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Twenty-ns, 248-nn KrF laser pulses were used to n-.easure laser damage thresholds for 
halfwave-thick layers of 15 oxide and fluoride coating materials, and for high 
reflectance coatings made with 13 combinations of these materials. The damage 
•thresholds of the reflectors and single-layer films were compared to measurements of 
several properties of the halfwave-thick films to determine whether measurements of 
these properties of single-layer films were useful for identifying materials for 
fabrication of damage resistant coatings. 
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1. Introduction 
Because UV lasers are potentially useful for the invpstigation of inertial confinement 

fusion, we have continued development of thin-film coatings for KrF lasers. In previous 
experiments we tested a large number of coatings made from a limited set of thin-film coating 
materials, principally SiO?, HgF? and S c ^ , which were selected primarily because they 
are highly transmissive at 248 nr,. [1], [H], Lengthy studies of a few materials allow optimization 
of the deposition parameters for tr.ese materials, and provide a sensibly large data base for 
evaluation of coatings made from the materials. However, since time and expense limH the number 
of such studies that can be performed, there is the possibility that potentially superior 
materials will remain unidentified. It would, therefore, be advantageous to discover 
relationships between damage thresholds of coatings and the physical properties of the coating 
materials which could be used to guide material selection. In this paper we describe a material 
survey whose aim was to establish such relationships. 

There are two general formats for survey studies of thin-film materials. An evaluation of a 
large number thin-film materials can be made by studying either single-layer films of the 
materials or by studying properties of multilayer coatings made from the materials. Testing of 
halfwave-thick single layers is attractive because, in principle, the materials can be 
individually evaluated and because internal electric fields experienced by halfwave films during 
laser damage testing do not depend strongly on the refractive index of the material. The physical 
properties of single-layer films may, however, be affected by contact of the film with both i.he 
substrate and the atmosphere. Testing highly reflective multilayer coatings made of the materials 
to be evaluated eliminates the influence of the substrate, and provides direct information about a 
useful coating design. Also, environmental degradation or contamination of a given film layer 
could be prevented by overcoating the reflector with a film of a more stable material. The 
disadvantages of using multilayer reflectors are that the materials are tested in combinations, 
rather than individually, and that given a number of materials, there are many potentially 
interesting material combinations. 

It is also important to note that a survey study of thin film materials cannot be expected to 
providj an unambiguous ranking of the relative worth of many coating materials. A survey, by 
necessity, includes only a few films of each material, but characteristics of thin films are 
reproducible only for those materials for which deposition has been optimized, which is the task 
one seeks to avoid by conducting a survey. A survey may reveal general relationships between 
laser damage thresholds and measured physical properties of films, and these relationships would, 
in turn, indicate which materials should be studied more carefully. 

*Work performed under the auspices of the U.S. Department of Energy by the Lawrence Livermore 
National Laboratory under contract W-7405-ENG-48. 
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*T,'.-> 52 (."..jt-it'k":;, vf v w si-r.i? rstfHaH. The ceatfintis kcre ride at Crural Coaifeg Liberjtcry, 
"':s. fi"U"5 !>y piecirrsvtps^ eviifrratjcn of the rcalcriails cnto fused S » D J M substrains that :>sd 
::;,"> J ;;••.,'IN h:;\-; rolls*:*':) it CCU. for s*nglo>"«)cr filns, rf»a'urf-,>nts of the refreetive ir.Sejc, 
tMscrjairri, strrM, envirfR.vcntal stability and the pssiticn of the HV band o>1tĵ  nero .?jtfc. fcr 
C':th fjl:::s iT3 ihic,h reflector (i;i!) coatings, the threshold fci" tesgo by ?0-ns, ?33-ra KrF laser 
fjUes was crssm'd at tJi.-rcr.ee Uverci-re'datlcnal laboratories (lli.n. Results of these 
n:astrf;-cnts cr.d a discussion of j-assible correlations uctween the thresholds of the reflective 
ceatfegs onrJ physical para~Dtcrs of the materials ere presented. 

