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Abstract : This paper deals with vacuum UV optical coatings for micro mirror applications. High reflecting low2st ress op2
tical coatings have been developed for the next2generation of micro mechanical mirrors. The optimized metal systems are

applicable in the VUV spect ral region and can be integrated in the technology of MO EMS , such as spatial light modula2
tors (SL M) and micro scanning mirrors.
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1　Int roduction

　　During t he last t hree decades , t he develop2
ment of powerf ul UV light sources such as exci2
mer lasers , f requency multiplied solid state la2
sers or storage f ree elect ron lasers have gat hered

increasing research effort s in t he fields of UV

p hoton interaction wit h mat ter as well as rising

indust rial applications such as integrated circuit

manufact uring , micro and nano2material p ro2
cessing or medicine. A dominant driving force

down to the shortest wavelengt hs in t he vacuum

ult raviolet ( VUV) spect ral region is t he semi2
conductor manufact uring wit h t he optical lit hog2
rap hy as key technologies for t he generation of

smaller lateral dimensions down to 100 nm and

below [123 ] . Emergent research and develop ment

fields such VUV micro mirror arrays for mask2
less lit hograp hy tools call for new requirement s

for MO EMS compatible materials , etchable and

st ruct urable designs[426 ] . In t hat case , high re2
flecting low2st ress optical coatings for t he next2

generation of micro mechanical mirrors are re2
quired for applications , f urt hermore , t hese opti2
cal coatings should be integrated in t he technolo2
gy of MO EMS , such as spatial light modulators

(SL M) and micro scanning mirrors. Therefore ,

it is a new challenge for optical t hin film commu2
nity to p roduce t hese optical coatings , which can

meet the optical , mechanical and elect rical p rop2
erties in parallel .

2 　Thin film materials and coating

st rategy

　　Principally , t here are two kinds of possibili2
ties to achieve highly reflective mirror coatings.

The first is dielect ric multilayer mirrors consis2
ting of an alternating (L H) N2Bragg stack of low

(L) and high ( H) ref racting , not absorbing die2
lect ric materials , where each single layer of t he

Bragg stack usually has a thickness d of a quar2
ter wavelength d = n×1/ 4λ ( n is t he ref ractive

index) , and t he ot her solution is metallic mir2



rors of a single or p rotected highly reflective die2
lect ric layer .

Due to it s unrivaled position of large

bandgap , fluoride materials are t he most favora2
ble material for use in VUV region[7 ] . However ,

some oxides , such as Al2 O3 and SiO2 can also be

employed as t ransparent dielect ric materials in

t his band. When Al2 O3 and SiO2 are took here as

example for high reflecting pairs at 193 nm , cal2
culations and test coatings have showed t hat

metal systems enable high reflectivity (～ 90 %)

with relatively t hin coating layers (50～100 nm)

compared to multilayer systems ( up to 1 μm

t hick for 90 % reflectivity at 193 nm) . As far as

deformation and mechanical load are potential is2
sues for micro mirror devices , t hin metal solu2
tions have been sought and developed , because

t hey enable even highly reflective coatings wit h

much lower t hickness and consequently with a

lower risk of st ress induced mirror deformation.

Metal materials can provide high reflectance wit h

t hin t hickness , t hus t hey are p referred as mirror

technology , rat her t han t he t hick dielect ric

stacks.

3　VUV optical coatings deposition

　　The most important factor for p roducing

aluminum films wit h t he highest reflectance has

been found to be ext remely fast evaporation.

The pressure during the deposition should be

low , p referably not more t han 1 ×10 - 4 Pa ; t he

aluminum should be of t he highest p urity and

t he subst rate temperat ure should not be higher

t han about 100℃[829 ] .

Aluminum layers were deposited by t hermal

evaporation. This thermal evaporation process

was performed in a cryo2p umped Blazers BA K

640 batch coater , dielect ric2capping layer on t he

aluminum was also t hermally evaporated in BA K

coater . As described above , fluorides as MgF2 ,

Al F3 and LaF3 , oxides as SiO2 and Al2 O3 were

selected as capping layer materials. J ust af ter

t he evaporation of aluminum , dielect ric2capping

layer was in2sit u evaporated wit hout vacuum

break. Besides single capping layer st rategy ,

MgF2 / LaF3 , SiO2 / Al2 O3 multilayer capping lay2
ers were employed to enhance t he reflectance at

t he intended wavelength. Furt hermore , hybrid

multilayer capping , i . e. MgF2 / SiO2 and Al F3 /

SiO2 multilayer capping layers were also deposi2
ted to achieve maximum reflectance. U sually ,

LaF3 and Al F3 are deposited by thermal boat e2
vaporation , whereas MgF2 and oxide materials

(Al2 O3 and SiO2 ) by elect ron beam evaporation.

99. 99 % p urity materials are used. The coating

and subst rate cleaning were carried out under

class 353. 357235. 3357 (particles/ m3 ) clean room

conditions.

