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Ion Beam Charactorizotion of lfulti-Layer Dielectric Reflectors

J. C Beery, lf C. Hollander. C J ?taggiore.
A Rwlondo. R. T Uestervelt. ●nd T. U. Taylor

Los Alemos Uatlonal Laboratory

Los AlsmGs. IfH 87545

Energetic ion beems were used to charectorize mulcilayer dielectric reflectors

Alpha-particle bexms with beem spot sizes between 10 microns snd s few millimeters we:e

scsctered from reflectors consisting of 32-layer Si02/hf02 end 38-layer HgF2/ThFa The
~S ~e~tra reveal the nature of the lmser d~~~e processes by providing irifomatitifi on

diffusion, mixing. end loss of material in the coatings The particle-induced x-ray
●mission (PIXEJ teChnique gave complimentary results on low-concentration impurities in
the coatings

Key Uords dielectric refioctorh. nuclear microprobe. perticle-induced x-ray ●mlsslori.

Rutherford b~CkeCStLering

1 Introdtictlon

Considerable work in the tfzmage mechanisms of multilmyer dielectric reflectors has prev~ouslj
been reported. usifig ● variety o: ●xperimental techniques The f.ndsmental demg- mechanisms ● re

not completely understood b!cause of the complexity of the tyster,s Me have carried out Ruther

fo:d backscettering [11 (Rbsj end partlcl~-induced x-ray ●mission [21 (PIXE) ●xperiments L:sAng
●nergetJc Jon boems to chsracter~ze hlgli-reflection coatings on laser mirrors before end sfter

demage. These _spOrim@ntS ●re pmrticulerly suitable for measuring the COmpGSitiOn as @ funct~~fi
of depth. the presance of low concer,tratlon impurities. snd chan~e~ in the structure of tt- fll~s

● ● res.lt of the decwge processes The measurements have been .~ade on undamaged coatings with.
ep.3t sizas of ● fow ●q.are millimeters Locellzed stficLure in th- region of individual demsg-

pits hrs been studied using G nuclear microprobe [3.41. whic,l produ:es ●pot sizes ●s cm.xll ● s ter,
microns in diemetar The RBS epoctra obtained provide infomnatior ●bout demsge profiles. mlx,ng

diffusion. end loss of matarial in the coatings The PIXE cechniq~e ha- b~en .sed to measure lQW
concentration levels of mp.rltles in che filmc

2 Exporin.entel Hethcd

Rutherford backscstterin~ is a w?ll-escebliohed qwantitaLlve technique for lntQrfac@ ●~d L~Ifi
film ●nalysis It is ●n ●~slytical technique based on kno- kin~matics ●nc energy loss thin! KG,.
deteP.4ne the ccmpcsiiien an9 otruct~re in mstarimls Lo s depth of a few ml:r~ns

Fig.re 1 is ● schema”ic drawing of the general geom@Lry of ● Bmckscattoring •xperime~l A
besm of ligIiL ions from ● Van d~ Craaff .cc@lerstor ntrikes ● tSrg@L. md th~ scetcored parti~les
are detected with ● 9urfac@ barrier detector ● t ● fixed mnglc Figure la shows ● thin film of ●

heavy elnmenL on top Of ● Iight?r hbStrSL@ Th- observed ●norsy cf th~ backschctercd parllrle~
lB dctermin~d by Lhe kinematics of th~ ●lsstic Scattering ●nd the deplh of the scattering evm,~!
below Lb surfoc- Pig.re lb chows ● typical RB5 op~rtrm. The highosL ●nergy. Kfi,n. corre
spondci to ●lastic tCOtLering ● L L%Q krfac? of the film The ●n~rgy Bf it du~ to ●lmstic scfi!
LerinfJ from Lhc film ● t thm film s~bstrmte interfs.e and th~ ●nergy losm of tF,@particles craw

