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Abstract

We report the investigation of ion-beam-induced densification of sol-gel zirco-
nia thin films via in situ ion backscattering spectrometry. We have irradiated
three regiors of a sample w'th neon, argon, and krypton ions. For each ion
species, a series of irradiation and analysis steps were performed using an ia-
terconnected 3 MV tandem accelerator. The technique offers the advantages
of minimizing the variation of experimental parameters and sequentially mon-

itorlng the densification phenomenon with increasing ion dose.
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I. INTRODUCTION

Sol-gel processing is a desirable method of ceramic thin film deposition owing to its low
cost and ability to coat almost any substrate [1]. A major drawback, however, is the high
temperature (700-900°C) necessary for processing which 'imits the choice or substrates to
thoee with a relatively high thermal budget.

We have shown previously that sol-gel zirconia thin films can be densified through the
use of ion irradiation instead of conventional heat treatment {2,3]. Also, we have demon-
strated that the observed densification arises from ion-target inteiactions, as opposed to
beam heating effects (3]. In another study, we have assumed that the observed chemical
and physical changes in the films and species loss during irradiation are coupled {4]. This
allows dependence on ion beam processing parameters of the observed densification to be
determined by species loss alone. In this way, we have sought to determine the promineat
energy loss mode through the irradiation of various inert gases . Inert gases were chosen to
minimize potential chemical interaction of the ion with the target. The range of the ion was
always greater than the thickness of the sol-gel film. In that work, a series of inert ions with
different masses and atomic numbers were employed to systematically vary the amount of
nuclear and electronic stopping in the sol-gel films. Subsequently, the films were analyzed
via ez situ ion backscattering spectrometry (IBS), to determine species loss. Although that
study suggested that the densification process has a dependence on the electronic energy
loss in the target, it suffered from sample inhomogenity and a small data set which together
proved insufficient to explore the functional dependence of ion-beam-induced densification
behavior on ion dose and species.

In this paper we further investigate ion-beam-induced densification via use of a specially-
designed in situ target chamber that allows in situ ion beam analysis of sol-gel zirconia thin
films by an interconnected analysis beamline [5]. In a typical run a sample spot is sequentially
irradiated with an inert gas ion and then analyzed. This setup offer the unique abilities to

minimize variation of experimental parameters and to continuously monitor the densification



process as characterized by the IBS spectra.

Prior to densification a sol-gel zirconia thin film can be pictured as an agglomeration of
weakly-branched or ramified particles such that each particle is a tangled mass of oligomers
(1). During densification the film undergoss chemical and structural changes resulting in a
highly-branched oxide network that ultimately collapses, driven by the high surface energy
of the porous struc.ure, into a dense ceramic film. Further as part of the formation of the
oxide network, condensation reactions cross-link the particles increasing the span of the oxide °
network and releasing gaseous by-products (i.e. water vapor, alcohol, hydrocarbons). It is
the polymeric nature of the particles and the incipient cross-linking that permits parallels
with ion irradiation of polymers to be drawn to sol-gel thin films.

The property changes of polymers under iop irradiation have been shown to depend on
the ion mass and atomic number, the ion energy, and the chemistry of the target [6]. But
many polymers display similar effects such as cross-linking, chain sciasion, and release of

.volatile species. In gencral the nuclear erergy loss modes are considered responsible for
atomic displacement and chain scission, whereas electronic energy loss modes are considered
responsible for target ionization and cross-link formation.

The sol-gel zirconia thin films of interest initially contain five species: zirconium, oxygen,
carbon, hafnium, and hydrogen. The first four species each can present a definable peak in
an RBS spectrum, whereas hydrogen is not directly measurable by RBS. The energy width

of the zirconium peak in an RBS spectrum in the surface energy approximaticn is given by

3 .
AE = 3" (Nt)jieolin (1)
j=l
where AE is the width at half height of the zirconium peak, (/Vt); is the areal density of
species j in the film and [eo]%, is the stopping power factor corresponding to scattering from
zirconium and stopping in species j (7).

In principle the areal density of each measurable specie can be calculated from the area

of its peak, and together all four areal densities with the zirconium peak enezgy width can



be used in Eq. (1) to solve for the areal density of hydrogen. However, the relatively small
areas of the constituents other than zirconium lead to erratic curves with no clear functional

dependence evident. For this reason we have chosen to use the width of the zirconium peak

as an indicator of species loss.