4 　VUV optical coatings charateri2
sation

　　As for VUV optical coatings characteriza2
tion , a customized VUV spect rop hotometer has

been developed at t he Fraunhofer IO F based on a

system of Laser Zent rum Hannover. The system

is completely comp uter cont rolled , including au2
tomatic p rocedures for t he p hotomultiplier ( PM)

positioning during t he t ransmission and reflec2
tion measurement s. A F22excimer laser has been

coupled into t he measurement chamber , which

permit s a sample irradiation prior to t he meas2
urement . The modified sample holder includes a

goniomet ric bench , to enable measurement s of

reflectance R and / or t he t ransmittance T at

fixed angle over a given spect ral wavelengt h

range (115～230 nm wit h 0. 1 nm spect ral reso2
lution) or R or / and T angle resolved measure2
ment s at fixed wavelength f rom 0°to 85°(0. 2°

angle resolution) . By using a Rochon prism of

MgF2 as a UV2 polarizer , fir st test s were started

to obtain polarization resolved VUV data of Rs ,

Rp , Ts and Tp
[10 ] .
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Fig. 1 　VUV photometry2example of angle2polarization

resolved measurement at 193 nm ( 10°/ 20°inci2
dence , s/ p polarization ,λ= 193 nm)

5　Result s and applications

　　Researches and develop ment s of high reflec2
tion coatings on micro mirror arrays have been

carried out . Concerning dielect ric multilayers ,

oxides and fluoride materials are analyzed to test

CMOS compatibility and accumulated st resses

and ext ract optical and p hysical characteristics.

For t he VUV region , metal systems have

been developed by various technologies such as

t hermal evaporation and magnet ron sp ut tering ,

with p roactive capping layers. Reflectivity above

91 % is achieved at 193 nm and reflectivity a2
round 90 % is reached at 157 nm with t hin and

low st ress aluminum enhanced reflection sys2
tems. As shown in Fig. 2 , a broadband high re2
flectivity is available till 150 nm wit h smoot h op2
tical surface p roperties , which is of great inter2
est for both VUV applications.

Thin films of AlF3 or MgF2 evaporated at

low subst rate temperat ures immediately in t he

same vacuum cycle on top of a f resh thin quick

deposited Al can maintain more t han 90 % re2
flectivity down to 157 nm. The t hin fluoride lay2
er p rotect s t he Al f rom extensive oxidation , and

hence f rom a drop of reflectance at short wave2
lengt hs . Typically , for a p rotected aluminum re2
flector deposited under high vacuum conditions

(2×10 - 5 Pa) and wit h a high evaporation rate of

about 30 nm/ s a reflectance of 91 % at 193 nm

and 90 % at 157 nm is achievable.

Fig. 2 　Enhanced aluminum system for 157 nm and 193

nm

Since highly reflecting aluminum layer can

only be achieved at low temperat ure environ2
ment , t he fluoride layers deposited wit h t hermal

evaporation technology under t his environment

will be columnar st ruct ure wit h numerous

pores[11 ] . In t his case , it is very sensitive to air

exposure and light irradiation[12 ] . Besides fluor2
ide materials , oxides materials are also employed

to protect f reshly deposited aluminum layer f rom

oxidation. SiO2 and Al2 O3 are suitable candi2
dates for t he VUV optical coating applications.

Fig. 3　Enhanced aluminum coatings with fluoride capping

Fig. 3 depict s the achieved reflectance wit h

optimized oxides material t hickness. It is clear

t hat reflectance with Al2 O3 as p rotection layer

drop s dramatically f rom 190 nm to lower wave2
length , however t his materials still can be used
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as capping layer at wavelength above 190 nm ,

such as 193 nm lit hograp hy application. Never2
t heless SiO2 is a potential oxide capping material

for t he VUV spect ral region. The deposition re2
sult s show t hat it can maintain high reflectance

till 175 nm.

In conclusion , Tab. 1 collect s the reflec2
tance , which have been realized based on differ2
ent capping materials and different technologies.

Generally around 90 % reflectance can be a2
chieved wit h fluoride and oxides as capping ma2
terials , while mirrors with oxide capping layers

show robust environmental stability t han fluor2
ide capping layers. However , as for high reflec2
ting optical coatings for 157 nm wavelengt h , on2
ly fluoride materials can be employed as capping

and p rotection layers.

Tab. 1　Reflectance of enhanced aluminum coatings deposited on Si2substrate

Coating system Deposition technique
Reflectance R in %

@λ= 193 nm (DUV)

Reflectance R in %

@λ= 157 nm (VUV)

Al2alloy DC2magnetron sputtern 75280 2
Al Evaporation 88 73. 4

Al DC2magnetron sputtern 88 71

Al/ AlF3 Evaporation 90. 9 89

Al/ MgF2 Evaporation 91. 6 88

Al/ LaF3 Evaporation 84 88. 4

Al/ Al2 O3 Evaporation 90. 8 2
Al/ SiO2 Evaporation 89. 2 60

　　 The developed VUV/ DUV coatings are

compatible with t he requirement s related to t he

CMOS technology of micro mirror arrays. These

have been tested in various experiment s concern2
ing t he process integration of highly reflective

VUV coatings into t he SL M fabrication p rocess.

