 100 mJ/cm?



XRL

Technology Status: Resist Exposures

» Work to date done with commercially available resists
chosen by customers

- Allows customers lo continue process development (e.g.,
elch) with same resists used with DUV exposures

- Apex-E sensitivity ~ 60-160 mJ/cm?
- UVIIHS/UV-4 sensitivity ~ 140 - 240 mJ/cm?

* Resolution demonstrated to < 100 nm in thick resist
- 100 nm line/space patterns {at 15 pm gap)
- 70 nm isolated lines (smallest an mask to dale)
- Extendibility optimization discussed in poster by Heclor et al.

* Excellent exposure latitude and control demonstrated

» Resist sensilivity primary issue

]
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Louisiana State University
Center for Advanced Microstructures and Devices

Membrane Materials

1) X-ray transparency (>50%) : light element, thin film
2) Stable with radiation and time

3) Optically transparent, no scattering : alignment

4) Stiff (elim. distortion)

5) Strong (sustain-handling)



Louisiana State University
Center for Advanced Microstructures and Devices

Absorber Materials

Requirements:

[) high attenuation (>10db) (10:1 contrast)

2) stable with radiation and time

3) negligible distortion (stress < 108 dynes/cm?)
4) easc of patterning

5) repairable

6) low defect density



Linear Absorption Coefficients
of X-ray Mask Materials
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Si;

SiNx:

SiC;s

diamond;:

Louisiana State University
Center for Advanced Microstructures and Devices

Membrane Materials

Single x-tal well developed, red hard, stacking faults =>
scattering, some brittleness

Amorphous, well developed, rad hard if O,-free,
resistant to breakage

Poly and amorphous, rad hard, some resistance 10
breakage

Poly, research topic, highest stiffness



Louisiana State University
Center for Advanced Microstructures and Devices

Absorber Materials

Gold: questionable stability (grain growth)
low stress
electroplating only
defects repairable
Tungsten: refractory and stable
stress control => special care
dry etchable
repairable
Tantalum: refractory and stable
stress control => special care
dry etchable
repairable
Alloys: easier stress control
greater thickness to achieve 10db



| X-ray mask fabrication process flows I

(1) wafer processing

(a) SiN or SiC film
deposition

(b) absorber film
deposition

(c) e-beam wriling

(d) absorber etching

(e) back-etching

H frame bonding

(2) membrane processing

(a) SiN or SiC film
deposition

{b) absorber film

I
SRR -
deposition

(c) back-etching

”) frame bonding
ﬁ) e-beam writing
W absorber etching
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HOYA x-ray mask blank

CrN etching mask.

/'1 a4} absorber

CrN etching stop ——»

» SiC membrane

Si substrate =
39 ar 4"¢)

—————— Advantages

Ta4B absorber
+ amorphous struciure

« high SR durability

SiC membrane
- high Young's modulus

- high SR durabslity

- smooth surface + excellent stress stability

CrN etching mask and etching stop layers
- high etching selectivity 10 Tad4B

+ low slress
M vy

Fig. 1. Structure and advantages of HOYA x-ray mask blank

HOYA

Stress contol _of Ta4B film

6~ r Y 50 e -

_ | | | 7
s | =
— 2 '
e | ;E, 5ot ]
(%]
¢ 0 ! 0
5 | B
:'. 2 ;F o -100 - -~
o ! .

; \ B o
E 41 ] : ig -150 '; .

| !

e Lo L d ek ] 2o Ll 1{ Lol

0 50 100 150 200 250 300 350
Annealing temperature (°C)

6l
0 02 04 06 @8 1
(as pressure (T'a)

Fig 3. Stress change of four Tad8 films with different

Fig 2 Internal steess of TadH [ihins 2s 2 function L
compresive stresses before and aFfler annealing process

of Xe pas pigssie

Tablel. Substrate specification foy SiC membranes

Parsmeter i Unit I Target I Homigu‘ ]
Optical Properties i
" Transmission | aveg x=180am >60% p:ﬁ:hz%_ valley;iﬂT
T Life Damage "8 winsemission 1% Ti’ T
Mechanical Properties
Thickness nominal pm Tawesed | 20001
“Thickness uniformity pm3ua <0.1 - T «<0.1 B
Surlace mughnesv: A | <o Lo
Nominsgl Stress MPa 480—*1‘807—_ _.77;034_;
vt || i | e
a 70 mme} {1a 40 meg}
Biaxial modulus GPa »400 T 00
Burst slr:nglhr nmospheres F »0.35 1T jis__ ]
Xoray Propertiecs o . T T
Tife damage I distortion lu(nm)l <15 IF] V(au-n:rf:t:l}i;
Other Properties
Dtctnemsty | st | 1o Nt | D e

