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ENHANCED SPUTTERING DF GRAPHITE AT HIGH TEMPERRIURE®

J. ROTK™™?, J.E., ROBERTO, and K.L. WILsoN *)

Solid Swate Division, Qak Ridge National Ladoratory, Oak Ridge, Tennexsee Z7E3D, USK

© The enhanced sputtering of graphite 2% temperatures above 1000 K hes been investigated for s veriety

of incident ion speacies and energies. Papyan graphite strips were irradiated witn 3% tc 150 keV H.
L. D, and Ar Hions in the temperature range from 300 to 16800 K, and with 0.12 To £ keV K ions at

1800 K. Sputtering yields were determingd hy weight change me2Suréments, and were compared in many
cases with yielgs determined by in-situ jon beam analysis of collector probes. For temperatures above
1000 K, enhanceo sputtering yields are found which increase with tempersture To & to 20 times room
tesperature values 2t 1800 K. At a given temperature, me2sured yields for 211 species and energy
comsinations scale with the nuclear deposited ensrgy at the surface and do not correlaie with
glectronic losses. The low energy K measurements indicate a transferred amergy threshold of - S ev
for the enhanced erosion process, significantly Tower than the displacement threshold energy in
graphite of 30 V. The enhanced erosion is characterized by an activation snergy which varies from
0.5 To 1.1 eY with decrezsing incident particle mass. The over21? results, tooether with recently re-

ported velocity and mass spectra of the sputtered particles, swggest @ radiation-enhanced sublimation
mechanisem.

1. INTRODULTION energy Tosses for the various incicen: con-
Rzcent measurements [1-3) of the sputtering ditions, and with possible models for the en-
yield of graphite under ke¥ jon bombzrament have hanced erosion process. )
revgaied ar enhanced erosion abave 1000 K whnich Praviously reported resulis (2. 3} of the
inereases to 10 - 20 times the room temperaiure mEss and energy Spectri of the sputlered peri-
value a7 2000 K. This enhanced erosion occurs itles indicate thai tne enhznced erosion pro-
for a variety of incident ion species and is not cess adave 1000 K is characterized by the
associatec with tne relezse of volatile com near-tnermal relzase of ingivigwal C ztoms. The
pounds characteristic of the reactive or chemic- angular distridution of spuilered particies for
&1 sputiering {4} of graphite uncer H bomdarg- grazing incidence bomberdment also sucgests
pent at 700 - 1000 XK. The resulting hign erosion thermal release {1). Azeordingly. we refer to
rates serioucly iioit the usefulnass of grapnite this process in the followxing s ragiation-
25 & high-teaperzzure plasma-side materizl in enhanced sublimation.
fusion rezetors. In this paper, we repurt _
sauttering yield mezsuraments for H, £, 0, and 2. EXPERIMENTAL
Ar jons at verious energies between C.13 and Tra erosion measurenents were performed using
150 #eV on grashite targets at :empethures 35 To 150 keV H, C. D, 2nd Ar ions Treo an ion
rznging Trom 300 ~ 1800 X. The resulis are com- implantzeien accelerétor ang 0.13 3¢ & &V K
piree wizr czloulations of elastic and inelastic ions Trom 2 high current jon source. Fapyex (3)
-
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graphite sampies zpproximetely 4 x 20 x 0.5 mms
were mounted on &lecirical Jeads in 2 varvum
chamber anc heated resistively. Sample tempera-
ture w2s mbnitored uwsing an optical pyrometer
with an atsolute accuracy of ~ 20° € and a re-
lative reproaucipility of < 16% C. Each erosion
miezsurement typically resulted in the resoval
of more than 100 monplayers of carbon. Ordinary
thermal sudlimetion accounts for less than 1 %
of the carbon loss for the temperature and con-
ditions of these experiments.

For the high enerqy implantations, samples
werg annealag at 1900 X for ten minutes in ]0'5
Torr vacuum, weighed in air using a microbalan-
ce with an accuracy of 1 vg, and sputiered at
normal incigdence with H, C, 0, and Ar ions from
an ion inplantation accelerator at Dak Ridge
Nztional !.abaratory.' Sampie temperatures varied
from 300 to 2800 K znd irrsdiation conditions
were Typically 1 to 10 hours at» 0.1 mifcmz and
10"5 Torr. Pelative erosion yields were determin-
e ip-5ity from The analysis of C atoms coliect-
g0 on Si catchers in front of the sample using
resonant backscettering (6) of 1.75 MeV H ions

from & Van d Greasff eecelerator. The experi-
mental geanetry for these measurements is in-
dicated in Fic. 1 2nd some typical resonént
scattering curves are shown in Fig.Z. Absolule
erasion yieics were determined from the weight
change of Tha samples. Where appropriate, She
weignt g2in zssociated with the implanted
sgacies wes ncluded.

At lower energies, erosion yields were ge-
zermined from The weight change of samples
irragiatec 21 tne high current ion source 2t
IPP Garching {7). Sa=ples were irradizied with
E~ions at normel incigence 2t 1800 K for
energies verying from 0.13 To € keV in order to
irvestigate threshold effects in the enhanced
erusion process. Irradiation cenditions were
aenerally similar To The high energy inplants.

