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Abstract : High laser2induced damage threshold and large aperture were focuses on the studies of high power laser coat2
ings. This paper report s the research activities at our center. Several measures were developed for evaluating characters of

laser damage , including determination of laser induced damage threshold and detection of absorption based on surface

thermal lensing technique. Defect was deemed to be the initial source of laser damage , and was the main factor rest ricting

the laser damage resistance of optical coatings. The contribution of several kinds of typical defect s to laser damage was an2
alyzed , and some deposition measures were adopted to control and eliminate the origin of defect . Furthermore , some post2
t reatment methods were also employed to alleviate the influence of the defect and to improve the laser damage resistance.

Correction mask was int roduced to improve the thickness uniformity , and the thickness uniformity can be amended to less

than 1 % in the range ofΦ650 mm. Preliminary investigation related to surface deformation was also conducted.
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1　Int roduction

　　Optical t hin film coating is one of the wea2
kest optics in ICF laser systems. Totally , t here

are two aspect s which influence t he develop ment

of the laser systems. The first aspect is laser

damage resistance of the coatings , which p uzzled

coating engineers for many years[1 ] . Alt hough

much great p rogress has been made in t heoretical

analysis of damage mechanisms and optimization

of deposition procedures , t here were still many

sealed problems rest ricting t he f urther improve2
ment of t he laser induced damage threshold

(L ID T) [227 ] . The laser2induced damage threshold

of optical coatings is influenced by a large num2
ber of factors , such as mechanical p roperties[8 ] ,

t hermal p roperties[9 ] , chemical composition[10 ] ,

crystallograp hic p roperties[11 ] , microst ruc2
t ure[12 ] , defect s[13214 ] , coating design[12 ,15216 ] , laser

parameters[17 ] , application conditions and envi2
ronmental influences[18 ] . The most p rominent

factor is t he defect s , which is t he weakest part

in optical coatings and is t he initial source of la2
ser damage. To cont rol and eliminate t he origin

of defect can improve t he L ID T effectively , but

it was always expensive and difficult [19220 ] . As a

result , some po st2t reat ment met hods were also

int roduced to improve t he laser damage resist2
ance , including laser conditioning[21223 ] and an2
nealing[ 24225 ] . The second aspect is t he p roblems

encountered when t he size of the laser coatings

grows to large apert ure. This kind of p roblem

includes t hickness uniformity and st ress2induced

surface deformation. Our at tention in t his paper

will be mainly paid to the laser damage behaviors



of optical coatings and some measures to cont rol

or eliminate t he influence of defect s. Some pre2
liminary st udy related to t he large apert ure coat2
ings was also conducted.

2 　Laser damage p roperties detec2
tion

2. 1　Laser induced damage threshold determina2
tion

Laser induced damage t hreshold was related

to damage probability and should be evaluated

by damage p robability met hod. In short , a mini2
mum of ten sites was exposed to a given p ulsed

laser energy and t he damage probability was re2
corded. This p rocedure was repeated for ot her

specific fluences to develop a plot of damage

probability versus energy density. A linear ex2
t rapolation to 0 % damage p robability yielded t he

L ID T[26227 ] .

2. 2　Weak absorption detection

Absorption is t he source of laser damage.

Absorption detection is helpf ul for understand2
ing laser damage mechanism. Surface t hermal

lensing ( STL ) technology is one of t he most

convenient methods and have higher signal2to2
noise ratio [ 28230 ] . Photo2t hermal microscopy in

t he raster2scanning mode based on STL technol2
ogy has been developed to analyze t he absorption

dist ribution of t he sample.

3 　Defect and it s cont ributions to

laser damage

　　Formation of defect s is complicated and it is

depended on the deposition materials and proce2
dures. Classification of defect s is also difficult

because of t he limited detection techniques.

Generally speaking , t here are several kinds of

defect s , such as nodular , imp urity , off2stoichi2
omet ry defect and color center . The cont ribution

of t hese kinds of defect s is different form differ2

ent instances. Most report s about defect2initia2
ted laser damage showed t hat nodular was t he

dominate factor of laser damage , but f rom our

researches , it was rarely to find nodular for most

kinds of coatings. Fig. 1 shows t he typical mor2
p hology of t he cross section , and there are no

nodular exist .