HOYA

Film stress (MPa)

Stress_ stability of TadB  film

20
H in 50 nm@ max.
1 Lu
]0 é o miEn.
of bl
5 I
210 R
-15 4
=20 . N e
0 500 1000 1500 2000 2500

Elapsed ume (hr)

Fig4. Long-term stress slability of Tad4B bHilm.

20

sk i.n 750 nmlg_ﬁ ':‘::—
§ 10 | - - min
- - -
g 0OF
=] r
hs ey
E
20}

S|

1| S—

Before After

Cleaning process

125, Stress of Tad4B hlm before and after the
Irealmenl ia ile(')‘clll(): for 1 br at 100°C.

HOYA

HOYA
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~— r— )
Mask structure and fabricati
d fabrication process Improvement of SIC surfaces
{1} Deposition of membrane and absorber films on substrate Overlay svalunilon patterns
_—Absorber (Ta} X alignmant mark /
1 % Membrana gs C) H y -
Substrate (S1) ] P W
* Ta stress : 4 MPa {controitad by annealing)
¥ allignment mark & alignipent mark
{2) Adhesion to the frame mv:-l ]
V773 V./7d — Frame ) e . "‘-.18 mm Chip
- Adhesion : 200 ¥, Epoxy film R B
3) Underlylng Si etchin -
) y'’ng 9 Mask window ' 2000
o E——— vy
* Etchant : HFHNO
chan 3 ‘ ask mar. opPC ‘Aa deposlted After pollshing
(4) Pattarning Walar mark
wareri: i egur  rarbsdrensirraassrolt] i3] aeometrical er, : 15 1 0.2
water  (geometrical average): 13 nm Ha: 0.2 hm
Thickness uniformity (3 ¢ ): 20 nm
* E-heamn exposure
{ * Ta etching : RIE oo
N FUjTsu - 2. FufiTsu
Requirement for antl-reflection coating and opaque coalting [ Characteristics of antl-reflection film
— €0 Water mark —_ 80 fMask mark Acld : ;0 + H,0
1. Mask window optical reflectance £ ¢, E 50 ARflim  |Durablilly |Relracilve | Coating
E Mask windaw £ T matarlal | 1o acld Index muethad
< 0.5% T 4o el w40 B
g Waler mesh g === Sl03 Good 1.48 sputiering 100
- n=162 t 0.05 o 3o e 30 — x SIC membrana: 2 um
(ngic = 2.64) ‘5 20 .E 20 Al;0, Poor 163 |eveporation; = gol AR film: Zr-5 oxide { n = 1.64)
2.Mask mark optical transmlittanca % 10 § 10 ITO Poor 2.00 sputiering L SIC membrans
& ., Calculation c , _ Cplcyiailon & 60}
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Diffraction of X-ray
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LIGA and LIGA-like processes

- Precursor work
+ X-ray lithography & electroplating (LIG)

Bubble devices (IBM, 1975); 20 um thick
Extension of “through-mask plating” (Romankiw, 1969)
optical lithography and electroplating
- Original LIGA process from Karlsruhe

Separation nozzle for uranium isotopes (Becker, Ehrfeld, et al. 1982)
* LI (Lithographie): Synchrotron X-ray lithography
« G (Galvanoplastie): Electroforming
* A (Abformung): Molding
outside semiconductor industry
- LIGA-type processes |
+ SLIGA (Guckel)

» S: Surface micromachining with sacrificial layer releasing
* LI: Lithography
» A: Assembly
compatibility with semiconductor industry
+ Poor man’s LIGA
Optical lithography in thick resist
+ Precision machining with ultra-deep X-ray lithography (Siddons, Johnson, Guckel)



