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' AFM STUDIES OF A NEW TYPE OF RADIATION DEFECT ON -
MICA SURFACES CAUSED BY HIGHLY CHARGED ION IMPACT

7 C RUEHLICKE , M.A. BRIERE D SCHNEIDER
@ ;- " Lawrence Livermore National Laboratory, Cahforma 94550, USA

‘Radiation induced defects on mica caused by the 1mpact of slow
very hlghly charged ions (SVHCI) have been 1nvest1gated W1th an
o atomic force micr oscope (AFM) Freshly cleaved surfaces of d1fferent ‘
| types of muscov1te were 1rrad1ated w1th SVHCI extracted from the
E - LLNL electron beam ion trap (EBIT) at velomtles of ca. 2 keV/amu
~ Atomic force mlcroscopy'of the surface reveals the formation of
. bliste—rlike defects associated with single ion jmpact. The determined :
=) defect ~volurne whi‘ch appears to ‘incz*ease linearly with the in‘ci\dent | /
‘charge state and exhibits a threshold incident charge state has been
. determmed usmg the AFM. These results 1nd1cate that target atoms are
vsubJected to mutual electrostatlc repulsion due to 1omzat10n through
: potent1a1 elect‘l on emission upon approach of the i ion. If the repulsmn |

leads to permanent atomic di’splacem’ent, surface defects are formed. -
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1. Introduction

Radiation defects in- éolids‘ khavey long been observed with nuclear
detectors "in the form of tracks in the material bulk, caused by impact of
high energy (MeV) charged particlés. ‘Presently, much effort is devoted
towards the under‘standying of the interaction of SVHCIs with solid
surfaces. With. the rece’nt’ develépment of electron beam ion traps
(nEBIT), whichj allow the extraction of highest charged ions at kinetic
enefgies in the keV range, the fornvla-tioh of surface defects has been
fnade possible [1][2](3]. Investigation of the underlying mechanis’ms of
surface defect formation is of interest for understanding the basic
physics of ion Solid iﬁt.eractions as well as for possible nanometer scale
lithographic applications due to ion induced surface modiﬁcat‘ions |
The LLNL EBIT2 prov1des ions with charge states up to q 80+
\ Wthh carry up to > 200 keV potentlal energy. Atomic force nncroscopy
makes it possible to examine the defect topography on a nm scale
| dualitatively and, to a leslsei; extent, quantitatively; The latter,\howevevr;
- is still limited due to uncertainties in the AFM tip-surface interaction

and tip shape effects.




2, Experimental

The 'iens used for irradiation o s targets-v‘vere ektr‘actedb" using the
LLNL EBIT 2 [3)[4]. 1t generates highly charged ions by successive
- electron }impact vibnization from an 'electron beam' Ate‘ms'from;a gas
source or lowly charged ions from a metal arc source: (MeVVA) are_
1nJected into the trap volume where they are radlally conﬁned by the
space charge of the electron beam whlle a dmft tube assembly,
con51st1ng of three differ ently blased segments provides ax1a1'
conﬁnement To extract the ions, the potentlal of the middle dnft tube is
raised so that the ions can overeome the potent1a1 well. The charge state
“distribution of the extracted ions is deternnned hy the conﬁnement time, |
' i;e. the time they are subjected'te the electron beam impaet. -The‘.target
material is mi,ca, ) a phyllesilicate with r‘:‘th‘e' Sum, formulla -
KAlz(Si3Al)O 1‘0‘(OH)2‘, which consists of layers with a net negative
- ‘charge honded through interlayer eations. This structure resnlts in an |
excellent eleavage behaviburtpr,eViding very flat surfaces. 7 |
Freshly cleaved samptes_of muscovite mica were ii'radiated with ‘
 different ‘ions:"ixel'*, Xe 35+,"Kr'3‘5+, Xe44+5’ Xe50+, U7Q-F and Th74+

‘ extractedvat a trelocity of 2.2keV/amu 'and 'ﬂuences of 109 1010
| 1ons/cm2 The vacuum along the beam path and in the target area was §

~ ca. 52109 Torr. The ion flux was measured with a detectlon system‘

- - consisting of a rmcrochannel plate array or photomultlpher, thh an 1on

detection efﬁmency between 30 and 60 % depending on the detaﬂs of the :
 actual setup. The fluence was typically achieved ina 1~ 10 h 1rrad1at10n,»

- depending on the ion species.




