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Deuterium diffusion in silicon-doped diamondlike carbon films
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Diffusion of deuterium in diamondlike carbon films with different Si contents deposited by a pulsed arc
discharge method in deuterium atmosphere was studied. The concentration profiles of D were measured by
secondary-ion-mass spectrometry and elastic-recoil-detection techniques. A model is proposed to describe the
experimental depth profiles. Diffusion, detrapping, and trapping of D were taken into account in this model.
Diffusion coefficients obtained for nontrapped D resulted in activation energies af0125 0.7-0.2, 0.6
+0.2, and 1.20.2 eV for samples containing 0, 6, 15, and 33 at.% of Si, respectively.
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I. INTRODUCTION isotopes in DLC films and graphite, implanted and co-
deposited films, and undoped and Si-doped coatings. A com-
There is a growing interest in the synthesis and study oputationally efficient numerical method to solve the compli-
diamondlike carbor{DLC) films. Semiconducting diamond cated diffusion and rate equation is also presented.
doped with different impurities is expected to have applica-

tiong in t(_ampezrature-re_sistant and hig_h-performanc_e_ elec- Il. EXPERIMENT
tronic devices:? Properties of these devices are sensitive to . _ .
hydrogen contamination acting as a passivafdn the next- The 500 to 800 nm thick DLC films were deposited onto

step fusion device, the International Thermonuclear Expericrystalline Si wafers with pulsed cathodic arc discharge fa-
mental Reactor, carbon fiber composites are interesting cagilities of DIARC Technology Inc(Finland. The cathodes
didates for diverter armor materials. In the presence o#vere prepared by milling in an attritor type ball mill and
plasma, redeposition of sputtered carbon particles and th@ixing pure graphite(Lonza KS 44 and silicon (ground
formation of carbon based composite films will take place.from Okmetic semiconductor grade wafengowders that
The uptake and release of deuterium and tritium from thevere further solidified by hot isostatic pressing technique.
films will significantly affect the recycling of D and T fuel as Details of the deposition procedure are described
well as tritium retention in the fusion device. elsewheré! A pure graphite cathode was used to produce
A decrease of the chemical sputtering by a factor of 2 to Jilms without Si.
in silicon-doped carborcompared to pure carbon makes this  Annealing was performed in a quartz-tube furngoees-
material attractive for application in a fusion device. In ad-sure below 210 % Pa) at temperatures from 600 to
dition, Si doping will decrease the baking temperaturel100°C. The annealing time varied from 1 to 24 h.
needed to remove impurities from surfaces. Si is also known The mass density of the DLC films and Si content was
to be a good oxygen getter and an impurity that increasevestigated by Rutherford backscattering spectrometry with
thermal conductivity. 2.4-MeV “He ions obtained from a 2.5-MV Van de Graaff
Despite the fact that hydrogen diffusion in carbon basediccelerator of the University of Helsinki. Backscattered par-
materials has been studied intensiv&l§the mechanism of ticles were detected with a 50-mimactive area silicon
the process is not well understood. Moreover, the differensurface-barrier detector placed at a scattering angle of 170°.
allotropic forms of carbon have totally different H diffusivi- The spectra were analyzed by tBesA3.99 program'® The
ties, i.e., no significant diffusion in crystalline diamond, but results of measurements showed that the Si content of differ-
fast migration in graphite. The situation gets even more coment sample sets was 6, 15, and 33 at. %. The mass densities
plicated if dopants are introduced into the carbon network. were found to be 2.4 g/chror the films without Si and with
Recent publications demonstrate that diffusion of hydro-a Si content of 6 at. %, and 2.6 and 2.8 gidior the films
gen isotopes in different carbon based materials can be moavith Si contents of 15 and 33 at. %, respectively.
eled using different approach&&’ No unified model has yet The time-of-flight elastic recoil detection analy$BOF-
been proposed that can explain experimental results of theERDA) of elementary concentration profiles was performed
mal treatment in different carbon materials. This paper conwith the 5-MV tandem accelerator EGP-10-II of the Univer-
tinues our studies on the migration of hydrogen isotopes irsity of Helsinki. In the measurements, a 53-MeV beam of
carbon filmst*2To our knowledge, there are no systematic 2/1*%" ions was used. The detector angle was 40°, and the
experimental data in the literature on the migration of deutesamples were tilted relative to the beam direction by 20°.
rium in Si-doped carbon materials. In the current paper ar'he elementary concentrations were calculated using known
model is proposed that describes the diffusion of hydrogemeometry and SRIM-96 stopping pow&'$® in energy-loss