TURNING POINT FOR LIGA

* 80-90:
- 1 group in Karlsruhe (inventor)
- 1 group in Wisconsin
- NOW: Many more groups
* Kurope
- Germany
Karlsruhe and Mainz: approx. 150 people/each insitute
Commercial company: Microparts (Dortmund)
ALIGA
- Other Europe: France, England, Russia, Sweden: approx. 10-20
« US: approx. 50 people |
+ Wisconsin, CAMD, Brookhaven, ALS [West-Coast (CXRO, JPL,
Sandia)], Argonne, Hi-MEMS (MCNC, CAMD, W1, etc)
+ Commercial company: MEMStek (Vancouver, WA)
+ LIGA-MUMPS (MCNC)

* Asia: Japan,Taiwan, China

Sd



LIGA = SERIES OF STEPS

Lithographic step: Resist template formation
- Synchrotron radiation deep X-ray lithography
- Photolithography

b %

“through the mask technology,” “poor man’s LIGA™
Replication steps: Copies of primary template
- Electroplating: metal, alloys
- Molding:
hot embossing: plastics

injection molding: plastics, ceramics, etc.

CAMD, CKM-Nov. 97



The LIGA Process

1) Exposure 2) Resist 3) Electroplating 4) Resist
Synchrotron-generated development removal
x-rays
X-ray Electroplated
mask Plating metal

Polymer
material

base

5) Injection 6) Demolding 7) Electroforming  8) Metallic
molding product

Casting injection
plate holes

Plastic
casting

Release
layer

Copied
structure

Elactroplated
metal
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EXPOSURE STRATEGY FOR DEEP X-RAY LITHOGRAPHY

* 1: 1 replication process
* Source

short wavelength (2-10 keV)

penetration depth in resist
collimated X-ray
pattern transfer quality

high flux

throughput

e Scanner

Alignment system for multiple levels

CAMD, CKM-Nov. 97
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Advantages of synchrotron deep X-ray lithography

» Single thick resist process
« Large structural heights (100 um to mm)
 Minimum feature size in micron range
« (Quality and accuracy of pattern transfer
- smooth walls with low surface roughness (30-50 nm)
- straight and plaﬁar walls
- highly parallel walls
- submicron accuracy over total height of device
« Large depth of focus
* High throughput
CAMD, CKM-Nov. 97



Deep Etch Lithography End Station

Electron beam Valve Absorber Mask and
films substrate
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Optimum Wavelength for Deep X-ray thhographﬁﬂ
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Transmitted Intensity during PMMA exposures for LIGA (7B-XRLM3)

Flux (watts/horizontal_cni)
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Louisiana State University
Centesr for Advanced Microstructures and Devices

LIGA mask fabrication

Mask type

>>  Stencil mask

chemically etched, plated, laser-etched, miromachined
>>  Mask blank with absorbing structures

«  transpatrent substraté/membrane
«  absorbing patterns

>>  Conformal mask

Al



Mask Materials for Deep X-ray Lithography
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MASK FOR DEEP ETCH LITHOGRAPHY

* High contrast at short wavelength ?SOO
 Dimensionally stable

* Flat
Mask substrate Absorber pattern
e X-ray transparent *X-ray absorbing structures
- light material : - heavy material
- thin membrane .‘ - absorber thickness: 5-15 um
* Good mechanical properties - minimum lateral width: 1 um
- high Young’s modulus - vertical walls
* Radiation resistant * Low stress
» Optically transparent




PROPERTIES OF MEMBRANE MATERIALS

Trm T e
Young Thermal Density  Thermal Refractive
Modulus  Expansion Conductivity Index
Coefficient

(10°MPa) (10-6°C-1) (g/cmd®) = (W/cm.°C)

) 1.1-1.9 2.6-3.7 2.33 1.5 3.5-3.9

SiN 1.6-3.8  2.1-2.7 3.1-3.4 2.2

SiC 3.8-4.6 4.6 32-47 20 2.48

BN 09-1.33 1.0 2.3 0.7 2

Diamond | 10-15 0.8-3.5 3.5 13-20 2.41

Be 3.0 12.3 1.42

Ti 1.2 9 4.5

Kapton | 0.025 18 14

Au 0.8 14.3 19.3 2.97

W 4.0 4.3 19.3 1.78

Ta 1.9 6.5 16.6

Pt 9 21.5

Re 4.5 6.7 20

Cu 9.3 8.9




COMPARISON OF MEMBRANE MATERIALS

FOR DEEP ETCH LITHOGRAPHY MASKS

Be Diamond 5Si Ti Kapton
X-ray transparency ++ + - - +
Young’'s modulus + + + 0 0 —
Optical transparency — - ++ 0 0 4+
Surface quality + ~ + + + -
Chemical stability 0 + + + + 0 +
Dimensional stability ++ 4+ ++ 1+ -
Non toxicity - - + + 4+ ++ 4
Price + —— - - ++

