
£b do^m^oz - - l L 

UCRL--97598 
DE88 008915 

IMPROVED ADHESION FOR Si0 2 PARTICLES ON SILICA 
SUBSTRATES USING HELIUM-ION IRRADIATION 

R. G. Musket and I. M. Thomas 

This paper was prepared for submittal to the 
Materials Research Society 1988 Spring Meeting, 
Reno, Nevada, April 5-9, 1988. 

March 1988 

This is a preprint of a paper intended for publication in a journal or proceedings. Since 
changes may be made before publication, this preprint is made available with the 
understanding that it will not be cited or reproduced without the permission of the 
author. 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi­
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer­
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom­
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 

r£CT 
DISTRIBUTION OF THIS DtKUWENT IS UNLIMITED 



DISCLAIMER 

This docnmeiil wu prepared as an account of work sponsored by ut agency of the 
United States Government. Neither the United States Government nor the University 
of California nor any of their employees, makes any warranty, express or Implied, or 
assumes any legal liability or responsibility for the accaracy, completeness, or useful-
ness of any information, apparatus, product, or process disclosed, or represents that 
its use would not infringe privately owned rights. Reference herein to any specific 
corasseicial products, process, or service by trade name, trademark, maaufactarer, or 
otherwise, does not necessarily consulate or imply its endorsement, recommendation, 
or favoring by Ihc United Sulc i Government or the University of California. The 
views and opinions of authors expressed herein do not necessarily slate or reflect 
those of the United States Government or the University of California, and shall not 
be used for advertising or product endorsement purposes. 

¥* 



IMPROVED ADHESION FOR S10 2 PARTICLES ON SILICA SUBSTRATES 
USING HELIUM-ION IRRADIATION 
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ABSTRACT 

Me have examined the effects of Irradiation with 200 keV helium Ions on 
the adhesion and optical transmission properties of 220 nm thick antlreflec-
tlve, optical coatings that consisted of layers of spherical, 20 nm diameter 
silica particles. In the as-deposited state these sol-gel coatings have very 
low adhesion to the fused silica subtrates. Results for adhesion and optical 
transmission have been obtained for doses of 1 0 1 3 - 1 0 1 7 He/cm2. Significant 
Improvement 1n adhesion was found for doses exceeding about 2X10 1 4 He/cm2. 
Optical transmission measurements for wavelengths of 200-1200 nm showed 
Increasing absorption with dose. We have evidence that the helium Ions 
decompose various contaminants In the coating Into two types of degradation 
products. One Is volatile and the other remains In the coating as optically 
absorbing species. UV/ox1dat1ve-gas treatment effectively removes the 
absorbing species. 

INTRODUCTION 
The antlreflectlve (AR) optical coatings of Interest here are designed 

for use In high-power laser systems operating at 1064 nm. They are prepared 
from colloidal suspensions of spherically uniform, oxide particles and 
consist of layers of uniform, discreet particles, which have low resistance 
to abrasion. These coatings are easily damaged during cleaning by standard 
drag-wiping procedures. Although this low resistance to abrasion is not a 
critical problem in our present application, it could be detrimental in the 
future. Thus, we have attempted to improve the resistance to abrasion by 
increasing the particle/particle and particle/substrate adhesion using 
Ionizing radiation. In addition, a more adherent coating may tolerate higher 
laser power densities before exhibiting damage. 

We have previously shown that the adhesion of antireflective, porous 
SiOj coatings on fused silica substrates can be dramatically enhanced by 
Irradiation with 200 keV helium Ions to doses of 10 1 4-10 1 7 He/cm2 [1]. 
The term "stitching" has been used to describe such enhancement phenomena 
when the dominant energy deposition process at an Interface 1s electronic 
excitation [2]. The term "mixing" is generally applied to situations where 
atomic displacements dominate and significant atomic exchange occurs across 
the Interface. Since the coatings of Interest consist of layers of 
spherical, 20-nm-dlam silica particles, adhesion enhancement 1s required at 
both particle/particle and particle/substrate interfaces. We selected 200 
keV helium Ions as the ionizing radiation because (a) the Implanted helium 
should readily diffuse out of the quartz substrate, (b) essentially all the 
energy deposited throughout the layer and at the layer/substrate Interface 
was calculated by TRIH-86 calculations [3] to result In electronic excita­
tion, and, hopefully, (c) the residual displacement damage in the silica near 
the end of range at the minimum dose required for acceptable adhesion would 
not significantly modify the optical transmission properties of the specimens. 