Fig. 1　Typical SEM morphology of optical coating sec2

tion

However , ot her kinds of defect s will play a

great role in laser damage. Firstly , t he imp urity

is t he mo st obvious laser damage initiator , which

depends on t he p urification procedure of t he dep2
o sition materials. The imp urity element s of sev2
eral kinds of deposition materials were analyzed

by Glow Discharge Mass Spect rometer ( GDMS) ,

and t he result s were summarized in Tab. 1. We

can find t hat t here are several absorptive ele2
ment s for ZrO2 : Y2 O3 and t he content of metal

element platinum is t he highest . It is fatal to t he

laser damage resistance. Secondly , incomplete

oxidation of t he material atoms during evapora2
tion will cause off2stoichiomet ry defect s , who se

absorption is much higher t han other part of

coatings and which is invisible for most in2
stances.

Tab. 1　GDMS analysis of deposition materials

( ZrO2 :Y2 O3 )

Elements Pt Al Cu Ti Fe

Content ( ×10 - 6 ) 9790 42 42 12 3. 5
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4　Some deposition measures to re2
st rain t he defect s

　　Rest rain defect s can imp rove the laser dam2
age resistance effectively. Two ways were most2
ly adopted : one is cont rolling t he origin of t he

defect s during depo sition procedures , another is

wiping off t he influence of the defect s by post2
t reatment met hods. Some deposition measures

will be discussed in t his section , and post2t reat2
ment met hods will be illust rated in t he next sec2
tion.

4. 1　Application of ion beam sputtering ( IBS) in

high power laser coatings

IBS technique has it s advantages in rest rai2
ning the defect , and improves t he laser damage

resistance consequently. Moreover , t he packing

density of IBS prepared samples will be higher

t han that of E2beam deposition , and for most in2
stances t he samples is non2crystallization , which

usually has higher L ID T t han t hat of crystalliza2
tion samples. Fig. 2 summarizes t he absorption

properties at 1 064 nm of the samples , which

was detected by p hotot hermal microscopy in t he

raster2scanning mode based on STL technology.

Because raster2scanning was time2consuming ,

only line scan in 2 mm was performed. It is

found immediately that t he absorp tion p roperties

were homogeneous and t here was no absorp tive

defect s found. The 12on21 L ID T of t he mirror

was greater t han 30 J / cm2 (1 064 nm , 12 ns , in2
cident angle is 45°, p polarization) . From t he

typical damage morp hology ( Fig. 3) , it is found

t hat t he damage is initiated f rom t he surface of

t he coating and is not related to local defect s.

That means that t he IBS prepared sample can re2
st rain t he defect s and it is helpf ul to improve t he

laser damage resistance. The elect ric field dist ri2
bution analysis ( Fig. 4) showed that t he elect ric

field of out side layer is t he highest site and it is

just t he site damage promoted.

Fig. 2　Absorption detection result s of pick2off mirror

Fig. 3　Damage morphology

4. 2　Oxygen partial pressure[ 31]

Off2stoichiomet ry defect s originate f rom in2
complete oxidation of deposition material atoms

or clusters. Suitable oxygen partial p ressure is

important for eliminating off2stoichiomet ry de2
fect . The ZrO2 monolayer was prepared by elec2
t ron beam evaporation ( EB E) wit h different ox2
ygen partial p ressure , varying f rom 3 ×10 - 3 Pa
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Fig. 4 　Elect ric field dist ribution analysis of pick2off

mirror

to 11×10 - 3 Pa.

The ref ractive index data are indicative of

t he film density[32 ] . The ref ractive indices of t he

films at ～ 550 nm were calculated f rom t he

t ransmit tance spect ra by t he use of t he envelope

met hod developed by Manifacier et al . [33 ] . As il2
lust rated in Fig. 5 , t he ref ractive index decreases

with increasing oxygen partial p ressure. This

means the film packing density also decreases

with the oxygen partial p ressure.