?. t*peHr.cnt<st Procedure 

Oiroase thresholds were measured at Ltf.t with 20-nS, ?48-nn> pulses generated by a 
discharge-pucped Krf laser. At the surface of the sample, the beam was 1.5 mn in diameter at the 
e*2 intensity level, but the intensity distribution was nonuniform. The hiqhest fluences in the 
beam occurred 3t isolated maxima, where fluonce was uniforo to within + 5S over areas not less 
than 0.1 m in diar.ater. for each shot, the beam was photographed with* Kodak 1-Z spectroscopic 
plates, and the intensity distribution was determined by densitometry. Peak fluence for each shot 
was computed by numerically integrating the intensity distribution and normalizing the integral to 
agree with the measured pulse energy. 

The samples were mounted on a rotating stage which allowea the irradiated test site to be 
coved into the field of view of a Nomarski microscope. Test sites were photographed before and 
after irradiation at a magnification of 420. The test sites were also inspected visually using 
either Nomarski or bright-field microscopy, and under intense white light illumination using the 
unaided eye. Damage was defined to be a permanent surface alteration that was detectable by any 
of these inspection techniques. 

Each test site was irradiated once. The average number of sites tested per sample was 
seven. Damage was defined as the average of the lowest fluence that caused damage and the highest 
fluence which did not cause damage. A detailed description of the laser system used in these 
tests and of our experimental procedure has been previously presented [1]. 

Other parameters of the coatings were measured at OCLI. Trans Pittance and reflectance were 
measured with a Cary 17-DX spectrophotometer. Index of refraction for the individual coating 
materials was calculated from the measured reflectance and transmittance of thick single-layer 
films. The absorption coefficient of a film material was measured by coating a halfwave-thicfc 
layer of the material on a high reflector and measuring the decrease in reflectance. Film stress 
was determined by interferometric measurements of the stress-induced flexure of coated substrates 
0.38 ron in thickness. The absorption edge was defined to be the wavelength at vihich the 
transmission of a coating with a 1.5-vn optical thickness was 50H. Since tranmission 
measurements could not be made at wavelengths below 200 nm, the band edge could not be measured in 
some films. These material? were separated into two groups: those with some measurable 
absorption at 200 nm {absorption edge less than 200 ran) and those with no detectable absorption at 
200 nm (band edge much less than 200 nm). 

3. Single-Layer Films 

Halfwave-thick layers of 15 oxide and fluoride films were fabricated by OCLI using 
electron-beam evaporation cf the materials onto fused silica substrates that had been bowl-feed 
polished by OCLI. The films of most of these materials had generally good cosmetic appearance, 
and contained only isolated uefects with typical dimensions of 1 urn. There were, however, some 
exceptions. Films of YF3 were mosaic arrays of 10-um-siaed areas presumably caused by local 
stress fracture. Some areas on Na3AlF5 films were clean, but other areas had a streaked 
appearance. Films of both Zr02 and teF had a hazy, fogged appearance. 

We measured laser damage threshold for twe halfwave-thick layers of each material. The 
damage thresholds are given in figure 1. The morphology of damage in each film was also 
recorded. Three gener-1 types of damage were observed, and the nature of the damage correlated 
with the measured damage threshold. In low-threshold films, damage appeared as micropits which 
were aligned in either straight or curved rows that resembled polishing sleeks. In 
medium-threshold films, damage usually was seen as a spatially uniform area (shaped like the 
incident laser beam) which was visible by either bright-field or Nomarski microscooy. This 
implies alteration of both surface texture, which effects white-light visibility, and surface 
height, the parameter observed in Nomarski microscopy. The altered areas also contained a few 
pits, which were typically 1 \m in diameter. High-threshold films, sucn as SiOg and ThFj;, 
had damaoe morphologies much like the damage that is observed on front surfaces of bare polished 
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•fj in.ua: »-.U"i vi.i v.i ;i er v.'ilc') are s v r r c ^ v a ty hates at f>ic,ti f 1UIT.CCS 

