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Ion Bear Characterization of Multi-Lesyer Dielectric Reflectors

J. G Beery, ¥ G. Hollander, C J Maggiore,
A Redondo, R. T Westervelt, and T. ¥ Tavlor

Los Alamos MNational Laboratory
Los Alamcs, WM 87545

Fnergetic ion beams were uswd to characterize multilayer dielectric reflectors
Alpha-particle beams with beam spot sizes between 10 microns and a few millimeters we-e
scattered from reflectors consisting of 32-layer Si0,/hf0O; end 3B8-layer MgF/ThF, The
RBS spectra reveal the nature of the laser damage processes by providing informativn on
diffusion, mixing. and loss of material in the costings The particle-induced x-ray
em;ssion (PIXE) technique gave complimentary results on low-concentration impurities in
the coatings

Key Wo~ds dielectric refiectors, nuclear microprcebe, particle-induced X-ray emission,
Rutherford backscattering

1 Introduction

Considerable work in the damage mechanisms of multilayer dielectric refluctors has previcusly
beer. reported. using 8 variety o! experimantal techniques The fundamental damage mechanisms are
not completely understood brcause of the complexity of the systems We have carried out Ruther
fo~d backscattering [1] (Rbss) and particle-induced x-ray emission [2) (PIRE) experiments .s.ng
energetic jon beams to characterize high-reflection coatings on laser mirrors befcore and after
damage. These experiments are particularly suitable for measuring the composition as ¢ functicn
of depth. the presence of low concentration impurities. and chanies in the structure of the filrs
as a result of the damage processes The meagurements have been nade on undamaged coatifigs with
spot sizes of a few square rmillimeters Localized structure in the region of individual darmegr
pits hes been studied using a nuclear microprobe (3.a), whica produ-es spot sizes as small as ten
microns in diameter The RBS spectrs obtained provide informatior adout damsge profiles. mixing
diffusion, and loss of material in the coatings The FIXE techniq.e ha~ been used tc measurc low
concentration levels of impurities in the filmg

2 Experinental Methcd

Rutherford backsrattering is a well-established quantitative technique for interface and thin
filr wnalysis It is an analytical technique bagsed on known kinematics arc energy loss that car.
determine the compagitjon and structure in materiale tc 8 depth of a few mi-rons

Figure 1 1s a schema®'ic draving of the general geomeiry of & backscattering experiment A
bear of light ions from a Varn de Graaff sccelerator strikes a target. and the scattered parti-les
are detected with g surface barrier detector at a fixed angle Figure 1a shows 8 thin film of @
hesvy elamenL on top of a lighter substrate Th2 observed energy c¢f the backscattered particic:
ls determined by the kinematics of the elastic scettering and the depth of the scetlering event
below the purfec~ Figure 1b shows 8 typical RB5 spectrum The highest energy. KE;,. corre
spords tc elastic scattering at the surfsce of the film The energy Bp is due to elastic scar
tering from the film at the film gubstrate interfare and the energy loss of the particles trav
ersing the film The widthr of the peak, 3K, is related to the areal dens'ty (atomprem?) of
the film  The relative masses of the incldent and target particles and the scattering geomer'ry
determine the kinematic factor. X The backscsttering energy increases with the mass of the tar

get atoms  Thus. PIS is particularly well suited for measuring the distriburion of heavy elem:.t=
in a lighter matrix
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Figure la. General beckscattering geometry Figure 1b. RBS spectrum obtained from a
for Rutherford backscattering measurement. heavy thin film on a light substrate.

The RBS experiments reported here were carried out with 2.3 and 2.5 MeV a-particles with
i = O and 85, = 20 degrees. We studied 32-layer Si03/HfO; and 38-layer MgF,/ThF, coatings on
fused silica. Since the kinematic factor for the lighter elements, Si, O, Mg and F, is much less
than that for the Hf or Th, the high energy part of the spectrum characterizes the depth distri-
bution of the heavy elements in the film.

The technique favors high Z elements because the Rutherford backscattering cross section is
propertional to Z2. If the elements] masses sre too close, the kinematic constraints limit the
mass resolution and result in overlapping spectra for compound samples. Consequently, the analy-
siz of A1,07/510; coatings is somewhat more difficult. These factors, togecher with finite
detector resolution, limit our depth sersitivity st the surfsce to approximately 50 angstroms.
Energy straggling degrades depth resolution below the surface.