●rslng the film Thc wldt~ of th~ peak. M. is related to the ●real dens’ty (acoms~cm?l of
the film The relotiw~ massen of the Incldefit and target partlclcs ●nd the ●csttcring geometry
dct~mine th~ kin=matlc fector. K ThQ backscactering ●n@r&y increases wiLh the mass of the !ar
l-t •to~s Thuti. P~S IS p~rticul.rly we]l suic~d f~r measuring the dis~rib.,. ion of hcevy •l~m.r.tr

in ● lirhLer mhtrix

1



Figure la. Oeneral btckscattering geometry Figure lb. RBS ●pectrum obtained from a

for Rutherford backscattering measurement. heavy thin film on ● light substrate

Tha RSS ●xporImonts reported here were carried out with 2.3 ●nd 2.5 Mev a-particles with
@in ● O end eout = 20 degrmes. We studied 32-layer Si02/Hf02 snd 38-layer ~gF2/~4 coatings on

fused silica. Since the kinematic factor for th* lighter ●lements, Si, O, I@ ●nd ?, is much less

thsn that for the fff or l%, the high ●nergy part of the spectrum characterizes the depth distri-
bution of the heavy ●lements in the film.

The technique favors hith Z ●lements because the Rutherford backscattering cross ●ection is
proportional to 22. If the ●lemental msases ● re too close, the kinertat~c constraints limit the
mass resolution snd result in overlapping spectra for compound samples, Consequently, the ●naly

sis of A1203/Si02 coatlnga Is ●omewhat more difficult. ‘fhese factora, together with finite

detnctor resolution, limit our depth sensitivity ●t the surface to ●pproximately 50 angstroms.

Energy straggling degradea depth resolution below the surface.

Uhen en ●jlergetlc ion looses energy in the ●mple, it Induces x-rsy emission characteristic
of the atoms in the target. Energy ●nalysie of these characteristic lines permits ●lemental

identification at low concentration levels. The PIXE technique is generally ●pplicable to ●toms

with Z > 10. The sensitivity depends on the matrix ●nd the ntomic number ●nd is usually in the
rang~ of 10 ppm. For the work reported here, the incIdont beam was 2.0 lieV ptotons.

These techniques can be ●pplied to tho study of localized damage by focusing the incident ion
beam into ●mall spatial dimensions. Ue have studied individual demag~ pits on mullilayer dielec

Lric reflectors using these focused ion beema with both the RBS end PIXE techniques. A nuclear

microprobe with epot ●i;ea of ● few microns in diameter wae uted.

He studied Si02/Hf02 ●nd RgF2/ThF4 multileyer coatinga on fused silica substrates The

structure of these films is g~ven in Tabl* 1. Table 2 describes the dimensions of the beam spots
●nd the resulting current densities. For th? two larger spot siz~s, tlw RSS ●nd PIXE techniqucfi

●re non-destructive, For the sma’1-st epot size of ton microns, the current densi”~ is high

●nough to create color cenlars

Tabl* 1. Structure of multi leyer Tsble 2. a-parlicle beam parem~t~r~
dielectric reflectors
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3. Results

Figure 2 Bhows the ●xperimental

RBS ●nergy spectrum from the Si02/ttf02
coating. One csn claarly see 16 80ps -
rate ha fnium peaks. Also ●vidont is
the change in layer thickness for the
topmost five layers of Hf02. The sili-
con contribution overlaps the lower
●norgy portion of the hafnium peaks

●xtending up to 1.4 IfeV, but it does
not significantly ●lter the spectrum
clue to its lwer scattering cross sec
tion. The low ●nargy cutoff ●t 200 keV
is due to the discriminator setting in

the ●lectronics.

Similer dsta were SISO tsken on

sn undamaged l!gF2/YhF4 coating. These

-cults ●re shown in Figure 3. The
first 15 lmyers of this spectmm hove
boon simulated using the model psracne.

tors listed in Table 3. The ●imuletion
was performed using computer progrsms
based on first principles for the scat-

tering snd psrsmeterized ●nergy loss
●qustions. The input :onsists of ● ver
●ge stoichiometric ratios for the indi
vidual ●lements in ●ach ltyer. The
progrsm uoes them to cmlculate the
corresponding spectra which ●re then
compmred with ●xperiment. The best fit
was schieved with s decreasing rs+.io

of thorium to fluorine ,~c one moves
towsrd the ●ubstrste (e.g., 1 to 4 for

the top layer and 1 to 5 for the ●ighLh

layer) . In ●ddition. the thorium that

is missir.t from ● given ThF4 layer ap.
pears unifomnly distributed in the ●d
jmcent MgF2 lsyer, This can be intc,r.
pretod ●s ●violence for lnterlaynr mixing

during ths fabrication procecs. I%Q
thorium fluoride layers ● re unifom to
w~thln 5%. The msgneslucn fluoride Isyers
●ppeal’ to be fairly unlfonn; however,
the nimulttion is not v@ry sentitive to

the low masm lay~rs.