In our earlier study, enhanced adhesion was observed for all the applied 
doses, and extrapolation of the dose-dependence of the optical transmission 
data suggested that doses below about 3X10 1 3 He/cm2 would not affect the 
transmission properties of the specimens over the entire wavelength range of 

• 200-1200 nm. Thus, we have extended the dose range down to I0 1 3 He/cm2 

. in search of threshold doses for enhanced adhesion and for measurable levels 



of optical absorption. In addition, we have performed studies designed to 
elucidate the nature of the Increasing optical absorption with dose and the 
molecular species adsorbed on the particles of the high surface area coatings. 

EXPERIMENTAL CONSIDERATIONS 
Simple porous silica AR coatings on fused silica subtrates (5 cm diameter 

X 1 cm thick) were prepared by the application of a colloidal suspension of 
20 nm, spherical silica particles 1n ethanol to one side of a substrate 
spinning at 1500 rpm at room temperature. Details of the fabrication of the 
silica particles have been published [4]. After evaporation of the ethanol, 
the coating was about 220 nm thick with a refractive Index of 1.22 which 
corresponds to a porosity of about 50 percent because the refractive Index of 
silica Is 1.46. Half-coated specimens were prepared by simply rubbing the 
coating off one half. 

For the Irradiations, one specimen was mounted on each of four separate 
faces of a water-cooled, stainless-steel holder using three screws with 
washers; a thin layer of Indium was Inserted as a cushion between each 
specimen and the holder. The temperature rise 1n the surface region during 
the helium bombardment at current densities just below 1 pA/cm* (i.e. < 0.2 
W/cm 2) did not exceed 85 C (the lowest temperature measureable by an Infrared 
pyrometer) for doses up to 1X10 1 6 He/cm2. Our Implanter was configured for 
uniform irradiation over a diameter of 7.62 cm. The uniformity of Implanta­
tion was assessed by comparing the dose received 1n each of four Faraday cups 
at the corners of the raster. The maximum deviation 1n any one cup from the 
average dose in the four cups during any of Implantations was <2 percent. 
After evacuation to less than 5X10"' Torr, the Irradiations were performed 
at a pressure of less than 2X10" 6 Torr. In some cases we used a tantalum 
shutter to limit the irradiation to only one half of a specimen. 

A quadrupole residual gas analyzer (RGA) was attached, via a 45 degree 
curved tube, to the implantation chamber to monitor the gases released during 
the irradiation. A sequence of spectra was recorded with a computerized data 
acquisition system. The net signal at any time (I.e. dose) for each detected 
species was determined by subtracting the signal existing just prior to the 
irradiation from that during the irradiation. 

The adhesion of the coating to the quartz substrate was evaluated 
qualitatively using adhesive tape (i.e. Tuck Tape [5]). The tape was laid 
across each irradiated specimen, rubbed with a finger in a plastic glove to 
ensure good contact with the coating, and then slowly pulled away from the 
specimen with the tape being pulled back at about 45 degrees to the surface. 
The coating was considered "adherent" when the adhesive part of the tape 
remained on the coating, indicating that the bonds between the particles and 
the substrate and between particles were stronger than that between the 
backing of the tape and Its adhesive. Apparently the porous nature of the 
coating and the flow characteristics of the adhesive resulted in a large area 
of contact and, effectively, good bonding between the particles of the 
coating and the adhesive. For cases not leading to separation of the 
adhesive from the backing of the tape, visual observation of interference 

~ colors was used to verify the presence of the coating. 
After transmission measurements on the Irradiated specimens, we exposed 

them to oxidative gases In the presence of ultra-violet (UV) light. Such 
~ exposures are known to remove organic contamination from surfaces [6]. In 

particular, we placed specimens on a hot plate at about 100 C for six hours 
In an environment of UV light from a low-pressure mercury vapor lamp and 

J oxidative gases resulting from the bubbling of oxygen through aqueous 
' hydrogen peroxide. 