+ +: excellent, +: good, o: reasonable, —: bad, - —: very bad

[+1%



COMPARISON OF ABSORBER MATERIALS
FOR DEEP ETCH LITHOGRAPHY MASKS

Au W - Ta

X-ray absorption coefficient + + + + +
Stress + 0 0
Be + + - _

Thermal expansion Diamond - + + +
matching to Si - + +
Ti _ _

Microstructure RIE _ + + + +
formation Electroplating + + - — - -

+ +: excellent, +: good, o: reasonable, -: bad, ~ -: very bad
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Mask Fabrication for Deep Etch Lithography

2 Step Fabrication Process with X-ray Mask Copying
Intermediate XRL Mask Deep Etch Lithography Mask

— Resist (2 ym) . Resist (15-20 pm)
<—— Plating base

Mask membrane

B <« Plating base

Mask membrane

N

Photolithography
or e-beam lithography

4
_

Soft x-ray lithography
(10 A)

| ]
- Exposure

Development
“ Development

Au electroplating

Au electroplating (5-15 pm)

Bl
‘ Resist and plating S:SS;S: :nr:gvgfitmg

base removal



MATERIALS FOR LIGA

* Substrates
- Silicon wafers
compatibility with IC process
integration with Si micromachining and electronics

plating bases for electroplating

sacrificial layers for release of parts

- Thick metallic substrates
mechanical stability for molding processes
conductive for electroplating

« Eventual adhesion promotion

- Substrate treatment for roughening

- Adhesion promoters/primers

CAMD, CKM-Nov. 97



MATERIALS FOR LIGA

* Resist: mainly high molecular weight PMMA

- Free-standing acrylic sheets
- Acrylic sheet solvent-bonded to substrate
- Cast resist
PMMA in MAA syrup + catalyst (Karlsruhe, Mainz)

[n-situ polymerization at RT

Thermal treatment

* Development: mainly “GG” developer
- Specially tailored developer (“GG”: Ghia & Glashauser)

highly selective

minimization of stress corrosion

2 baths: (percentage in volume)

- (1): Glycolic ether ( 2- 2-butoxyethoxyethanol) 60 %, (azine) morpholine: 20 %,
- primary amin ( 2-aminoethanol) 5%, water: 15%

(2): 2- 2-butoxyethoxy)ethanol: 80 %, water: 20%

rinse: DI water

CAMD, CKM-Nov. 97



Louisiana State University
Center for Advanced Microstructures and Devices

PMMA Characteristics
Very high resolving power
[.ow adherence on some substrate
Low sensitivity
Medium mechanical p{jopel'ties
Good optical transmission properties in visible and IR

- waveguides

- optical components



High Aspect Ratio Resist Pattern

Mask Membrane Synchrotron Radiation

NP |

D <100 J/cm?3 ' I T —— - - T

5-20um
Absorber

D < 20 kJ/cm3

height
20-500um

D> 4 kd/cm3

777777777
% Substrate
| Aspect ratio= h/w= 20-500 ]




[ﬂ Center for Advanced Microstructures and Devices

q:r e Louisiana State University
(-CAVD
=

Proximity Printing X-ray Lithography Comparison - 1

Lithography Type XRL DXRL
Technology Microelectronics High Aspect Ratio MEMS
Process Planar Patterning 3D - Microstructures

Production Method

Applications

Typical Wavelength (nm)
Typical Resolution (pm)

Typical Thickness (um)/Resist

Aspect Ratio

Direct Exposure

DRAM, Processor
(Optoelectronics)
(Nanolithography)

0.8-1.4
High< 0.25

1/Various

Low < 10

Moulds for Replication or
Direct Exposure

Sensors, Actuators, Optics,...