Ficure 4 is ● Momtrski mlcrograph
of a Imscr dsmaRe Bpot in the silics/
hefnlm costing The l-rg~ oval feeture

●t the cmter is the v~sibly demged re
gion thal penetrates to th~ ●ubctrate,

The striations to the left hnd right
were msde visible during or sfter the

dmmage procezs A relstiv@ly cleer ●r?a

o
0

L

Z5MCV0

t

d I— .. ——.. .—k-- —------= -–
05 10 15 20 25 30

ENERGY (MeV)

Figure 2.

●
bU I

SSS energy tipectcum for undsmged region
of Si02/Hf02 reflector.
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Figuro 3. RBS ●nergy spectrum for undamatrd
regicm of MgF2/Th}4 reflector (points),

Simulated spectrum for (iflee!) lsyerri

nasresl -urfmc~ (solid Iino),



Table 3. Simulated stmcture fo- fifteen layers of MgF2/ThF4. Leye- 1 is at the surface.

&er No-

1
2

3
4

5
6
?

8
9

10
11
12
13
14
lJ

Thicknees
flQ15 atoms/cm2~

405

430
410

430
410
430
410
428
405
420

287
428

405
428
410

Atomic Concentration (%j

a ~ M?J

20.0

18.9

1.0
18.5

1.0
18>2

1.6
17.LI

2.6
17.4

3.?
16.1

4.2
161

80.0
66.7 33.3

%1.1
66.0 33.0
81.5

66.0 33.0
81.8
65.6 32.6
82.5
64,9 32.5
82.6
64.5 32.3
83.9
63.9 31.9
83.9

immediately ●djacent to the damage pit cuggests that theee striations were ●nnealed by thermal
processes, To study in d~tail the damage ●t ● single pit , we focustd the iov beam to ● spot 10
microns in diameter using the nuclear microprobe. The line of omall spots ● cross the lower parL
of the oval feature is due tha microprobe ion beam, We believe that the radiation damage from the
Ion Desm created color centers

*

we.

rl~ure 4 Momaraki microgrenh of larnor damaged spot ●nd surrounding region



For the line SCM scross the lassr damage area we obtsined flSS spectra, one spectrum st each
spot . Figure 5 is s composite of five spectra taken ●t vsrious positions near or on the laser-
damaged ●res of figure 4. The widest spectrum corresponds to the microprobe anolysis ●t the edge
of the damaged region and is similar to thst of figure 2 ●xcept thst the statistics ● re poorer.

In addition, there is a small surface peak Corres;’mding to hafnium thmt has been ●jected from
the pit end is on top of the Si02 overcost. As one crosses the crster, the spectra chan~e

significantly due to mixing and loss of meterial. fie spectrum corresponding to ● spot inside

the ●dge of the crater shows the 10SS of the overcost and 5 ok. 6 psirs of silica/hafnis layers.
It ●lso shcws that these ●re the outer layers of the costing. The next spot in the direction

toward the bottom of the crater shows ●ddition-l loss of hafnis ●nd silica. The layered

structure is ●bsent indicating Interlayer mixing. The last two apectrs show successively greater

leas of coating material toward the center of the pit.

LINE SCAN OF DAMAGED REGION

I , SPOT 1

I

o 0.5 1.0 1.5 2,0 L.3

ENERGY (MeV)

P!gure 5. Composite of five RBS ●nergy spectra taken near ●nd on damaged spot.
Reflector 1s Si02/Hf02