II. EXPERIMENT

A film of sol-gel zirconia was deposited snto a [100]-oriented silicon wafer in a procedure
described previously [2]. A two cm squ ce -ample was installed into the in sitw target
chamber of a 200 kV implanter with an interconnected 3 MV analysis tandem arcelerator
(5]. Neon, argon, and krypton were implanted in the doubly charged state at 280 keV with
dose rates of 6.4, 7.4, and 7.4x10"? jons/cm?/s, respectively. The number of IBS spectra
taken were 35, 22, and 22 for neon, argon, and krypton, respectively.

Inside the in situ chamber, the sample normal is parallel to the implantation beam
and 60° to the anaiysis beam. Each IBS spectrum was collected using a 3.55 MeV Het
beam to a total charge of 20 uC. The anclysis beam energy was chosen to take advantage
of a non-Rutherford cross-section enhancement for catbon. The implanter spot size was
anproximately 10 mm in diameter, inside of which fit the 3x2 inm analysis spot. The
analysis beam current was 40 nA. The chamber has a base pressure of 2x10~* Pa. The
sample stage was cooled to -100°C during irradiation.

The energy widths were measured by approximating the zirconium peaks as rectangles
and determining the half height width. The uncertainty in the energy width was taken as
the appropriate combination of the uncertainties in the peak area and height as governed

by Poisson statistics. Energy deposited in the film was calculated using TRIM (8].

III. RESULTS/DISCUSSION

Representative IBS spectra collected during an implantation/analysis sequence are shown

in Fig. 1 to illustrate the change of the. spectra with ion dose. From high to low energy, the
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peaks of hafnium, zirconium, oxygen, and carbon can be seen, as indicated by the surface
energy markers. The most obvious change with dose is the height and the width of the
zirconium peak. Other visible effects include the advancement to higher energies of the
silicon substrate edge (approximately channel 550) and the decrease in area of the oxygen
peak and width of the hafnium peak with increasing dose. It is worthwhile to mention
that the integrated area of the zirconium peak through all experiments remained ostensibly.
constant negati.g the loss of zirconium with irradiation.

‘The energy widths of the zirconium peak for the three ion species are plotted in Fig.
2. The exponential-like decay of the width with dose is evident. The exponential behavior
is consistent with conventional radiation damage accumulation models {9,10] and gas evo-
lution studies of ion-irradiated polymers (11). Comparing the curves in Fig. 2 between ivn
species, the rate of decay increases with ion atomic number. Additionally, the final values

_of the widths are not coincident. These two observations indicate that ion-beam- induced
densification is dependent on the ion species, wkich is consistent with our previous results.

To test the effect of the analysis beam, a fresh sample was irradiated with the same anal-
ysis beam to a total charge corresponding to 15 IBS spectra, or 300 u4C, which is equivalent
to approximately 3x10!® Het/cm?. The total decrease in width resulting from that test was
10%, which took place within the first few spectra. This confirms that the effect of the
analysis beam is negligible.

The energy width curves shown ic Fig. 2 have two distinct exponential regimes as
revealed in Fig. 3 along with measurement uncertainties. The existence of two linear
regimes in Fig. 3 suggests that the zirconium peak width evolution can be described vy the
sum of two exponential terms. In light of this we have fit the energy width curves of Fig. 2

with a function of the form:
AE(8) = AE,, + C, exp(—010) + Ca exp(—01¢), (2)

where AE is the energy width of the zirconium peak at a dose ¢, AE, is the savuration

level, Cy and C; are the pre-expouential factors, and o, and o; represent the target species
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release cross-sections. The best fit of I'q. (2) for the data is shown in Fig. 3. While the
energy width of the zirconium peak is characteristic of the species remaining in the film, the
functional behavior of the loss of species should obey rate laws with similar cross-sectios.

While oxygen, carbon, and hydrogen are known to be leaving the film during irradiation,
the data suggests the release is dominated by two kinds of species. It is plausible that the
species should leave in distinct chemical groups. This would imply that the rates of decrease
of the areal density, (V'¢), of those three elements may be coupled into two dominant gaseous
species. Indeed Chapiro [1)] observed the release of H;, CO, CO,, and CH,4 during ion
irradiation of PMMA. The obvious choices for released species in the zirconia sol would
be H;0, and alcohol, ROH. Determination of these species is currently in progress. As a
first step, we have examined the behavior of the cross-sections, oy and o3, in Eq. (2) with
electronic energy deposited in the film which provides a lin'- to tie further dctermination of
released species.