0.2-04
Medium > 1

< 10*/PMMA

High < 100




|11 1. Louisiana State University
| ; Q?'?AD, JI Center for Advanced Microstructures and Devices

Proximity Printing X-ray Lithography Comparison - 2

Lithography Type XRL DXRL
X - Ray Source Synchrotron or Point Source Synchrotron
Synchr. Energy (GeV) 0.6 -1.2 1.0- 2.0
Wavelength Shifter >0.8
Beamline Collimating Mirrors Filters, no/plane mirrors
Stepper/Scanner Complex Stepper Scanner
Atm. He Low pressure or Atm.He
Internal Alignment External Alignment
Mask Membrane (SiC, Si) Membrane (Si, Ti, Be..)
Refractory Metal, Au Au
e-beam optical or e-beam
Resist various types PMMA
Typical Exposure Time/Field 1 sec 1 hour
Typical Field Size (mm?) 300 < 10,000
Substrates Si wafers Si Wafers, Metal Plates,
Ceramics, none




Louisiana State University
Centter for Advanced Microstructures and Devices

Proximity Printing X-ray Lithography Comparison - 3

Lithography Type

XRL

DXRL

Status X-Ray Source

Status Beamlines

Status Stepper/Scanner

Status Mask

“++”  (SR)
expensive ($15-20m)

ey (Point Source)

Collimator required

‘6++99

“(+)”
Throughput

“(_)”

Defect-Free, Complex

“++”

very expensive ( > $20m)

68++’9

6G+!’

wyn
2 Mask Providers




Louisiana State University

Centter for Advanced Microstructures and Devices

Proximity Printing X-ray Lithography Comparison - 4

Lithography Type XRL DXRL
Status Metrology “(+)” .y
Fidelity of Pattern Transfer
Status Manuf. Infrastr. “-)” “(+)”
no Commitment HI-MEMS Alliance
Mitsubishi (?) MicroParts
MEMStek
Status Production Plans after 2000 1998/99
e excellent
- very good
‘6(+)99 gOOd
“¢-)” improvements required
R major improvements required

119 b))

— insufficient




LIGA PROCESSING CONSIDERATIONS (2)

 What people need to know about a process:

_ Minimum line width (w). Dependent on:
Resist thickness
Microstructure length
Fill density

- Orthogonality of pattern

_ Sidewall run-out (Aw/resist thickness)

_ Surface smoothness |

- Adhesion of resist to substrate

- Mechanical integrity of resist

_ Insensitivity to following processes (thermal, etc.)

CAMD, CKM-Nov. 97
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Multiple Level Microstructure Using LIGA

1) Relief Printing LIGA-mold insert

Molded resist

<— Substrate

1131313101

2) Deep Etch - L___J — -
Lithography

‘ .
J T —1=— X-ray mask

Irradiated resist

Microstructure with

3) Development two level heights

f Aty



m:__.._m_:_..._ 84N}ONASOIOIN
Bujuiojo1}09(3 [l
ainjonus

pjow a3y} ollswAjod

wiolj jeAOWiaYy sierd aeo

Bulljy pIonw

[eLBlEW PIOW

uoljediige} PION uasui PIOW

ajeld ajen)

/|m_os uonoalu)

s$S920.d Buip|on



Teg WD)

- TN -

do) $nasod

LA

seagippy owrebup \. T.
IBPMTd SIIERD
\

buissauy dis Buidwe)g pue Bunse) edey

S2INIDNISCLINN DILLEIR)) JO UonEeDLIgey



LIGA CHARACTERISTICS (1)

High aspect ratio

- Structural height: several 100 um to cm

- Minimum lateral dimension in micron range

Excellent replication quality

- High precision micro-parts with submicron tolerances

- Accurate mold inserts

Large variety of materials

- Metals, alloys, plastics, ceramics, glass, composites

Large variety of shapes
- No restriction on 2-D patterning
- Sloped and different height structures

Large variety of substrates
Multiple levels with alignment possible

CAMD, CKM-Nov. 97



LIGA CHARACTERISTICS (2)

* Integration/compatibility with other processes

- Conventional and non conventional micromachining
+ Mix and Match with other lithographic techniques

+ Integration with silicon micromachining
- Surface micromachining: Sacrificial layer technique
Released parts

Free/flexible structures

- Bulk micromachining

Membrane

- Electronics
- Molding
- Assembly

* Batch process for mass fabrication
CAMD, CKM-Nov. 97



Structural Accuracy of Deep X-ray Lithography .

b
>

P

400 - — - = - -

300

200 -

Resist height (um)

100 -

0
7.0 7.2 7.4 7.6

Structure width b (pm)

100 pm

Source: KK, Karlsruhe, Germany



LIGA PROCESSING CONSIDERATIONS (2)

« What people need to know about a process:

- Minimum line width (w). Dependent on:
Resist thickness
Microstructure length
Fill density

- Orthogonality of pattern

- Sidewall run-out (Aw/resist thickness)

- Surface smoothness

- Adhesion of resist to substrate

- Mechanical integrity of resist

- Insensitivity to following processes (thermal, etc.)