RESULTS AND DISCUSSION 
Adhesion Measurements: 

During tape tests of both the Irradiated and non-1rradlated halves of 
coated specimens exposed to doses of 0.1, 0.3, and 1.0X1014 He/cm 2, noticeably 
more force was required to remove the coating from the Irradiated region than 
from the non-1rradlated region. Adherence 1n the sense described above was 
not observed for the two lowest doses; however, regions of specimens Irradi­
ated to 1 0 1 4 He/cm2 were adherent. Combining these results with our previous 
higher dose results [1], which showed clear evidence of adherence for doses., 
of 3X10 1 4 He/cm2 and above, we conclude that the threshold dose for adhesion _ 
must be about 2X10 1 4 He/era2. 

A measure of the perslstance of the adherence was obtained from tape 
tests of a coated specimen after Irradiation to 3.3X10 1 5 He/cm2. After 13 
and 28 days exposure to laboratory air, the Initially adherent coating was no 
longer adherent; however, the force required to remove the coating remained 
greater than that for non-1rradlated coatings. Following Irradiation to 
1X10 1 6 He/cm2 and UV/gas treatment, tape tests on a half-coated specimen 
showed that the coating was still adherent after five days. 

Gas Release Measurements: 
Figure 1 shows the gases released during the initial part of the irradia­

tion of a coated specimen. Since acquisition of a spectrum took about 20 
seconds, each peak was measured at a different dose; thus, the first mass/ 
charge (M/Q) = 2 peak and the M/Q = 44 peak occurred at doses of 0.06 and 
1.07X10'* He/cm2, respectively. The M/Q = 4 peak represents the helium back­
ground level. Our preliminary assignment of the major components of the 
other significant peaks to molecular species are (M/Q:molecule or fragment): 
2:H 2, 12:C, 13:CH, 14:CH 2, 15:CH3, 16:CH4 (methane), 17:0H, 18:H 20, 25:C2H, 
26:C 2H 2 (acetylene), 27:C 2H 3, 28:C2Ha (ethene) + CO, 29:C 2H 5 +• C0H, and 
44:C 2Hd0 (ethylene oxide) + C0 2. For reference, ethanol (C2Hs0H or C2H60) 
has a molecular weight of 46. 
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Initial spectrum of gas released during Irradltlon of 220 nm'coatipg 
of S10 2 particles on fused silica by 200 keV He*. I 
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Figure 2 provides the dose dependence of the net RGA signal for the key 
gases. Extrapolation of the data suggests that essentially all the gas 
release would be completed at a dose less than 4X10 1 5 He/cm2. For comparison, 
spectra taken during Irradiation of a non-coated fused silica blank had a 
maximum net RGA peak (I.e. Hj) less than 0.8 volts. Although these data 
provide Information on the gases released, the nature and amount of the 
molecular species and fragments remaining 1n the coating (I.e. on the 
particles) 1s unknown. However, the dose dependence of the gas release sug­
gests that the residue would not change after a dose of about 4X10 1 5 He/cm?. 

Dose (1E14 H«/cm2) 

Fig. 2 Dose dependence of gas release during irradiation of 220 nm coating 
of S102 particles on fused silica by 200 keV He +. 

Optical Transmission Measurements: 
In our previous study we detailed the optical transmission for wave­

lengths of 200-1200 nm using a Perkln-Elmer model 330 spectrophotometer [1]; 
however, the most significant absorption was observed for the 200-800 nm 
range. Thus, we have now concentrated our attention to this latter range. 
Significant absorption was observed even for specimens irradiated to only low 
doses (I.e. 0.1, 0.3, 1.0X10 1* He/cm 2); however, the UV/gas treatment resulted 
In essentially full recovery of transmission for wavelengths above 300 nm. 
Note that interpretation of low absorption for these high-surface area 
coatings at wavelengths below 300 nm can be clouded by atmospheric contamin­
ation. Following irradiation of a half-coated specimen to 1X10 1 4 He/cm2, the 
coated side exhibited considerable absorption below about 300 nm, whereas the 
uncoated side displayed only slight absorption below 300 nm. Above 300 nm the 

-transmission through the uncoated side was not affected measurably by the 
irradiation. 

