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THE ROLE OF FLECTRIC FIELD STRENGTH IN LASER

DAMAGE OF DIELECTRIC MULTILAYERS
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Brian E. Newnam and Dennis H. Gill
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The intensity of the local electric field within a-
multilayer illuminated by a laser beam is determined
by the vector addition of forward and reverse flowing
waves as a result of interference. The profile of
the electric field intensity will therefore depend upon
the multiiayer design and can have a peak value which
is more or less than the peak field of the incident
beam. W%We have examined four multilay=sr designs, each
composed of anprozimately equal numbers of high and low
index films arranged so that the electric field profiles
are significantly difierent. Lecer damage thresholids
for these coatings were ccmpared with calculated electric
fiela strength profiles.

For electron-gun evaporated titania/silica coatings
damaged by 30 picosecond pulses of 1.064um radiation the
damage threshold is dictated by electric field intensity
in the titania layers.

Key words: laser damage, dielectric films, electric
fields, optical coatings, standing-waves



INTRODUCTION

Precision determination of laser damage thresholds
is possible, yet among workers there is still uncertainty
regarding the damage mechanisms. Several workers have
reported experiments which support :“he expectcd relation-
ship between damage and local electric field strength [1-3]!,
However, in multilayer coatings, the variations of material
thresholds due to processing by different or common manu-
facturers may be masking the field strength dependence. 1In
these studies four multilayer designs with widely differont
electric field enhancerant factors were prepared simultancously
in one coating opzration., The results of laser damage
threshold experiments are then compared with calculated field
strengths, : :

DESCRIPTION OF THE EXPERIMENTS

Figure 1 describes the multilayer designs which are
composed of eight or nine layers of titanium dioxide and
silicon dicxide deposited onto fused silica substrates.
Design A is a simple cuarter wave stack of nine lavers
beginning and ending with high index (TiO;) films. 1In
Design B the centermost layer of the quarter wave stack was
omitted resulting in an eight laver design with a central,
half wave optically thick, low index (S8i0;) layer. 1In
Designs C and D the fourth or sixth laycer was omitted in
similar fashion,

The spectral plot of figure 1 shows that the peak trans-
mittance of Designs B, C, and D is not precisely centered at
1.064um. From the scan it can be inferred that the optical
thicknesses of the individual layers vary by less than one
percent ard that both cOating materials have an extinction
coefficient (imaginary part of the complex refractive index)
of less than 0.001l.

For laser radiation incident on the coated surface of
the substrate the four designs are specified as A, B, C, and
D (see fig. 1). For laser radiation incid=»nt from the recverse
direction, i.e. incident upon the multilayer from the substrate
side, the designs are specified A', B", C', and D' When the
laser beam which is incident on the substrate at 8 passes
into_the fuscd silica it is refracted to an incident angle of
5.51°. For the reverse (primed) exposures tge incidence
angle onto the multilayers is therefore 5.51".

Figure 2 and figure 3 show the computed profiles of the
time averaged square of electric field strength (C°) for cach
of the designs [4]. In figure 3, where radiation is incident
upon the multilayer from the reverse ox substrate side
(primed) , the incident field intensity has been adjusted to
represent tho sare bean intensity usad for the othaer cases
(unprimad). Thus the profiles represent the field in the
various designs with c:jual beam encrgy densities incident on
the samples. 1In these figures the high and low index layers

1. Figures in brackets indicate the literaturc references at the end
of this pcper. :



arc distinguished by thickness. Since the optical thichne:ss
of all layers is (qual. tha high index layers have snaller
physical thicknesces

The coatings were prepared in a multiple spinale coziing
machine cqutppnd with externally actuated masks which permit
the omission of ary one or more layers from subistrates
mounted in cach spindle rack. Thus, all four de.igns were
prepared in a single run and : have minimun differonces
attributal.le to process variation.

The four 38mn diameter by 7mm thick fuscd silica sub-
strates werce cleaned by gentle scrubbing in a hot solution
of detergent in dejionized water, rinsed with deicnized watoer
and then irmersed into the vapor of an alcohol dryer. Electron
beam heated e¢vaportion sources with COpper rotary hearths weore
used for deposition. The titanium dlonide, films were deposited
at 80A/min._and the silicon dxovxde at llsg/min. onto gubstratces
held at 225°C. -

The completed coatings were exzosed to 30ps pulses of
1.064um radiation as described grevicusly {1]. Each sample
was tested with radiasion palarxuec in the ¢ plane and incident
on the coated side of the Bnbstxa. and from the reverse
direction,at an angle of 8

RESULTS

Table I and figure 4 include the measured laser damage
threshold ranges. The top end of the threshold range was
defined as the maxinunm pulse enargy caasity fcr which neither
vigible donrge nor spark radiaticn of a mininun value was
detected. 1he leover end was defined as the minimunm pulse
cnergy dersity for which danage was detected either by the
LIS method or by the occurrence ¢©f a spark with at least tho
prescribed radiant energy. aAn average of 68 laser shots were
made for cach range determination; the number for each is shown
in figure 4.