The developed designs allow a convenient pat2
tern t ransfer by optimized RIE2techniques , wit h2
stand during SL M2fabrication aggressive plasma

t reatment s wit h negligible degradation of t heir

optical performance and enable induced st ress

cont rol in order to guarantee t he required high

surface flat ness and a defect minimized st ruc2
t ure.

Fig. 4 shows an image of a st ructured micro

mirror array with HR coating having a Al2 O3

capping layer . The high surface flat ness of a

HR2DUV coated micro mirror test st ruct ure

(mirror plate of 16μm×16μm with cent ral sup2
port post) is illust rated in Fig. 5 Mirror planarity

of down toσrms = 3. 05 nm (averaged over 35 sin2
gle mirrors) have been measured by means of a

white light interferometer . At t hat level , HR

coating systems for 248 nm , 193 nm and 157 nm

have been developed as p rototypes.

Fig. 4 　Optical image of patterned SL M test st ructures

with HR2enhanced Al coating and Al2 O3 capping

layer.

SL M’ s with enhanced aluminum coatings

show an improved VUV damage t hreshold and

an excellent long2term stability of surface flat2
ness even during highly energetic VUV radia2
tion. This have been tested in a harsh irradiation

test atλ= 193 nm wit h much higher laser power

densities t han used by direct writing lit hograp hy
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Fig. 5　Planarity of a 16μm×16μm micro mirror

test st ructure with HR2DUV enhanced Al

coating , measured by means of a white light

interferometer.

systems. For that micro mirror test st ructures

with HR2DUV coatings were illuminated using

an excimer laser at 193 nm with a p ulse dose at

scale of Epulse = 100μJ / cm2 over 107 p ulses of 20

ns p ulse length. In Fig. 6 t he planarity of micro

mirror test st ruct ures , occurring after high ener2
getic DUV irradiation , is illust rated for SL M

test samples with HR2DUV coating of enhanced

aluminum in comparison to reference samples of

conventional design without HR2coating.

Whereas t he reference samples of conven2
tional design , consisting of a single aluminum al2
loy layer wit hout an additional optical coating ,

have shown a large mirror degradation during

t he DUV irradiation test at 193 nm ( Fig. 6 (a) ) ,

no degrease of mirror planarity occurs for t he

SL M test samples with HR2DUV coating of en2
hanced aluminum ( Fig. 6 ( b) ) . Even after t he

harsh DUV irradiation test t he SL M2samples

with HR2DUV coating show an excellent mirror

planarity of (σrms = 2. 84 nm (for comparison t he

initial planarity wasσrms = 3. 05 nm before DUV2
irradiation test ) . Consequently the DUV/ VUV

long term stability and laser damage t hreshold of

micro mirror arrays can clearly improved by in2
t roducing a highly reflective enhanced aluminum

coating into the mirror design.

Fig. 6　Planarity of 16μm×16μm micro mirror test

st ructures with/ without HR2DUV coating af2
ter DUV irradiation test (λ= 193 nm , Epulse =

100 μJ / cm2 , 107 pulses ) , mirror flatness

measured by white light interferometry.

(a) SL M with HR2DUV coating of enhanced

aluminum , ( b) reference sample of Al alloy

without HR optical coating.

6　Conclusions and outlook

　　Highly reflective low2st ress optical coatings

for t he next2generation of micro mechanical mir2
rors have been developed for MO EMS applica2
tions in t he VUV spect ral region. The enhanced

aluminum systems are applicable for t he VUV

spect ral region and can be integrated in t he tech2
nology of MO EMS , such as spatial light modula2
tors ( SL M) and micro scanning mirrors. The

developed designs reconcile high reflectivity and

an improved laser damage t hreshold wit hout

compromising t he micro mirror planarity.

By means of aluminum wit h t hin , low2
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st ress , and protective systems , high reflectivity

around 90 % has been reached over an extended

wavelengt h region starting f rom 200 nm and go2
ing down to 150 nm. These developed VUV

coatings are compatible wit h the requirement s

related to the CMOS technology of micro mirror

arrays. The developed designs allow a conven2
ient pat tern t ransfer by RIE2techniques , wit h2
stand during SL M2fabrication aggressive plasma

t reatment s wit h negligible degradation of t heir

optical performance and enable induced st ress

cont rol in order to guarantee t he required high

surface flatness. SL M’s wit h enhanced aluminum

coatings show an excellent long2term stability of

surface flat ness and an improved laser damage

t hreshold , which have been tested in a harsh ir2

radiation test at 193 nm.

The aluminum wit h protection or enhance2
ment dielect ric layers system at 193 nm have ma2
t ured for application , f urt her investigations will

concent rate on ot her laser wavelengt hs such as

157 nm , 308 nm and 1064 nm applications.
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