A series of irradi\\atio’i;s was 'performed at different velocities: 1.3, 2.2
and 4.5 keV/amu. After irradiation the targets were stored in air until

being imaged with the AFM.

3. AFM of fhe irradiated surfaces

The irradiated samples wefe imaged with two different commercial
AFMs: Nahosc’ope ITI (Digital Instruments) and Autoprobe LS (Park
~ Scientific Instruments). The AFM imeges topographical structures of a
surface by scanning it with' a very Vsharp tip attached to a cantilever.
The bending of the cantilever whieh is a measure of the height change on
the surface and is monitored via a laser beam, reflected off the
cantilever onto a photosensitive deteetor. An electronic feedback loop is
used to adjust the height of the sample at every point, thus keeping the
cantilever deﬂection censta_nt\. With the Nénoscope III e, p'yl*amidal
- SigN4 tip of aSpect ralio 1:1 was ﬁsed which was attached to a
cantilever 'with\,a’r’wminal rigidity of 1nN/nm. r’The tlp used Wi.th

Autoprobe LS isa conically shaped Si tip with an aspect ratio of 3:1and

rigidity of the cantilever of 0.6 nN/nm. The tip radius is 20 - 80 nm for

the pyramidal tip and an alleged 10 nm for the conical tip [5]. All of the
\ samples were measured with the Nanoscope III shortly after the
irradiation and the samples 1rradlated with Kr35+, Xe44+ and U70+
were remeasured/after one year with the Autoprobe LS. Results for
height and width of the defects were obtained by assuming a linear
background and hleasuzing the full width and height of the defect with
respeci to that background. Assuming a spheﬁcal sllape of the defects,




" the volume was then obtained by: V' = w2 o h/2. The noise on both
| mstruments is still on the order of a few A, so that very small defects,
with a volume less than 10nm3 according to.a rough estlmate can not :

" be detected

4. Results and Discussion
- Observation of the sample surface-showed that blisterlike defects had
: been"geherated during irradiation (Fig ‘1) Their shape is independent of
, the scanning d1rect10n (Fig 2) 1nd1cat1ng real topographlc structures,
rather than features due to alteratlon of the friction coefﬁment [61. The
dens1ty of the defects, which is comparable to the ion ﬂuence, 1ndlcates ‘
‘that they are caused by single ion irnpact. They range from 01 to 3 nm
iri height, although most. vary between‘ 0. 5 and’2 nm. The “ddth appears ; |
| 1 to be on the order of 10 to 60 nm. Figs 3 and 4 show the helght Wldth
“and volume of the defects caused by dlﬁ‘erent madent ions as measured‘
~ with the two different AFMs. It is obvious that the height and width
measurements vary signiﬁcantly between the twof‘}i‘nstruments tvhich is
‘partly due to un‘certaihties‘\in the se,tupfof Autoprobe LS. Furthermore
the use of 81 tipsicouid leadto the measurement of larger widths since
| they are very’brittle and could break off during measurenient leaviug a
tip with a large radius‘ not being ‘abie to resolve defect r&idths smaller
than its own dlameter due to convolutlonary effects The measured
defect helghts are similar for both 1nstruments although the data pomts
for Xe50+ and Th74+ using the Nanoscope 111 arenot unde’rstood. These