Fig. 5　Ref ractive index of ZrO2 at 550 nm for different

oxygen partial pressure

Fig. 6 p resent s t he samples’ absorptance var2
iation wit h t he oxygen partial p ressure. A mono2
tonic decrease of absorptance varying f rom 125. 2

×10 - 6 to 84. 5 ×10 - 6 wit h increasing oxygen

partial p ressure was observed in the plot . Off2
stoichiomet ry of oxidation is one of t he main

causes of t he absorption , since high absorbing

suboxide component s are formed easily during

deposition because of oxygen deficiency , and ad2
equate oxygen can repair oxygen vacancies[34 ] .

So t he off2stoichiomet ry of t he ZrO2 films caused

by insufficient oxygen content is the main cause

of t he absorbance differences.

Fig. 6　Absorption of the ZrO2 monolayers with different

oxygen pressure

The dependence of L ID T of t he ZrO2 t hin

films on oxygen partial p ressure is shown in

Fig. 7. It shows clearly that t he damage t hresh2
old increases gradually f rom 18. 5 J / cm2 to 26. 7

J / cm2 wit h oxygen partial p ressure variations

f rom 3×10 - 3 Pa to 9×10 - 3 Pa. However , t here

is a drastic decrease of the L ID T when the oxy2
gen partial p ressure exceeds 9×10 - 3 Pa.

When oxygen partial p ressure varies f rom

3×10 - 3 Pa to 9 ×10 - 3 Pa , the absorp tion and

packing density decrease correspondingly , so it

is reasonable t hat t he L ID T of t he samples in2
creases. When oxygen partial p ressure exceeds 9

×10 - 3 Pa , t he L ID T decreases dramatically. So

we can deduce that the low L ID T of sample D

may be partially ascribed to excessively loo se

st ruct ure and poor mechanical stability of t he

films due to t he optimum oxygen content being

exceeded , and microst ruct ure is t he dominant

factor to t he L ID T.
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Fig. 7　L ID T of the ZrO2 monolayers with different oxy2
gen pressures

5　Post2t reat ment met hods

5. 1　Oxygen plasma post2treatment[ 34 ]

Post2t reat ment methods were widely int ro2
duced to high power laser coating fabrication ,

such annealing and laser conditioning. These

met hods can improve t he laser damage resistance

effectively for some specific instances. As one of

t he post2t reat ment measures , oxygen plasma

post2t reatment also can influence the defect

p roperties , which is related to laser damage be2
haviors.

EB E prepared ZrO2 monolayer wit h thick2
ness of 450 nm was t reated for 12 min with low

energy oxygen plasma after deposition. The de2
fect density in t he monolayer was detected under

Nomarski dark field micro scope with 100 times

magnification. The dimension of t hese micro2de2
fect s is about inμm2scale. Fig. 8 p resent s t he

micro2defect density of t he samples. A1～ A5

and B1～B5 represent random five sites on t he

sample surfaces before and af ter t reat ment , and

t he average defect density on t he five sites are

18. 6/ mm2 and 6. 2/ mm2 respectively. The re2
sult s indicate t hat t he defect density reduced evi2
dently af ter oxygen plasma t reat ment . Generally

speaking , micro2defect s on the sample surface

are caused by spit ting in evaporation p rocess.

They of ten weakly connect with t he coatings and

could be detached f rom the coatings easily by

outer disturbing , such as ion t reatment , laser

conditioning , and etc. The absorption properties

of t he samples before and af ter t reat ment are

summarized in Fig. 9. The sites wit h high ab2
sorption are t he sites where t hermal defect s ex2
ist . When the sample was t reated wit h oxygen

plasma , t he absorptions become uniformity.

This p henomenon is consistent wit h t he defect

density alteration after t reat ment . The L ID T of

t he sample also increass greatly as shown in

Fig. 10.

Fig. 8　Micro2defect density variation of the samples af2
ter being t reated by low energy oxygen plasma

Fig. 9 　Absorption of the samples before and after being

t reated with low energy oxygen plasma

Fig. 11 p resent s the bright filed microscopy

images of damage morp hologies. We could see

clearly t hat most of t he damage sites on t he sam2
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ple surface are centered wit h a defect site for t he

As2grown sample ; whereas for t he ion t reated

sample , t he damage morp hology appears to be

int rinsic damage of coating material .