Fig. 4 shows the cross-sections, oy and ;, versus electroni: energy deposited in the film
on a log-log plot. From that plot it is seen that one of the cross-sections is approximately
an order of magnitude greater than the other, thus indicating that o; is characteristic of
a species leaving at a much faster rate than that of 0. Also both cross-sections follow a
similar trend, which is roughly linear with positive siope, that is the rate of species loes
increases with the electronic energy deposited in the film. Insight of the interaction may be
proffered by the implied power law dependence of cross-section to electronic energy loss.

Adel et al. [12] have developed a model for the release of hydrogen from amorphous
hydrogenated carbor films under ion irradiation. In that model if two carbon-hydrogen
bonds are broken within a certain characteristic distance, then the two hydrogen atoms can
combine to form mejecular hydrogen which can be liberated from the bulk. Should tke
hydrogen atoms not have sufficient time to diffuse together then each ion may resume some
bonding configuration. According to that model, if the probability of forming a hydrogen
ior: scales linearly with the electronic energy loss, then a parabolic dependence of the cross-

section with electronic energy loss is formed, or a line with siope 2 on a log-log plot. We desire
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to extend this thinking from formation of molecular hydrogen to formatioa of other molecular
species haracteristi: of the chemistry of the sol-gel zirconia thin film. For example, a
hydroxyl ion formed via ion irradiation may need to diffuse a characteristic distance to
combine with a alkoxy ion or atother hydroxyl ion, thereby creating an alcohol or water
molecule by way of a cordensation reaction.

The curves of Fig. 4 have approximate slopes of 3 and 4 for o, and o, respectively,
suggesting tkat more than two free radicals combine to form a gaseous molecule, or that a
modisication to the model of Adel needs to be made. Perhaps the inclusion of crystallization
effects may better explain the observations.

If the film crystallizes under irradiation prior to completion of chemical reactions, then
further reactions would be impeded by the immobility of species in the crystalline lattice
compared to the less dense porous structure. This is comparable to the competition between
densification and crystallization during heat ireatment of titania sol-gel films as seen by

_Keddie and Giannelis [13]. Titania filias that were heat treated in such a way as to delay
the onset of crystallization, by rapid thermal annealing for example, were found to undergo
greater species loss and chemical changes than those for which the onset of crystallization
occurred sooner. Greater heating rat=3 corresponded to denser films. lon implantation might
be considered as a very rapid heating technique in this regard. Not that the temperature of
the sample rises considerably during irradiation, but that there is a region of high localized
temperature surrounding the ion track, known as the thermal-spike [14]. In this way an ion
that imparts mure energy to the film might be comparable to a faster heating rate in the
sense of the work of Keddie and Giannelis. Indeed this phenomenon may be responsible
for the different final energy width values in Fig. 2. As the nuclear energy deposited in
the film and thermal spike effects increase in the order Ne, Ar, Kr, it might be that more
energy imparted to the film translates into greater prevalence of condensation reactions and
thus speciez loss. Conversely, the less energy that is imparted to the film does not cause the
same extent of chemical reactions and may even induce the film to crystailize befor. those

reactions can be completed, thereby inhibiting species loss.

7



It appears that the effect of ion irradiation on sol-gel zirconia thin films is not as straight-
forward as being dominated by a single process, but rather there may be a complex interplay
between electronic and nuclear mod s of energy los..

IV. CONCLUSION

We have investigated in situ ion-beam-induced densification of sol-gel ceramic thin films. .
The results indicate that not only do species leave the film during irradiation, but that they
may do ro as two distinct groups. Additionally, the data indicates tkat the role of nuclear
effects, perhapa in the form of crystallization, and its interplay with densification needs to
be understood more fully.
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FIGURES
FIG. 1. IBS spectra of as-deposited and ioa irradiated sol-gel zircomia thia film oa a silicon

substrate. The most notable feature is the inrrease in height and decrease in width of the sirconlum
peak, indicative of species loss. Surface energy markers indicate location of high eaergy edge of
Hf, Zr, O, and C peaks.

FIG. 2. The zirconium peak energy width versus ion dose for thres implanted species. Ax’
exponential character is svident as is the variation of the loss rate and saturatioa with loa species.

FIG. 3. Plot of an energy width curve with correspcading uncertaiaty om a semi-log plot. The
broken lines guide the eye to the existence of two linear regimes. The best fit of Eq. (2) to th<

data is givea.

FIG. 4. The cross-sections, 0, and 03, with correspoading uncertainties plotted versus elec-

tronic energy loss. The slopes of the lines for o, and o, are approximately 3 and 4, respectively.
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