Transmission results for a half-coated specimen Irradiated to 1X10 1 6 

;He/cm2 are shown 1n F1g.3. For the uncoated side, the absorption resulting 
from Irradiation Is essentially recovered by the UV/gas exposure, Indicating 
minimal effects from residual radiation damage 1n the fused silica substrate. 

-jThe strong absorption found after Irradiation of the coated side was greatly 
-reduced by the UV/gas treatment (Fig.3b). However, compared to the as-



deposited coating, the treated coating displayed (a) shifts in the trans­
mission maxima and minima that are indicative of a reduction in the coating 
thickness and (b) slightly reduced maxima and minima values that would be 
consistent with a change In the refractive Index. Both changes could be 
explained by the previously noted Increased coating density with dose [1}. 
In fact, some Indication of this shifting and reduction of the maxima and 
minima can be seen 1n the transmission curves for doses of 0.1-1X10 1 5 

He/cm? 1n that previous study. 
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Fig. 3 Spectral transmission for half-coated fused silica specimen irradiated 
with 200 keV He + to lxlO 1 6 He/cm2, (a) uncoated side and (b) side 
coated with 220 nm coating of SiO? particles. 

Processes Leading to Enhanced Adhesion: 
Considering our present and previous [1] results, the observed enhance­

ment of adhesion following helium-1on irradiation appears much more complicated 
than previously thought [1]. The complications can be attributed presence of 
the organic contamination products from the silica suspension used in the 
deposition of the coatings. Irradiation apparently both releases gases and 
leaves residues. Above a dose of about 4X10 1 5 He/cm2, very little 
additional gas was released and the as-irradiated transmission properties did 
not change appreciably. Both of these observations would be consistent with 
unchanged residue. 

The major loss in optical transmission can be recovered by removal of the 
residue by the UV/gas treatment. However, after the treatment recovered most 
of the transmission, evidence of irradiation-stimulated compaction of the 
coatings was observed. Although adherence was not found following UV/gas 
treatment of as-deposited coatings, the treatment does not reduce the 
adherence of an irradiated coating. 

As we discussed In our previous paper [1], a definitive understanding of 
the fundamental processes Involved 1n stitching has evaded researchers, but 
two basically different mechanisms have been proposed to explain enhanced 
adhesion: (a) bond breaking and reconstruction across the Interface [2,7-11] 
and (b) atomic Intermixing caused by Coulomblc ejections In dielectric 
materials like silica [10,12-14]. Both mechanisms may be operating during 
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hel1um-ion irradiation of our coating/substrate system; however, the process 
would be complicated by the presence of the contaminating species. 

During the initial stages of the irradiation, some contamination was 
released and an optically asorblng residue was left, presumably on the 
surfaces of the particles and substrate. Thus, the as-1rrad1ated adherence 
may have occurred across residue/residue, resldue/SIO?, and/or SiO?/Si02 Interfaces; however, the strength of the bonding and its survival during the 
UV/gas treatment suggests that the SIO7/SIO2 Interfaces dominate. The 24 
eV/A of electronic excitation deposited 1n silica by each 200 keV helium 
Ion produces energetic electrons that can lead to increased surface 
reactivity [9]. Such enhanced surface reactivity could explain (a) the 
retention of residue on silica surfaces not In contact with other silica 
surfaces, and (b) the increased adhesion with dose, which may be a conse­
quence of 1rrad1at1on-1nduced removal of residue from the Interface between 
particles or between particles and the substrate, allowing bonding at the 
S102/S10 2 Interfaces. 

CONCLUDING REMARKS 
For 200 keV hel1um-1on doses greater than 2X10 1 4 He/cm2, the adhesion of 

SiOg particles on silica substrates 1s significantly improved. Since the 
presence of organic contamination from the silica suspension greatly compli­
cates the interpretation of the data, the fundamental processes leading to 
the enhanced adhesion cannot be specified. Future irradiation studies should 
concentrate on pre-deaned coatings (i.e. after the UV/gas treatment). Then 
determination of the electronic bonding states near the Interfaces may be 
possible. Finally, Investigations using protons have been initiated. 
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