
TM&
IN SITU ION-BEAM ANALySIs AND MODIFICATION OF SOL-GZL
Z12CONIA TRIN FILMS

‘-at Timothy Edge Levine, 14ST-4
Ning Yu, MST-4
Pa-a Kodali, MST-4
Kevin C. Waltar, MST-4
Michaal Naatasi, MST-4
Josaph R. Tmsmor, MST-10
Carl J. Maggiorm, HST-10

SIJMTTmTOJam@a w= May.r# Arizona state univ-8itY

Prmontad at tko Ninth International Confaranco on Ion
Beam Modification of Materiala, Canberra, Australia
Feb. 5-10 1995

About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov



h Situ Ion-Beam Analysig and ModiOcation

Thin Film

T. E. Levine

1

of Sol-Gel Zirconia

Dep~nt oj Mateti stie~ ad Engi_, Cornell Uni~, [h Nev Y& 1485S

N. Yu, P. Kodali, K. C. Walter, M. Nastaei, J. R. T~er, and C. J. M@o~

Matet+ale %ietux and Techn~ Di-, Loa Afamoe National Lahomtorg, LOSA- New

hfezico 87545

J. W. Mayur

Department of C%em., Bio, and Mateti Engineenkg,A- State Uniuem+ty, Tee

Ar+rona 8S~87

Abstract

We report the investigation of ion-beam-induced deneification of aol-gei zirco=

nia thin films via in uih ion backseattering spectmmetry. We have irradiated

three regiom of a sample W h neon, argon, and krypton Ione. For each ion

speck, ● aerieaof irradiation and analysis stepe were performed ueing an In=

terconnected 3 MV tandem accelerator. Tho technique offers the ad~t~

of minimizing the variatkxi of experimental parameter and equentuy men=

itorlng the demilkation phenomenon with Increasing ion doze.
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I. INTRODUCTION

Sol-gel processing is a desirable method of ceramic thin iilm deposition owing to its low

coat and ability to coat almost any substrate [1]. A major drawback, however, iz the high

temperature (700-9000C) n~ary for p~ing which limits the choice oi subat~ to

thoee with a relatively high thermal budget.

We have shown previously that sol-gel zirconia thin fUmEcan be denaified through the

we of ion irradiation instead of conventional heat treatment [2,3]. Also, we havu demon-

strated that the observed densifi~ion arizea from ion-target intmwtionz, as op~ to

beam heating ekts [3]. In another study, we have assumed that the observed chtical

and physical changea in the filmz and species loss during irradiation are coupled [4]. This

allows dependence on ion beam p~ing parameters of the observed denzification to be

determined by species Iosa alone. In this way, we have sought to determine the promimt

energy ka mode through the irradiation of variouz inert gasea . Inert gases were cb8!i tO

minimize potentialchemical interaction of the jon with the target.The range of the ion WM

alwaya greater than the thickn~ of the sol-gel film. In that work, a series of inert ion with

different maezes and atomic nurnberz were employed to systematically vary the amount of

nuclear and electronic stopping in the sol-gel filrnz. Subsequently, the filmz were ~~ .

via ez siiti ion backscattering spectrometry (IBS), to determine species loss. Although that

study suggested that the densification proceaa haz a dependence on the electronic -~

Iosu in the target, itsuffered from sample inhomogenity and a small data set which together

proved insufficient to explore the functional dependence of ion-beam-induced denzilkation

behavior on ion dose and species.

In this paper we further investigate ion-beam-induced densification via use of a sXGJIY-

deaigncd in situ target chamber that allows in situ ion beam analysis of sol-gel zirconia thin

filmsby an interconnected analysis beamline [6]. In a typical run a sample Spot inmumttily

irradiated with an inert gas ion and then analyzed. This setup o,fler the unique abfitk tO

minimize variation of experimental parameters and to continuously monitor the denuification
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procusz az characterized by the IBS zpectr~

Prior to denzification a sol-gel zirconia thin & can be pictured as an ag$mmthof

weakly-branched or ramified particlea such that each particle is a tangled maza of ok

[1]. During densification the film undergms chemical and structural changez rwulting in a

highly-branched oxide network that ultimately collapses, driven by the high surface ~

of the pow gtrur :w, ink a d- ~~c ~. Further as part of the formatk d the

oxide network, condensation reactionz crozdink the particlez inaeazing the zpan of the oxide”

network and releazing gaseous by-products (i.e. water vapor, alcohol, hydrocarhona). It is

the polymeric nature of the particl~ and the recipient cross-linking that permits pallelz

with ion irradiation of polymerz to be drawn to sol-gel thin !Nmz.