When an energetic ion looses onergy in the sample, it induces x-ray emigssion characteristic
of the atoms in the target. Energy analysis of these characteristic lines permits elemental
identification at low concentration levels. The PIXE technique is generally applicable to atoms
with 2 > 10. The sensitivity depends on the matrix and the atomic number and is usually in the
range of 10 ppm. For the work reported here, the incident beam was 2.0 MeV ptotons.

These techniques can be applied to the study of localized damage by focusing the incident ion
beam into small spatial dimengions. We have studied individual damage pits on multilayer dielec
tric reflectors using these focused ion beams with both the RBS and PIXE techniques. A nuclear
microprobe with spot sizes of 8 few microns in diameter was used.

We studield Si0;/Hf0O; and MgF;/ThF, multilayer costings on fused silica substrates. The
structure of these films is given in Table 1. Table 2 describes the dimensions of the beam gpots
and the resulting current densities. For the two larger spot sizes, tlhe RBS and PIXE techniques
sre non-destructive. For the sma'lest spct size of ten microns, the current densi*“ is high
enough to create color centers.

Table ). Structure of multileyer Teble 2. a-particle beam parameters.
dielectric reflectors.
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3. Results

Figure 2 shows the experimental
RBS energy spectrum from the Si0y/Hf0;
coating. One can clearly see 16 sepa-
rate hafnium peaks. Also evident is
the change in layer thickness for the
topmost five layers of HfO;. The sili-
con contribution overlaps the lower
energy portion of the hafnium peaks
extending up to 1.4 MeV, but it does
not significantly alter the spectrum
due to its lower scattering cross sec
tion. The low enargy cutoff at 200 keV
is due to the discriminator setting in
the electronics.

Similsr data were also taken on
an undamage? MgF,/1hF, coating. These
results are shown in Figure 3. The
first 15 layers of this spectrum have
been simulated using the model parame-
ters listed in Table 3. The simulation
was perforved using computer programs
based on first principles for the scat-
tering and parameterized energy loss
equations. The input consists of aver
age stoichiometric ratios for the indi
vidual elements in each layer. The
program uses them to calculate the
corresponding spectra which are then
compured with experiment. The best fit
was achlieved with a decreasing ratio
of thorium to fluorine as one moves
toward the substrate (e.g., 1 to 4 for
the top layer and 1 to & for the eighth
layer). In addition, the thorium that
is missirg from a given ThF, layer ap
pears uniformly distridbuted in the ad
jacent MgF; layer. This can be inter
preted as ev.dence for laterlayer mixing
during the fabrication process. The
thorium fluoride layers are uniform to
within 5%.
sppear to be falrly uniform; however,
the simulation ils not very sensitive to
the low mass layers.

Pigure 4 is s Nomarski micrograph
of a laser damage spot in the silica/
hafnia coating. The large oval festure
at the center is the v.sibly damaged re
gion thal penetrates to the substrate.
The stristions to the left and right
were made visible during or after the
damage process. A relatively clesr area

The magnesium fluoride layers
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RBS energy spectrum for undamaged region
of Si0/HfO, raflector.

40.. b a.

RBS enerpgy spectrum for undanaged

region of MgF,/Th¥, reflector (points).
Simulated spectrum for [ifteen layers

nearest .urface (solid line).



Table 3. Simulated structure for fifteen layers of MgFp/ThF,.

Thickness
Layer No. ngls ntomslcmzl

1 405 20.
2 430
3 410 18.
4 430
5 410 18.
6 430
? 410 18.
8 A28
9 405 17.
10 428
11 387 17.
12 428
13 405 16.
14 428
1, 410 16 .

Laye~ 1 is at the surface.
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immediately sdjacent to the damage pit suggests that these striations were snnealed by thernal
processes. To study in detail the damage at a single pit, we focused the ion beam to a spot 10
microns in diameter using the nuclear microprodbe.
of the oval feature is due th2 nmicroprobe ion beam.

10n peam created color centers.