CAMD, CKM-Nov. 97



Louisiana State University
Center for Advanced Microstructures and Devices

LIGA in an Industrial Environment

At your worksite

- Device design

- Process simulation

- Substrate preparation

- Resist coating

- Resist development

- Characterization

At the synchrotron

- X-ray exposure

At your worksite

- Electroforming

- Planarization

- [njection molding

Mass production at your worksite
Far from synchrotron source
Small and medium size companies



EVALUATION OF LIGA
PROCESS SEQUENCES

Level of difficulty Processing step
(scale 1 to 5)

Resist preparation
Mask making
X-ray exposure
Development
Electroforming
Replication

2w = =2 NN




3.D MICROFABRICATION TECHNOLOGIES

- Silicon micromachining
limited pattern design geometry (orientation dependent etching)

- Basic LIGA process and variants: “LIGA-like processes’’
high aspect ratio
high accuracy
variety of materials through replication processes
- Photoforming
truly 3-D
limited resolution
- Deep reactive ion etching
limited depth, vertical walls

no alignment of one level to the next
CAMD, CKM-Nov. 97



Competing emerging technologies

LIGA for a long time (10 years) was the only way to get arbitrary shapes
with significant thickness. Now, with low heights (< 200 um),
it 1s vulnerable to competition from:

e Stamping
- Batch process, very cost-effective but limited sumicron tolerance
* Optical lithography with thick resist
- Batch process. Sloped walls, limited height (exception SUS)
* Deep reactive ion etching
- Cooling of substrate, limited height
* Micro-Electro-Discharge Machining
- Issues with pattern complexity and tolerance
* Precision milling
- Serial process, limited resolution
* Bulk silicon micromachining
- Batch process, but shapes limited by crystallographic axes
* Stereo-lithography

- Serial process, limited resolution



Fields of application of LIGA

* Broad market
- HAR-MEMS
+ larger actuation force
motor with higher torque
+ stiffer structures
- Micro-parts with very higher tolerance
+ where assembly is needed
+ gear boxes
- Wide variety of materials through replication processes

LLIGA Products

« Microsensors

« Microactuators and robotics

 Electronics

« Microoptics, fiber optics and integrated optics
o Fluid technology

« Bio-engineering and medical technology

- Packaging CAMD, CKM-Nov. 97
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L

EV V - 3
—HReduetion-X-rayLithography Using Reflective Optics

(CXRO/LBL and CXRL/U.Wisc.)

% s|
N N Goal

- Pattern feature size of 1000 A

XBL 898-6588A



Summary of normal-incidence reflectance:

measured performance becomes farther from ideal as A decreases.

——r T T T T T T T
0.7 .
: Mo/Si, expt. :
Ru/C, expt..
Ru/C, ideal calc.
§ Ru/B,C, expt. :
0.5 7/ £ : -
1 : :

0.4 ‘\ \ 7]
‘@ §<—B K edge

0.3 F \v
7\:

06 + /.|-<—- Si L2,3 edge

+ 440

v

o1 }b — T
: : v

O.D"i""1-1-5--'1.1..|..,.,
100 150 200 250 300

hv (eV)

Peak reflectance
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Features:

+ Step and scan exposure

- X-ray souroce: laser produced
plasma

* 4 component, precision
imaging system

+ X-ray reflection mask

7 reflecting surfaces and
3 vacuum windows between
x-ray source and wafer

» 5x reduction

P

Relection
Mask ~ |

Optical Laser Pro blems :
Beam
I L | = R o
C,; C,: condenser optics ) P«
M., M,, M, M,: Imaging optics Sucface Fig. Accy racy ~S-¥A
P,P,P, P,: four different vacuum environments v

0
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