The property changez of polymem under ion, irradiation have been shown to depend on

the ion maaa and atomic number, the ion Onqy, and the chemiztry of the tar~ [6]. But

maay polyxnerz display similar effect8 SUCh M croao=lin.king, chain zckion, and relaam of

volatile speciez. In gen~~ the nucl~ energy IOZZm~~ are considered msponzible k

atomic displacement and chain sciasion, whereas electronic energy Iozs modez are conddered

responsible for target ionization and crozz-lin.k formation.

The sol-gel zirconia thin films of interest initially contain five species: zirconium, OXYp,

carbon, hafnium, and hydrogen. The firzt four speciez ●ach can p-t a definable peak in

an RBS spectrum, whereas h~dro~n i6 not directlymeasurable by RBS. The energy width

of the zirconium peak in an RBS sp~trum in the SUrface energy approximation is given by

where AE is the width at half height of the zirconium pe&, (fV~)j is the areal denzity of

species j in the film and [to]~F is the stopping power factor corresponding to scattering fm~

zirconium and stopping in species j [7],

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

of its peak, and together all four areal denoitiea with the zirconium peak ene~gy width can
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be used in Eq. (1) to solve for the areal density of hydrogen. Homver, the relatively small

sreas of the Cor,utituents other than zirconium lead to erratic ~ with no clear functional

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

as an indkator of species lees.

II. EXPERIMENT

A ti of sol-gel zirconia was deposited mto a [100]-oriented silicon wafer in ● proAure

dtibd previously [2]. A two cm squ re “ample was installed into the in uih tar@

chamber of a 200 kV implanter with an interconnected 3 MV analysis -* ameka~

[5]. Neon, argon, and krypton were implanted in the doubly charged state at 280 keV with

d- ratea of 6.4, 7.4, and 7.4x 1012 ions/cm2/~, respectively. The number of IBS spectra

taken were 35, 22, and 22 for neon, argon, and krypton, respect~.vely.

Inside the in situ chamber, the sample normal is parallel to the implantation beam

snd 6W to the anaiysis beam. Ed IBS spectrum was collected using a 3.SS MeV He+

beam to a tatal charge of 20 pc. The analysis beam energy waz chosen to take advantage

of a non-Rutherford cross-section enhancement for carbon. The implanter spot sise was

approximately 10 mm in diameter, i~ide of which fit the 3x 2 mm analysis spot, The

analysis beam current was 40 nA. The chamber has a haze pressure of 2X10-4 Pa The

sample stuge was cooled to - 100”C during irradiation.

The energy widths were measured by approximating the zirconium peaks as rectangk

and determining the half height width. The uncertainty in the energy width was tak M

the appropriate combination of the uncertainti~ in the peak area and height M gov-d

by Poisson statistics. Energy deposited in the film waa calculated usin~ TRIM [8].

111. RESULTS/DISCUSSION
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Representative IBS spectra collected during an implantation/ans+lyois sequence are shown

in Fig. 1 to illustrate the change of the spectra with ion dose. From high to low energy! the



peaks of hafhium, zirconium, oxygen, and carbon can be seen, aa indicated by the surface

energy markers. The moat obvious change with dose in the height and the width of tb

zmoniurn peak. Other visible tiects in~ude the advancement to higher energia of the

silicon substrate edge (approximately channel 550) and the d~ inarea of thew

peak and width of the hafnium peak with increasing dose. lt is worthwhile to mention

that the integrated area of the zirconium peak through all experiments ~ mbiy.

conztant negati~g the losz of zirconium with irradiation.