TANLE L -

DAMAGE THREZSHOLOS OF ?lC;/llO‘ FLLTILAVIR DL31CE
Pulse Energy Density - J/c°

® prsict INCIDZ:NT PROM AIR

A 4.8 - 7.8
) . 3.4 - ¢.9

c 6.4 -95.¢ 1.99- 3.9%

) 1.46 - 1.68 2.1-2.0 .

spulse cnoegy densities incident upon the multilayer
from within the fused sillica 1udetrata,




DISCUSSION OF RESULTS

We have attemnted to fit the oxpoerimantal throzhold ra:e
determinations to conputed valuzs for three rodzls of clectric
ficld dependence. 1t iz assumed that the damage will correlate
with field strongth in cither the high (TiO;) or low (S10,)
index layers.

Mcdel 1 assumes that damage occurs in cither material
when the local {icld excteds a threshold valua., This is the
simplest modal, and probably the most appd icable. If danage
results froa hermagonvous absorption or from pure avalanche
breskdown,this modal should apply. the pradicted Lhresholds
for the two maicrials in the eight configuraticns will be
proportional to the reciprocals of the prak EY values
(sce figs. 2, 3, and ). Figure 6 (Model 1) shows the result
of a lcast squares {iL? of the mean value of the experiwoentc)
ranges to the predicted thresholds for both high (1'i0:) and
low (Si0;) index failure.

iligh indsx failure is the best fit as indicated by a
standard dovintien) of 0.43 comparsd to tho next lowest valua
of 0.66 [or Mouxl 2 (cow below). The slope of tho base fis
line for high indoex failure corresponds to an IS electric
field of 7.9:V/cm.

In Modsl 2 it {4 nngoumed that dnoage occure when the
volume intcgral of the Lime average squarcd field over oac
layer equals the threshold vyalue. 7This integral is propore
tional to the ares on thy ¥ plots (so» figs. 2, 3, and 5).
The model would apnie 47 damage resuits whon the total
homogeneous shunorption in a layer reaschas throshold valua.
Since the laycrs have ecqual thicknors, the value 9f cthe
intogral is proportiona? to the average value of B,

Figure 7 is a plot of the ieast squares fit of experizmontal
data to Model 2. High index failurc i3 again a batter fit
with the data.

Model 3_is similar to Model 2 except that the total
integral of £° is taken over all layers of the same materizl
throughout the multilayer. The fit between experiment and
modol sheun in [igure 8 is not very so0d.

Failure due to pcak clectrie ficld in the high index
layers is indicated by thosoe rasults, The fact that Model 2
is close to lMzodel 1 is consistent with the shape of the
profiles (vece figs. 2, 3, and 5) because the area under cach
layer prefilc iz approximately proportional to the peoak height
of thao profile.

Sample B (Designs B and B') are critical to the separation
of foilure due to high or low index materials. In tho other
throo gnneloer the nea® ficids are equal for both raterisls ro
Rhe oxperimentg will wot dacuingaich vhich {alls.  Only uhen
data fvon Sanple L arce included can we distinguish the
matcrials.

2. Tho lemit squares fit wos mady by minisizing the square of the dwiations
of the ruvan threshold valuss from a straicht Jine throwsh the oriagin,

3. T stundard coviation is hore definad an the cquave root of the wwean



Figurc 9 shuws tlho electric field profiles for the
cight desigrs with incident intersities adjusted to equal
the upper and lounr onds of the cznerimental threshold
ranges. On cach profile gmall horizontal lines have been
added to indicate the best f£it solution of Model 1. These
lines correspond to an internal RS electric ficld of
7.94v/cm.

If we assure that thresholds are corrclated with the
peak electric ficld in the high index (Ti02) layers, then it
ig interesting %o speculate about the discrepencies in the
fit of todel 1. Tho fit is improved if the thros-
hold deta from Sanple A are omitted.  Table II shows how the
. peak field loecatinns are distributed throughou: varicus
designs. lNotice that Sample A (basigns A and A') have peak
ficlds in the otterrmost and innermost layers whercas
?amples B, C, and D have peaks confined to the four central

ayers.
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On the assurption that the outer and innermost pairs
of layors nmay have diflorent thresholds than the others,
Model ) is proancnted (cee fig. 10). Here the experimental
thrcshold ranges are £it only to Sarples B, C, and D. The
comparable data for Designs A and A’ are suown but they
were hot used in drtermining the least squares fit., +the
standard daviction, calculatod for the six data points, is
0.24 for the high index failure and shows inprovement compared
to 0.43 for Kngzl 1. The slope of the best fit line for
. high index failure in Model 1' corresponds to an RMS electric
" field of 8.3NV/cm.