The RBS technique is sensitive to
thin overlayera such ●s the half-wnvr
overcoat of low-index material commonly
appliud to these mirrors. ~or ex~le,

figure 6 consists of a spectrum from the
undamaged region of th@ Si07/HfO~

mirror overplayed with ● spectrum naar
the damaged ●res, The small shift in th~
●nergy of the upper ●dge of the hafnium
corresponds to ● 160 A loss of the S102
overcoat In ●ddition, the vallcyn of

khe undamaged sp~ctrum ●re deept~r than

thou? of the dunaC@d one, Thic Indicales
thst Bub-#urface dIffusIon occurred near
the damaged spot, Then@ results ●uggesl
that in th~se hafnis?silica contings, the
damnge merhanIsm proceeds from the to;>
tuward Lhc substrslr,

50

I

Q’
-— 04hb”[i {B)
---- uMUAA4AL1U (A)

Figure 6. RMS spectra taken from undamagc.d and
slightly damag?d regions of Si02/Hf02 shuwinc

partial 10BS of overcoat ●nd diffusion

‘,



Figure 7 shows the I?BS spectzum of an
undamsged MgF21ThF4 coating usint a
100-micron spot size. The 19 leyers
of thorium fluoride src claarly visi-

ble. Mote the similarity of this apec-
tmm and thct of figure 2. As one ap-
proaches the le~er-damsged srea, the
differences between the damage buhavior
of the Si02/Hf02 snd thst of th~ fius/ThP4
become evident. These differences ●re
shown in figure 8 for line scan dote
tuken using ● 10-micron epot size. The

epectrum token near the ●dse of the
dam-go region exhibits ● loss of lay-
ered structure near the substrate
whereas the thorium peak is ●nhanced
for the top layer. As we move toward

the center of the damage region we ob-
serve complete loss of stmeture end

50% reduction in the amount of thorium.
In nddition, the surface thorium peak
gradually disappears. Changes in the
slope of the spectrt ●t 0.9 and 1,2 HeV

show the presence of flourine and mag-

nesium in the damage ●rea. We believe
that this indicates mixing of the mug-
nesium fluoride and thorium fluoride
films. The behsvior of the surface
thorium pesk in these dsta coupled
with other spectrs from regions which
sre not visibly sltered, indicate that
● significant amount of fluorine
leaves the surface region, These
●pectra suggezt that the damage
mechanism starts from the sub>:rato
?nd progresses outward through the
coating.

We have ●lao used PIXE to search
for low concentration impurities.
Figure 9 shows a spectrum obtained by

bombarding the SiO~/Hf02 sample
with ● beam of 2,0 MeV protons, In

●ddition to the hafnium L lines, K-a
lines from iron ●nd zirconium impuri-
tle~ can be seen, The Fe Ia present
●t ● concentration of 0,14 ●nd the Zr
at 0,29 ●tomic percent relative !O

the Hf.

4, Conclusions

1 (! 1 !, ‘J {r.
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Figure 7. RBS energy spectrum from undamaged
rmgion of FfgF2/ThF4 reflector.
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FiqurQ 8. Composite of three energy opcctra
taken near nnd on damaged spat,

Reflector is MgF2/Tht4

Spatially resolved I?B2 provides detailed information about lsser dsma~v mechanisms In multi
lay,,r dielectric coatingg, Cx\r results show that th~ fabll~ation process can result in som~

interlayer mixing, particularly for those layers closest to the rubstrate, In addition, the dnla
allow us to id~ntify different damage procesces for thr+ two costings under study, Xn t,?e ca:r of
S107/Hf02, the interlayer mlxlng progresoern from the zurf~ce toward the subctrate. For the
l!gP21ThF4, coating the process ib more complex, involving ●ubsurfoce mixing ●nd loss of near RUI’
face fluorine,
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X-RAY SPECTRUM OF HAFNIUM
DIOXIDE/SILICON DIOXIDE MLILTILAYER COATING

I ,

H’. a

o 5 10 15 2@ 25
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?igure 9. PIXE ●pactrum from Si02/Hf02 reflector.

Me thenk Lmrry bolltllc fnr provldlnL urn with ●n SSS rimulatlon code ●nd for guidance In

op-rating the code. Ue ●re grateful to Lev Borodov6ky for helping with the ●xperlmenlml Nnfi ●nd

the c~uter ●imulmkinns, The ●xperiment would not have been puseible without the anslsLance of

Joe Temer end the operating ●caff of the Van de Graaff facility ●t Lo- Alemos Uatlonal Labor.
tory.

~hle work Is supported by Lhe X#rtmenl of Dofennc.
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