‘me energy widthz of the zirconium peak for the tk ion zpeci~ are plotted in Fig.

2. The exponential-like decay of the width with d= is evident. The exponential behavior

is Consistent with conventional radiation damage ~cumulation models [9,10] and gas evm

Iution studies of ion-irradiated Polymers (II]. com~ng the curv~ in Fig. 2 betm ion

speck, the rate of decay incre~ with ion atom,ic nub. Addjtjonally, the final valH

- of the widthz are not coincident. Th~ two oationa indicate that ion-beam- induced

denzification is dependent on the ion s~im, wkich i. Consistent with our previous HuAtz.

To teat the effect of the analysis beam, a fresh sample waz irradiated with the same an8f-

ysis beam to a total charge corresponding to IS IBS spectr~ or 300 pC, which is equivalent

to approximately 3X10’6 He+/cmz. The total decrease in width resulting from that t-t was

10%, which took place within the first few spectra. This confirms that the effect of the ‘

analysis beam is negligible.

The energy width curv= shown i~ Fig. 2 have two distinct exponential regi- az

revealed in Fig. 3 along with measurement uncertainties. The exiotence of two fin=

regimez in Fig. 3 sugg~ts that the zirconium peak width evolution can be dezcribed by the

sum of two exponential terms. In light of this we have fit the energy width curv= of Fig. 2

with a function of the form:

(2)

where M is the ●nergy width of the zirconium peak at a dose #, AL k the -Jration

leveLCi ml Ca are ths p:e-exponential factorz, and q and al represent the target sp=ia
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releaae trots-sections. The ~t fit of Eq. (2) for the data is shown in Fig. 3. Wile the

Q width of the airconium peak is characteristic of the ~ remaining in the 61m, the

functional behavior of the loss of species should obey rate la- with similar ~aectio~.

While oxygen, carbon, and hydrogen are known to be leaving the film during irradhtion,

the data su~ts the release iq dominated by two Elnda of speck. It is plausible that the

specia should leave in distinct chti~ ~pa. Thin would imply that the rak of ~

of the areal tilt y, (Nt), of those three elements maybe coupled into two dominant ~

speck Meed Chapiro [11.] observed the release of H2, CO, C02, and Cm during ion

irradiation of PMMA. The obvious choices for releaaed species in the zirconia ml would

be H20, and alcohol, ROH. Determination of these species is currently in p~. A ●

first step, we have examined the behavior of the crow-sections, al and a2, in Eq. (2) with

electronic energy depwited in the film whi~ provides a lin!- to the further dctermktion of

released Speciee.

Fig. 4 showe the cross-sections, al and Uz, veraua electronic energy depoeited in the film

on a log-log plot. Frorn that plot it i9 -n that one of the cmm-sectionn k approximately

an order of magnitude greater than the other, thus indicating that Ua is char~~c of

a apeciea leaving at a much faster rate than that of al. Also both crow-section # follow a

similar trend, which is roughly linear with pmitive dope, that is the rate of species IW

increases with the electronic energy deposited in tke film. Insight of the interaction may be

proffered by the implied power law dependence of cross-section to electronic energy lw.

Adel et al. [12] have developed a model for the release of hydrogen from amorphous

hydrogenated carbon films under ion irradiation. In th~t model if two carbon-hydrogen

bonds are broken within a certain characteristic distance, then the two hydrogen atoms m

combine to form meiecular hydrogen which can be liberated from the bulk. Should the

hydrogen atoms not have sufficient time to diffuse together then each ion may resume some

bonding configuration. According to that model, ii the probability of forming a hydrogen

io~ scales linearly with the electronic energy 10ss, then a parabolic dependence of the CXWS-

section with electronic energy loss is formed, or a line with dope 2 on a log-log plot. Wedesire
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to extend this thinking b formation of molecular hy~ to ~ “ ofother moknlar

speck :haracterigtis of the chemistry of the sol-gel zircon,ia thin ti. For ex.~~ &

hydroxyl ion formed via ion irra&tion may need to diffuse ● Aamcteristic ~ to

combine with ● alkay ion or another hydmxyl ion, thereby creating an akohoi or wak

molecule by way of ● condensation reaction.