tr? C,'.~.".-."? I'.fo;.*:.!-.̂ ?, r;.r..~,;M JfCT less lh.w 1 iVc"' in *r0;>, i-.Mch 1s ccvparaMe to tho 
Ci..-.:-„* !V..!".t'? f;-r <."::;> W.allie fil.'.i. to £5 <.Vc-? »n !f;F«, w*>)ch is arcist in ice tftp 
tfC'i-s-rfice ;*.rt;.*:3!-3 .-f biro pntisfcod fi.srd silica [3]. The latter 15 in crusunl result for 
fc'iisd »o h.Sie P. 3 V-tirfSStcry osplsrijiier.; thresholds of coated surfaces rarely exceed these of 
tire surfaces. t'^Picr, X'.:c CKpcrir.cntaJ cbscrvalicn we are reporting is straightforward. Uhen 
vt cse the lest prcji-du.-p described atove. we find 1) thresholds ranging frc~i <j to 15 .'/cr.? for 
inv.X surfaces cf tcre polished silica substrates [3], 2) thresholds exceeding 20 J/cr/ fcr so^e 
silica strfaces coated with lew-index files, and 3) the saire norpiiology of damage for both typos 
cf strfaces. !l *S also interesting to note that substrate structure appeared to influence damage 
rcxrholcgy c.i Jew-threshold filns, but not on r.oderate- or high-threshold films. Absorption by 
trpurities trapped in polishing scratches could have caused this damage, but all substrates were 
similarly polished, so scratches en substrates irradiated at higher fluences should also have 
damaged. The implication is, therefore, that in low-threshold films, the film material itself had 
been influenced by the presence of the polishing sleek. 
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Figure 1. Laser damage thresholds (20 ns, 248 nm) of halfwave-thick films. 

Next, consider the comparison of the film thresholds to physical properties of the films. In 
figure 2, four properties of the films are plotted as a function of the average threshold for each 
material. Thresholds were largest in the films with low refractive index, which (excepting 
5i02> were all fluorides. The high-index films (which were all oxides), and the films of 
Na3AlF6 [which had poor physical properties), had low thresholds. Our results are generally 
similar to those of Newnam and Gill who used 22-ns, 266-nm pulses to test single layers of six 
oxide materials and three fluoride materials [1], and those of Walker, et.al., who tested films of 
six oxides and three fluorides with 15-ns, 266-nm pulses [5]. Among these three studies, both the 
threshold ranking of individual film materials, and the absolute values of thresholds reported for 
a given film material, vary considerably, suggesting that it is difficult to establish true 
comparisons of materials in thin-film form. However, the general correlation between high 
thresholds and low refractive indices is present in all three studies. This correlation was first 
observed by Turner [6], and later developed as a threshold scaling !*w by Bettis, et. al. [7], 
The scaling law predicts some of the results of the three UV damage studies. However, the scaling 
rule is based on the assumptions that damage is caused by electron avalanche and that thresholds 
should scale according to the strength of the local electric field. The law would not be 
applicable if linear atsorption were the dominant mechanism for damage in UV film materials. 
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Figure 2. Index of refraction, absorption, position of the UV band edge and film stress for 15 UV 
coating materials plotted as a function of the averaqe of the damage thresholds measured 
on two halfwave-thick samples of each material. 
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V." s ' i J J,"-"J r i a l 1'.rt'i-",'V*4 vifSt-J ^ > i t t ~ 3 t i f a l l y n i th (11a e lwrpUcn ar.a with Hie 
'::,; i l f i i ' i : : ?, 11'. ;'.:i i f 5"^ ;v '•••C'-AI t 'w" 1 . t:i<v>>y ^bi r tb lng fH~s had lew tt-rci. holds. M l 
*:..= >• r : - r 5 o talrrs •:.M ;_-.' "'.;-:l f~rs<, ?;;•':> ;-ro iv i , vo cbi>crpHcfi c<id fc«,>t»cn of the tiir.3 r<!?e 
»:ii» f J . j c . ^ *e1 s?f^j. J;; •.>:"., nr.co the cMCcs w;re the ra i c r ta l s which bzl Sand I'dges in the 
;";;?• ; .v , -i:i'r-i ,c-.-r1" ,.5>- ,i, .•?.:•) aH-j i'.ic-.n re f rac t ive fctfe*, i t is passible t-nat the epfsrent 
if;~rir i-'3;:ti:n"'tr;«opn VJ flf.-.it;.> thresholds and Ir.Ox is accidental, Again, thorp were exceptions, 
fi if »as i i ' r j a'.ivcrfrt i u \ t u t had a r.cCcralcly large threshold, and scattering losses in both 
RajRHfg i"3 r«';F ksrc so larr;? that we could not raasurc the positions of the band edge. 