Figure 4. DNomarskl microgranh of

The line of small spots across the lower part
We believe that the radiation damage from the

laser damaged spot and surrounding region



For the line scan scross the laser damage area we obtained RBS spectrs, one spectrum at each
spot. PFigure 5 is s composite of five spectra tasken at various positions near or on the laser-
damaged asrea of figure 4. The widest spectrum corresponds to the microprobe anslysis st the edge
of the damaged region and is similar to that of figure 2 except that the statistics are poorer.
In addjtion, there is a small surface peak corres;~nding to hafnium that has been ejected from
the pit and is on top of the Si0, overcost. As one crosses the crater, the spectrs change
significantly due to mixing and loss of material. The spectrum corresponding to a spot inside
the edge of ths crater shows the loss of the overcoat and 5 oi' 6 pairs of silica’/hafnia layers.
It also shcws that these sre the outer layers of the costing. The next spot in the direction
toward the bottom of the crater shows additional loss of hafnis and silica. The layered
structure is absent indicating interlayer mixing. The last two spectra show successively greater
logs of coating material toward the center of the pit.

LINE SCAN OF DAMAGED REGION
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Figure 5. Composite of five RBS energy spectra taken near and on damaged spot.
Reflector is S107/Hf0;.
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undamaged region of the 5i0,/Ht0,
mircor over- layed with a gpectrum near
the damaged ares. The small shift in the
energy of the upper edge of the hafnium
corresponds to a 160 A loss of the $510;
overcoa'. In addition, the valley:s of
{he undamaged spectrum are deeper than
those of the damaged one. This indicates
that sub.-surfsce diffusion occurred near
the damaged spot. These results suggest 'y 20 RS
that in these hafnia'sllica contings, the ENERGY (MeV)
damage mechanism proceeds from the top
toward the substrate. Figure 6. RBS spectra taken from undamaged and
slightly damaged reglons of 510;/HfO; showing
partiel loss of overcoal and diffusion.
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Figure 7 shows the RBS spectrum of an
undamaged MgF,/ThF, coating using a
100-micron spot size. The 19 layers baery, (Mevy
of thorium fluoride sre clearly visi- 100 0SSO - N S S
ble. ©Note the similarity of this spec-

trum and thet of figure 2. As one ap-
proaches the laser-damaged srea, the 80 - /U‘
differences between the damage dbehavior

of the Si0;/Hf0; and that of th: Hg»/ThF,
become evident. These differences are
shown in figure 8 for line scan data
tuken using a 10-micron spot size. The
spectrum teken near the edge of the
damage region exhibits a loss of lay-
ered structure near the substrate

whereas the thorium peak is enhanced

for the top layer. As we move toward

the center of the damage reglion we ob-
serve complete loss of structure and

S0% reduction in the amount of thorium. :
In addition, the surface thorium peak O T ]
gradually disappears. Changes in the 200 404 (60” B.C Te
slope of the spectra at 0.9 and 1.2 MeV hanne

show the presence of flourine and mag-

nesium in the damage area. We believe Figure 7. RBS energy spectrum from undamaged
that this indicates mixing of the mag- region of MgF,/ThF, reflector.

nesium fluoride and thorium fluoride

films. The behavior of the surface

thorium peak in these data coupled 10
with other spectra from regions which 70 T T T T
are not visibly altered, indicate that

a significant amount of fluorine
leaves the surface region. These
spectra suggest that the damage
mechanism starts from the subs‘rate.
end progresses outward through the
coating.
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We have also used PIXE to search
for low concentration impurities.
Pigure 9 shows a spectrur obtsined by
bombarding the Si03/Hf0; smmple
with & beam of 2.0 MeV protons. In
addition to the hafnium L )lines, X-a
lines from iron and zircenjum impuri-
ties can be seen. The Fe iz present
at & concentration of 0.14 and the 2r
At 0.29 atomic percent relative to

Normalized Yield

T T T T
400 [-1s]4] 800 1000
Channei

the Hf.
Figure 8. Composite of three energy spectra
taken near and on damaged spot.
Reflector is MgF,/Th¥,
4, Conclusions

Spetially resolved RBS provides detalled information about laser damaze mechanisns in multi
layrr dlelectiric coatings. Our results show that the fabrication process can result in some
interlayer mixing, particularly for those layers closest to the substrate. In addition, the data
allow us to ldentify different damage processes for the two coatings under study. In tae case of
810,/Ht03, the interlayer mixing progresses from the surface towsrd the subetrate. For the

MgF2/ThF,, coating the process is more complex, invelving subsurface mixing snd loss of near sur
face fluorine.



X-RAY SPECTRUM OF HAFNIUM
DIOXIDE/SILICON DIOXIDE MULTILAYER COATING
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Pigure 9. PIXE spectrum from Si03/Hf0O; reflector,
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