Fig. 10 　L ID T of the sample before and after post2
t reatment

(a) As2deposited sample (22. 6 J / cm2 )

(b) Treated sample (26. 3 J / cm2 )

Fig. 11　Damage morphologies of the samples

Oxygen plasma t reat ment may stabilize t he

micro2defect s (for example , eject defect s gently)

in the coatings so t hat t hey are not highly sus2
ceptible to laser damage.

6 　Several key p roblems of large

apert ure coatings

6. 1　Uniformity of optical properties

The uniformity of t he optical p roperties of

t he large apert ure coatings was decided by t he

uniformity of the physical thickness of multilayer ,

Fig. 12　Theoretical simulation of physical thickness u2
niformity

Fig. 13　Experimental result s of the uniformity

which was related to t he configuration of t he

vacuum chamber and evaporation emission prop2
erties of t he deposition source for PVD method.

According to the specific coating chamber wit h

1 800 mm diameter , we established the p hysical
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t hickness uniformity model . The t heoretical

simulation ( Fig. 12) of the t hickness uniformity

is in correspondence wit h the experimental re2
sult s ( Fig. 13) .

Correction mask was employed to amend t he

t hick uniformity of t he large apert ure coatings ,

and t he optimized experimental result was shown

in Fig. 14. The thickness uniformity of polarizer

can be amended to less than 1 % in the range of

650 mm.

Fig. 14　Uniformity after correction

6. 2　Surface deformation

Surface deformation of t he laser coatings

with large apert ure is very complicated. Estab2
lishing the correlation between surface deforma2
tion and deposition procedure is t he basis to dis2
cover t he p roblem. HR coatings for 1 053 & 633

nm wit h different incident angle were chosen to

disclosure t he regularity. The parameters of t he

coatings are summarized in Tab. 2. Some statis2
tics of surface deformation are summarized in

Fig. 15. The surface deformation was scaled by

power value.

It is found t hat power value increases as t he

incident angle increases , which means t he st ress

increases as t hickness of the multilayer in2
creased. Furt hermore , t he power value increases

as sample dimension increases. The compressive

st ress appeared in 0°and 45°samples , whereas

tensile st ress appeared in 22. 5°samples. This is

a st range p henomenon , and f urt her st udy need

to illuminate this p roblem.

Fig. 15　Statistics of surface deformation
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Tab. 2　Parameters of the coatings

HR @1053 &633 ,0°,P HR @1053 &633 ,22. 5°,P HR @1053 &633 ,45°,P

Sample
number

Dimension
(mm×mm×mm)

Sample
number

Dimension
(mm×mm×mm)

Sample
number

Dimension
(mm×mm×mm)

1 φ50×8 1 120×88×15 1 φ50×8

2 φ50×8 2 120×88×15 2 φ50×8

3 φ50×8 3 120×88×15 3 φ50×8

4 φ50×8 4 120×88×15 4 φ50×8

5 φ50×8 5 φ50×8

6 φ50×8 6 φ50×8

7 φ50×8 7 φ50×8

8 φ50×8 8 φ50×8

9 φ50×8 9 φ50×8

10 φ50×8 10 120×88×15

11 120×88×15

12 120×88×15

13 120×88×15

14 340×240×40

15 340×240×40

7　Conclusions

　　Some exploration work about high power

laser coatings was reviewed. Cont ributions of

defect s to laser induced damage of optical t hin

film coatings were analyzed , and some deposi2
tion measures were employed to cont rol and e2
liminate t he origin of defect s. Furt hermore , ox2

ygen plasma po st2t reat ment was int roduced to

alleviate the influence of t he defect s. Based on

t hese measures , t he L ID T improved effectively.

The thickness uniformity of large aperture coat2
ings can be amended to less t han 1 % in the range

of Φ650 mm by correction mask. Some regula2
tions of st ress induced surface deformation were

obtained , and f urt her work to explain it is going

on.
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