Tf.o M t y preif)c;is sltiJy of the corre lat ion between VI thresholds and f i l m absorption 
ecrckded that lir.ear absorption was responsible for damage induced by 266-nn ?2-ns pulses in 
lrOS ! < ] . 

finally, wo found no correlation between film stress and damage threshold, and a possible 
correlation between cosmetic appearance and threshold. The IrOp and NaF films had a foggy 
appearance, and the film of ̂ M F j exhibited streaked areas. The threshold of the 2r0£ 
fi!n was less than that of any other film tested, and these two fluoride films had thresholds less 
those of other materials with comparable properties. 

Although the material characteristic responsible for damage in a given material is not known, 
trends in the entire set of data identify the characteristics that ire associated with good 
resistance to damage by 248-nm irradiation. The film material should have low refractive index, 
low absorption, band edge located at a wavelength well below 243-nm, good cosmetic quality, and 
good environmental stability when exposed to high humidity. For single-layer films stress did not 
influence thresholds. 

4. High Reflectors 

Reflectors for use at 248 nm were fabricated by OCLI from 13 high-index/low-index 
combinations of the materials that were studied as single-layer films. Four reflectors of each 
type were made, two in each of two coating runs. Each reflector had a minimum of 15 
quarterwave-thick layers and was overcoated with a halfwave-thick layer of the low-index material 
used in the reflector stack. The coatings were deposited onto conventionally polished substrates 
of BK-7. 
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Figure 3. Laser damage thresholds (?0 ns, 248 nm) of quarterwave-stack multilayer highly 
reflecting coatings made from 13 combinations of high-index and low-index materials. 
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"•':•«.J1..-Hi- .-;;• .\".r.-:-.ci-> cf ixM ref letters i/as ust-aiHy J ike that of haUwave-thielc fifes of 
it* f.••-•l>". ...'-i! r./.tci-'ia*!, V.X tt:f> V-ff«0 A'lKUy of defects w.)S slir.hlJy tiH.her in refloetcrs. 
,",35 t,*V;:!."> wit'i ;•?!> r:J f.'.ii' )>M a fo:;ry ^rcr.nUr orrwrar.to, .*nd reflectors with YF3 had 
v".»\i«, frfct-ros, t'llVr cn;;<,wa3 rofli.cicrs ir.cluSea the fQllcwSnn,: these with HfO? hit nany 
Er.wrie i.*cff{*-4 ."!'..) tectiens of missing coating; those i:ith OssMFg were densely fogged, end 
t:;:. 5;r.;e tirtulw voids; tv.c li:Oj/"sFj'roflecters appeared scuffed and ncnaniforn. 

GiMge thresholds ef these reflectors, shewn in fio,ure 3, fell into three groups: below 3 
J/c~-, tclhccTi 3 i.v.4 5 J/CB-, and greater than 5 J/cc.?." Reflectors with the lowest 
tfcroshaScs ncre f ibricaied with high-index mterials that had low thresholds when tested as single 
lajcrs, IrOj end ll:0?. In contrast, the low-index material (Ja3Air6 had a low threshold 
hhfii tested as a single layer, but when combined with Aljitb. produced a reflector with 
federate threshold. Reflectors of ScpC^/tlgFp and I'gO/LiF had the highest thresholds, the 
redian values being 5.6 and 7.0 .l/civ,?, respectively. It is interesting that these largest 
reflector thresholds were considerably greater than the thresholds of single layers of the 
b)gl:-iist!ex materials, and considerably less than the highest thresholds observed in single layers 
of the low-index materials. 

Hitjh-n Low-n 
Rank material material 
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n k edge Stress old metre mental 
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2 " MgF 2 

1 S c 2 0 3 MgF 2 
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2 " ThF 4 
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Figure 4. Comparison of threshold ranking (high to low) of reflectors to ranking of coating 
materials with resoect to increasing refractive index, absorption, position of band 
edge, and stress, and with respect to decreasing threshold of halfwave-thick films, 
cosmetic appearance and environmental stability. Reflectors are grouped into subsets 
containing a common material, and within each subset, are ranked by decreasing 
threshold. For t.ach subset, we indicate whether each possible ranking of the varied 
materials agreed (0) or disagreed (X) with the threshold ranking. In some instances 
there were either minor disagreements (0) or the material ranking could not be 
established (?). 