In Mpdel 1' (fig. 10) the cxperimental threshold is
below the predicted value for high index failure in Design A'.
Perhaps this indicates that the first layer adjacent to the
substrate is induced to lower threshold by a phenomenon not
consjdorad in this analvsis., A simple explanation of this
dizcropaney in not 13kely to also cover the case of Dosion R
in which the tarczaola sange io slightly higher than proeaicticn,



The peak fields in the low index (5i0,) layers
numbered 4 and 6 ol Sample B are very bigh when damage
occurs. According to the computation, the peak time averagoe
square of field in the lovw index lavers is 2.3 times the
peak in the high index layers,therefore, the central low
index layers of Sample 5 are cxperiencing an RMS field of
12Mv/cm at the threshold of damage.

In their damage studies of sputtered single TiO,
layers, Gill, MNewnan, Hartman, and Coleman {Sj found a
threshecld range of 8-11.3 Joules/cnm? for 30ps pulses. The
RMS field within the f£ilm, computed from an electric field
profile, was 6.9 to 8.3:7/cm. Siith, Bechtel, and
Bloembargen [6] fcund an RS breakdown field strength of
11.7MV/cm for fuseld silice window material.

CONCLUSIONS

We have investigated the laser damage threshold for
several nmultilayer designs produced under identical
conditions. f%he rasults indicate that the peak pulse enerqy
density at threshold procduces an RMS electric field about
8MV/cm in the high index titanium dioxide layers of each
desiga. This coisares with the field in the most damage
resistant films previously reported. The field in the low
index silicon dioxide layers varies between 8 and 12 MV/cm
and is felt not to inauce failure.

There is an indication that the first high index layecr
coated on the fused silica substrate may have a lowered
threshold. This could b2 due to coating process variation
or to substrate inducad ~“efects.,
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Schematic description and spectral trancmittance
plots of the fcur multilaycer designs.

Elcctric ficld profiles for the four designs for

s plane radiation incident at 82 from the air side.
The abscissa is physical thickness measured normal
to the layers and the ordinate is the computed value
of the time average of the square of the electric
field. Each profile is shown for an optical half
wave distancz in the incident rmedium and for a
short distance inte tho subztrate where there i
standing wave. The ficld intensity of the incids
beam is indicated by the arrow on each plot. The
dotted lines connect tha location of omitted layers
with Sample A.
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Similar to figure 2 except the radiation is incident
on each design at 5.51° from the substrate side.

The incident field intensity has been adjusted for
first surface reflection and for substrate refractive
index so that profiles can be compared with fiqure 2
for equal laser pulse energy density.

Experimental laser damage thresholds for the four
multilayer designs., DLata from Table I for the samules
irradiated frem substrate side (primed) have been
corrected for f£irst zurface reflection loss beforc
includsiovn in this plot. The nuwber of laser sho.s

is given for each test.

Graphical description of the models used for
prediction of damage thresholés attributable to high
index layers. Medel 1 uses the peak value, Modal 2
used the peak volunme integral represented by
indicated shzlding, and Model 3 uses the total volume
integral of E?.

Model 1. Best fit of experimental results to
prediction if threshold is proportional to the
reciprocal of the peak E° in the multi-
layers. The numbers are the standard deviations of
tl.e plotted lines relative to the mean values of
the threshold ranges.

Model 2. Best fit of experimental results to
prediction if threshold is proportional to the
reciprocal of the maximum integrated time averegad
square of clectric field over one layer. The nunbers
are thr. standard deviations of the plotted lines
relztive vo the mean values of the threshold ranges.

Model 3. Bes® fit of experimental results to
prediction if threcshold is prorortional to tha
reciprocal of thz sum over all layers of similar ‘nonw
of the intcograted tinme averaged square of tho ol curic
field. The numbers are the standard deviations oi

the plotted lines relative to the mcan values of the
threshold ranges.



FIG. 9.

*{G. 10.

Electric field profiles for the four desiqns

with irncident intensities adjustod to equal tho
extremes of observed laser damage ranges for
radiation incidcnt from air side and frem substirato
side (primed). The short horizontal lines indicate
the RMS ficld of 7.9MV/cm.

Model 1'. Best fit of experimental results to
prediction if threshold is proportional to the
reciprocal of the peak Y in the rulti-
layers. Only famples B, C, and D were uced in
establishing the best fit, otherwise this is similar
to Model 1.
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CESIGN A, A NINE LAYER QUARTER
WAVE STACK FROM \VHICH IDENTIFIED
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