For the relaiive erpsion megsuremenis, uh-
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FIGURE 1

Schematic of the experimental zpparatus used for
the high-energy erdsion measurements. The tar-
get and shield assemb’y could be rotared 1o
allow in-gitu ion beam analysis of the targe:
surface as wall 25 the coliestor, The Ti fila-
ment was 10caTed Delow The Y0n DEEms Enc w2s
used to continuously evaporate T1 on & surface
in another experiment.
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FIGURZ 2

_Backscattering ietensity us._energy for.1.75 Kev

K jons $ncident on 57 with a2pproxioaiely 10
montla_ .rs 0Ff deposited C on tne surfece. The C
ang §§ proton resonznces are clmarly sexn. The
data were taken in the geomeiry of Fig. | Tollow-
ing_ 150 keV Ar sputrering of graphiie.



scattzring statistics or weight changes conuri-
bute to an estimated relative error of ~ 30 i,
Fosolute yielas are detersined within 2 facior
of tuo.‘Fpr the case of 100 keV H irradiation 2t
1800 K, the weight change was larger than ex-
pected Trom the amount of C deppsited on the
collector. This s attributed to the possible
flaking of the graphite surface under these high
energy. iow erosion conditions. The radiatien
enhances sublimation yield in this case w25
taken Trom The collecied amount. The correspond-
ence between collected ampunt and weight change
was excellent for the other irradiations.

3. RESWLTS

Temperature-dependent erosion yieids de-
termines $n This study and n our previous re-
lzted work {1) are summarized in Table 1. These
datz ingiceie erosion yieids for graphite at
1800 K which vary from 6 to 20 Times room tempe-
rature vialues. The yield enhancement at 1800 K
j5 larcest for incident light ions, and exceeds
the reactive sputzering peak it 500 K for hydro-
g=n ons [1}.

in Fig. 3, erosion yields are piosted vs. /T
£gr incident Ar, 0, C, He, and H jons. These
cata are consistent with activation ecs,gies for
the enhanced erosion process which vary from
0.5 eV for heavy i0ns to 1.1 eV for low-energy
lign: fons. Such activation energies would leac
1a significant thermal evaporation at tempera-
tures well below 1000 K. assuming normal pre-
-exponential factors. This suggests that addition-
2] steps muy be involved in the erosion process.
For comparison, the activation energy for
erdinzry thermal sudblimation of graphite 1is
a 8 eV (B).

Erosion yields at 1800 K are plotted against
the nuclesr deposited energy at the surface for
-various -ion and enrergy combinations -in Fig.-4.
The nuciear geposited energy represeats elastic
energy losses which result in atomic displace-
_ments_and is_proportional 1o the sputtering yield
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FIGURE 2

Graphite erosion yields vs. inverse Lenperature
for several incident jon-energy combinziions.
Arrhenius plots and activaiior eagrgies gerived
from subtracting the room temperature yielas
ar: also snown. The He anc D datz are Trom

ref. 1.

in the cascade theory of sputiering {§). The
nuclear deposited energies for Fig. 4 were cal-
culated using the TRIM code (10) with Lindnard
paramesters {11} and 5 eV and 30 &V dispiactement
thresholds. Tne gaiz sczle Tinearly wiih the
nuclear deposited energy over ¢ wioe range of
incident particie messes and energies for a 5 eV
threshoid. This suggests a collisional contri~
tution to the enhanced erosion.

The same yield data are plottes in Fig. 3,
<his Timg versus tne inelasstic or eiectronicz
iesses. This is ine energy which 15 lost 1o
electropic excitations incluaing bend breaking.
Again, tne calculiated energy Tosses are from
TRIM with Lindrard parzmeters. Untike the case
of the nuclear deposited emergy, there is no
correlation batween the erosion yield at 1830 K
and inelastic energy losses.
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FIGURE 4

Graphite erosipn yield at 1800 K for & variety
of incident ions 2nd energies vs. huclear de-
posited enerzy at the surface. The yields scale
Jinzarly with the deposited engrgy Yor 2 5 eV
transferred enerqy threshald. The H and D date
are from ref. }.
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FIGURE 5

Graphite erosion yield at 1800 K for a variety of
incident ions and energies vs. €} ectronic de-
posited energy at the surface. There is nd
apperent corréspondance betweer the electronic
stopping ang the messurcd yields. Dava from
refs. 1 and Z 2re inciuded.