A major purpose of tnis study was to determine whether the threshold ranking of reflectors 
could have been predicted from either the threshold ranking of single layers of the constituent 
materials, or the ranking of the constituent materials in terms of their physical properties. A 
comparison between these rankings is shown in figure 4. The lefthand columns of Fig. 4 list the 
pairs of materials from which reflectors were made. The list is organized so that all reflectors 
containing a given material appear as a group. Groups of reflectors with a common high-index 
material are at the top of the figure; groups with a common low-index material are at the bottom. 
Inside a given group, che reflectors ire ranked in order of decreasing threshold. In the 
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riif,V.";;"J p.'?t cf it? f :.jwrt>, no « e f(,jr l>.":.t)ls to trdscjte »l-r-tr.cr t('.e ranking cf thresholds in 
i r,rz*p cf rc-JJesters s ;;>YM H » cr <5»"„",i,<:'ed {*.) witii a particular ringing for the nalcrieU IJiat 
kffe varjeJ in that ?rcc;i. Tfu open tirt'it IwskoiPS an insignificant inconsistency between 
l?:TVS!:olld rii.kings of roiJcttcrs and & material racking based en only a slight difference in 
FtysltaJ pirt7.?ters cr ruf lector thresholds. The symbol (?) indicates no naterlal ranking was 
C25S!I)!e tfeeuse osierial parameters were equal or unknown. 

As in ena-ple, eensider the set of three reflectors that contained Scj(>3 as the 
h?';l>-1nCex material and either KgF?, YF3 or LaF3 as the low-index material. Threshold 
ranking (hic,b to lew) for these reflectors agreed with naterial rankings based on increasing 
refractive index (n » 1.43 for MgFj, n = 1.54 for Yr3, n * 1.59 for laf^) and increasing 
absorption (k < .001 for KgFj. k < .001 for YF3, k = .001 for U F 3 ) ; disagreed only 
slightly with the ranking based on increasing magnitude of film stress (-50 Kpsi for MgFj. -49 
Kpsf for VF3, -91 Kpsi for laFi); and strongly disagreed with the rankings based on decreasing 
damage thresholds of the filn (14.4 O/cm? for MgF?. 4.6 J/cm? for VF3, 17.? J/cm? for 
U F 3 ) and decreasing cosmetic quality (the YF3 films had stress fractures). Films of MgFj, 
YF3 and LaF3 had comparable environmental stability and comparable positions for their UV band 
edges, so rankings could not be established on the basis of these properties. 

The entire set of data in figure 4 shows two general trends. First, when various low-index 
films were used with a given high-index film (top half of figurej, the highest reflector 
thresholds were correlated with use of the low-index material with lowest refractive index. 
Absorption, position of the UV band edge, and stress were reasonably good indicators of the merit 
of the low-index materials, whereas thresholds of single-layer films and cosmetic appearance werf 
sometimes poor selection criteria. Attempts to correlate environmental stability with reflector 
thresholds »ere inconclusive. Second, when various high-index materials were used with a given 
low-index material, optimum reflector thresholds were correlated with minimal absorption and best" 
cosmetic appearance in the high-index film. Of these, we suspect that absorption is the strongest 
parameter. There was also reasonable correlation between reflector thresholds and either position 
of the UV band edge or threshold of single-layer films of high-index materials. The refractive 
index, stress and environmental stability in high-index materials did not correlate with reflector 
thresholds. 

5. Summary 

We measured laser damage thresholds for halfwave-thick layers of 15 oxide and fluoride 
materials, and for HR coatings made from 13 combinations of these materials. Several physical 
properties of the single-layer films were also measured. 

Of the HR coatings tested, those made of Sc203/MgFj and of MgO/LiF had the highest 
median thresholds, which were, respectively, 5.6 and 7.0 J/cm?. The thresholds of single-layer 
films ranged from less than 1 J/cm' for ZrOj to more than 20 J/cm<? for SiOj and ThFa. 
Thresholds were greatest in films of materials for which refractive index and absorption were 
small, and the position of the UV edge was well below 248 nm. Thresholds of single-layers did not 
correlate with film stress. 

Measurements of thresholds for halfwave-thick single layer films did not identify the 
materials from which the reflectors with greatest threshold were fabricated. The survey was 
moderately successful in identifying material characteristics which effect thresholds of 
reflectors., and identified a promising material combination, MgO/LiF, which we had not previously 
studied. 

In reflectors made of pairs of materials having a common high-index material, and various low 
index materials, the largest thresholds for the reflectors correlated with use of the low-index 
material with lowest refractive index. In reflectors with a common low-index material, thresholds 
correlated with use of the high-index material with the lowest absorption. 
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