measurements could not be repeated due to sample contamination. The




‘height measurement is expected to e el to the force exerted by
the AFM cantile‘ver,. it is therefore possible that the defects were
* squeezed down.;The estimated volume, however, increases linearly with
chargé state of the incident ion, which is found in both cases, see Fig. 4. |
No defects were seen on Iﬁiéa irradiated‘ with Xel+ or Xe35+, The
~ defect size was not'ufo‘und to depend oﬁ the velocity of the projectile,
kjwhich had been varied over the range of 1.3 - 4.5 keV/amu. Mica
samples of different com‘kpo‘sition séém to yield diﬁ'érent‘ size defects, a
systematic study of this effect is underway. Fig 5 shov'vs‘the stability of
the defecté" over time aﬁd the re‘prbducibilit’y of the irradiatioh. The
- volume measurement has been repr_odué:ed within 5%.
| The mechaniénl-by whi:ch' the defect formation is gbverned is not';‘ yet
understood. One model follows the ion explosion spike model by Fleischer
et al. [7j which has been introduced to explain the formation of nuclear
tracks. The Aelectrical field of the ion apprbaching. the sufface draws:
electrons out of the solid thereby charging it positively. The ions in this
charged‘ regions repel each other and, if the repﬁlsive_ force e#ceeds the'
- mechanical strength of the material, permanent atomic displacement
occurs. A minimum threshold chérge state is expected, which should be
around q~30, 'accordingto eXpeﬁméntal observatiori. C‘onsidering the
structuré of inica, one ekpects the top ,1ay’er§ to mutually repel each
other and form a hollow blister; which Would appear as a hillock during
AFM measﬁrement. The‘amount of charge of the incident ion then
influences the strength of the e’lectrié field di‘éwi'ng electrons from the
solid which in turn determines the s_ize of the affected surface region.
~ Therefore one expects the defect volume to increase with increasing

charge state.In the case of _conductors the increase of the electron




emiSSion with incident charge has been meaSured [9]. Defect production

may also be assoc:ated w1th enclosure of neutral entltles 1nd1cated by

‘the observaton that sumlar defects are caused by heatlng the mica .

substrate Heatlng could’ lead to expansmn of the trapped volumes or to
'dlsturbance of the charge balance by dlsplacement of the 1nterlayer
cations. Although first 1nvest1gatlons have shown formation of s1m11ar |
defects through SVHCI 1rrad1at10n and heatlng it is not clear whether :
the same mechamsm is respon31ble in both cases or whether they are of -

a dlfferent nature

“ 5. Conclusion

’bDefect for matxon due to irr adiation of muscowte mica with SVHCI hask _
| been described. Although AFM 1nvest1gat10n of the defects has revealed
an effect of the 1nc1dent charge state on the defect size whlch 1ncreases
_ | ‘w1th increasing pr OJeCtlle charge there are still large uncertamtles in the
, absolute dunenswns of the defects mvolved and the underlymg
mechamsms are not yet understood It has been shown that defects are
not umquely caused by 1rrad1at10n but are also generated by sample

| heatmg The studies are to be extended to AFM lnvestlgatlon on a sub

nm scale as well as systematlc 1rrad1at1on of different kmds of mica.
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Figure captions

~ Fig. 1. AFM imageof mica irradiated with slovs; U70+ jons, The
perspectlve view shows blisterlike defects w1th a full dlameter of 30 to
50 nm and a width of 0.5 to 1 nm. | |
Fig.2. Line section \of two AFM scans of mica irradiated with Xe50+ ions .
The scari_s, depicting‘ the same two defects, were taken with opposite
scan directions, sho{wingl t’hat‘/ the defect appéars as a bliéter
indéper;dent\ of the scan direction. -

Fig.3. Mean heights and widths of defects as a function of incident
charge ’state\ ‘determined with Nanoprobe III and Autoprobe LS. The
error bars représent the statistical width of each distribution.

Fig. 4. Mean volumes of defects as a function of incident charge state =
determined with Nanoprobe II1 and Autoprobe LS. The error bars
| represent the statlstlcal width of each distribution.

Fig. 5a. Mean volume distribution of defects caused b.yXe44_+ ions on.
various mica sahlpies duringkdifférent independeﬂt experiments. The

- error bars represent the statistical width of each individual distribution.




Fig. 5b. Mean volume measur ement results from one sample 1rrad1ated, v
with U70+ ions measured several times over a penod of time. The error

bars _represent the statistical width of each individual dlstnbutlo_n.
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