The threshald behavior of the eresion yield 21
1800 K is indicated in Fig. & for incident K
ions. The solid ang dashed curve in Fig. 6 are
TRIM calculztions of the nuclear depnsited
energy 3t the surface for the incident con-
ditions assuming 3 5 €Y and 30 eV displacement
threshold, respectively. &1s0 shown in figure §
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Energy dependence of the erosion yield and the
calcutated nuclear deposizec energy for H, D,
C and Ar cn graphize at 1800 X, The deposited
energy curve most closely reproduces the low
enerqy dats Tor a 5 ev¥ transrerred enargy
threshold. The D data zre from ref. 1 2nd the
low energy Ar datz are relative yields from
ref. 2 which have been normzlized 1o the o0&~
posited engrgy curve in order 0 compare the
eneryy dependences.

zre similar data an¢ celculations for Ar, € and
D ions on graphite. All of the energy-dependent
data scale approximately with the deposited
energy. The low-enarpy H measuremenis cieariy
suggest that the enhznced erosion process is
characterized by a displicement thresholcd neir
5 eV, comparable To the threshold for roof
temperature sputtering of grzphite (7}-



haditional measyrements were made of the Ar
sputtering of graphite at 1800 K in the presence
of sn evaporated Ti flux. Preliminary results
indicate that the erovsion yields were not signi-
ficantly affected until steady-state coversge
rzached approximately one monolayer. At this
point, yields increazed Somewhat perhaps due to
The increased nuciear stopping at the surface
zssociated with the Ti atems and then eventually
f£11 to levels expected for TiC at higher cover-
ages. These resuits are presently deing inter-

- preted and will be inciuded in a future pub-

lication {12).

© Many of the graphite samples used in these
studies were examined in the scanning ¢lectron
microscope Tollowing irradiation. These
examinations revezled surface morphologies which
were consistent with the acoumuliated nuclear de-
posited energy for a particular sampie. For the
highest damzge lavels, these morphoiogies were
strongly convoluzed with sufficient surface
roughness to blacken the irradiated spot. Tnere
is no evidenre that this accumulated damage
infiuences The radiztion-enhanced sublimstion
process.

4, DISCUSSION

There is a consideratle body of evidence
which suggests that the embanced ernsion of
grephite under ion bombardoent above 1000 K 1is
a ragiation-enhanced sublimation process. Pre-
vious studies have found that the released
particles are individual C atoms {2} with a
near-thermal velocity distribution {3) and an
exission spectrum which is approximately cosine
for bombireoent 2t grazing incidence (1).

‘Sputtersd particles would have energies in the

5 gV range, and 3 sputtered fiux would peak in
the Torward di}ectian for grazing incidence
bombardrent. On the other hand, thermal eva-
poration is characterized by the release of
carbon dimers and trimers with appruujmately

' ren times more relative abundance than the

radiation enhenced process {2). These resulis
point to a radiation enhanceg sunlimatien pro-
cess which is diffarent from normel evzporation,

The present results further clarify the io-
portance of radiation damage in the prucess.
The enhanced yields are proportiongl 1o the
nutlear deposited energy at the Surface over i
wide spectrum of incident jon energies anc
masses. Such a correspondence doss not exist
between the enhanced yieids and inelastic
losses. The displacement of near surface atoms
is therefore a critical step in the process.

The energy dependence of tne enhanced
erosion at low energies indicates a transTerred
energy threshold for the process of ~ 5 eV.
This is much lower than the generaliy accepted
displacement threshold energy in bulk graphite
of 30 eV (i3). This suggests tne Tormatlion of a
surface defect with 2 much lower threshold
energy then would be characteristic of bulk
interstitials. The relatively low zctivation
energy Of the enhanced erosion process in come
parison with its high initiation temperiture )
suggests that the C release may be controliad
Dy the difference in activition energies for
The rejease and annedling of this surface oe-
fect {1}. Such 2 model can reproduce ihe ob-
served yields vsing reasonable pre-axponential
factors and surface defest vensities.

5. SUMMARY

The enhanced erosion of graphite above
1000 ¥ has been investigated for a wide variety
of incidenT ion masses and energies. Erosion
yields up To 20 times room temperature valyes
have been sbserved at 1800 K. The results clear-
1y indicate 2 collisional origin for ine erosion
with 2 transferred energy threshold near & eV.
The temperature dependence of the erosioh pro-
cess s characterized by an sctivation energy
of 0.5 to 1.1 ev¥. These resulis, tzken together
with earlier messurements, sugges? a rediation-
~gnhanced sublimation mechanism.
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Table 1 Temperature dependence of the erosion yield of graphite for various imcident jons anc
energies, Yields for M, D, anc He ions are Trom previous mezsuresents {1).

H-C p=~C He = C C~C 0~-C Ar -~ C
{1 keV) {1 ke¥) (8 keV}) {50 keY) (50 keV} (50 keV)
300 X 0.006 p.02 D.06 0.34 0.7 1.3, 1.8
{0.16, 100 keV) {1.0, 150 keV}
770 X 1.1
1100 K C.023 0.1 2.3
1300 ¥ 0.819 0.18 0.75 1.67
JAOD K D.024 £.3
1500 K 0.09, D.0B
1600 K - 0.084 D.34 5.2
1700 X 1.5, 1.5
1800 K 0.i2 0.20 0.72 1.8 3.2 g.1, 8.1
(v.002, 100 keY) (1.8, 100 kevy] {7.5, 150 keV)
1870 K 0.38 (5.2, 35 kev)
2010 x 0.25 0.m
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