The c~ of Fig. 4 have approximate slopee of 3 and 4 b at ad aa, ~dy,

suggesting tbmt more than two ~ r~l~ mmbine to form ● ~ IIIola~ or that a

modiikatiou to the model of .4del needs to be ma& Perhaps the inclusion of aystallization

effects may better explzin the observations.

If the film crystalli~ under irradiation prior to completion of chemkal reactims, tk

further reactions would be impeded by the i~bility of speciw in the crystalline latti~

compared to the leYZdense pomue stmct~. ‘lW is comp~~le to the competition bet-

densification and crystfllzation during heat treatment of titania ml-gel k es - by

IGddie -d Giannelis [13]. Tit~ia flu th~ w- he~ t-in guch a way u ~ ~y

the oneet of crystallization, by rapid thermal anneahng for example, were hmd to_

greater speci- bee and chemical changa than thaee for which the onwt of cryeWize#im

occurred sooner. Greater heating rat= co~pond~ to d- films. Ion implantation might

be consi&red ee a very rapid heating technique in this regard. Not that the temperature of “

the sample risee comiderably during imadiation, but that them is a region of high lodzed

temperature surrounding the ion track,known an the thermal-spike [14]. In this way w ion

that imparts inure energy to the film mi@ be comparable to a faster heating rate in the

sense of the work of Keddie and ci~neli~. Indeed this phenomenon may be raponeible

for the different final energy width VaJUeII in Fig. 2. As the nuclear energy depaited in

the film and thermal spike effects incm~ in the order Ne, Ar, Kr, it might be that more

energy imparted to the film t ranslat= into greater pmvalen~ of condensation reactions and

thus speciez lWS. Converaeiy, the legs enerw that i. imput~ to the film doee not CaUMthe

same extent of chemical reactions and may even induce the film to crystallize befor. th~

reactions can be completed, thereby inhibiting species lose.
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IV. CONCLUSION

We have investigated in situ ion-~-indu~ &sifiution d ml-gel ceramic thin 6b. .

The results indicate ht not only do species leave the film during irmdiat~ but that they

may do m as two distinct groups. Additionally, the data indicates that the rob d nuclmr

elkts, perhaps in the form m- ~ttiion, and its interplay with dedication fi to

be understood more fully.
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FIGURES

FIG. 1. IBS spectm of ~ted and b inadiatd ed-@ldrcmia thi89haomsdikam

mhratamemc~tiurou theiar~im hdghtaaddmmnrn widtkdtho~

peak, indcuive ofepe&rB hu. Sar&emrgy mkereindi- bcartimdbi@eaqy~d

Hf. Zr, O, and C peaks.

FIG. 3. Plot of aa anargg width curve with ~ ~tyaati~*Th

brokea linu @da the eye to the axiat.ence of two linear regimu. The H fit of Eq. (2) to tk

data u given.

10



.

.

4000

3000

1000

0

Energy (MeV)
15● 20● 25● 30●

3.55 MeV %e IBS
Sample ~t: 60”

as deposited – D
.

c o. .. .. .I
3;0 460 560 660 760

Channel
860 900



.

180

120

100 i L 1 1 t I 1 I a 1 I 1 9 I 9 1 0 1 t 1 I 1 I 1 1

00 05 10 15 20 ~e5
● ●

●

Dose” (ions/c0m2) XIO*S



.

*

20●

15●

10●

05●

00●

–o 5●

IL
l--

“\
.\
.\
“t.

\\
‘k

.

+&
—fit

1-

L
00●

\ ‘\
\ \

“\ \
“\ \~\
“t \

.

\
.

\
.

\
.

\
.

\
.

\
.

T-,(;.

a

\
\ .

\
\

\
\

\
.

\
\

\

\
\

05 10 ● 15

Dose (i0ndcm2i X;(P



.

10-19

-.

i

10-14

10-16

10-la

50 100
FJectmnic Enemv Loss (keV/ion)