0163-1829/2001/63)/0454067)/$15.00 63 045406-1 ©2001 The American Physical Society



E. VAINONEN-AHLGREN et al. PHYSICAL REVIEW B 63 045406

calculations'® The amount of retained deuterium in the D is the diffusion coefficient for nontrapped deuteriu¥,
samples increased with Si concentration and was found to bgnd 3 are the detrapping and trapping rate constants, re-
2.9, 3.0, 3.7, and 4.8 at. % for films with an Si content of O,spectively, T, is the density of traps, which can be depth
6, 15, and 33 at. %, respectivéfyThe amounts of O and H dependenty is the depth from the surface, ands the dif-
impurities increased with the Si concentration from 0.1 at. %fysjon time. The total deuterium concentrati@,,, is the

(no Sj up to 1-3 at. %33 at. % 9. sum of the nontrapped and trapped atoms. The initial con-

The depth profiling of D atoms was also carried out bycentrations of nontrappe@(x,0) and trapped deuterium
secondary-ion-mass spectrome(§IMS) at the Technical ¢ (x,0) in the layer of thicknesk are

Research Center of Finland using a double focusing mag-

netic sector SIMS(VG lonex 1X709. The current of the C(x,00=Cypi— Ty, ©)
5-keV Oy primary ions was typically 400 nA during depth
profiling and the ion beam was raster scanned over an area of Ci(x,00=Tg, 4

270X 430 um?. Crater wall effects were avoided by using a if Cior>Tq, and
10% electronic gate and 1-mm optical gate. The pressure ° '

inside the analysis chamber was<30 ® Pa during the C(x,00=0, (5)
analysis. The depth of the craters was measured by a profilo-
meter(Dektak 3030ST. The uncertainty of the crater depth Ci(x,00=Ci0t, (6)

was estimated to be 8%. Data of TOF-ERDA measuremer_nl? Cior=Tq. The boundary condition for Eq1) at the sur-

were used to normalize the D concentration obtained |r} X . ;
. ace, where atomic hydrogen is thermally desorbed, is
SIMS experiments.

The analysis of surface morphology was performed with a JC
Zeiss 962 digital scanning electron microscope equipped Dfﬁ—x= KCo, (7)
with a dispersive x-ray detector. The scanning electron mi-
croscopy measurements indicated the presence of micropashereCg is the concentration of nontrapped deuterium at the
ticles at the film surface, and the average size was the smalburface andK is the thermal desorption rate constant. The
est (0.3 um) for the Si-free films and the large@ um) for ~ boundary condition for nontrapped deuterium at the layer
the Si content of 6 at. %. Particle size for the Si contents ofnterface, with a continuous fluk into the silicon substrate,
15 and 33 at. % was about 1, am. The observed micropar- can be written as
ticles were most probably extracted by the arc discharge

from the cathode material. Raman-scattering measurements D ﬁz E )
revealed that no crystallization of Si precipitates took Fox '
placel’

This flux was very small and observed only at high tempera-

tures in silicon doped samples.
Ill. ANALYSES OF DATA

The model outlined in this paper is based on the assump- B. Computational method

tion that in carbon based material hydrogen isotopes exist in The Egs.(1)—(8) were solved numerically by a finite dif-
two different states. Most of the hydrogen atoms are quit§erence method. In this method the solution domain is dis-
strongly bonded to nearby carbon or silicon atoms. Someyetized and the computation nodes form a rectangular grid
amount of hydrogen atoms is assumed to be in a nonbondgg space and time. Both the space and time grids are taken to
state and can migrate in the substrate. These mobile atongs, nonuniform to maximize the accuracy and minimize the
can be trapped by dangling bonds. This process is describggymputational effort. The nonuniform grid excludes the

by a trapping rate. The bonded hydrogen can in return beyford-Frankel method® For discretization in the space do-
thermally activated and detrapped, described by a detrappingain we use the second-order finite difference scheme for

rate. the second space derivative in )
A. Diffusion model 9°C; 2C,_¢ 2C;
The diffusion equation describing the migration, thermal ox?  AX(AXitAXi+1)  AXiAXiyq
detrapping, and retrapping of nontrapped deuteriGix,t),
is given ad® + 2Ci+s 9
AXi 1 (AX+AX 1)
2 . . .
£:ng+2DCt_ET(Td_Ct)C- (1) vv_here;Axi=xi—xi,l is the spacing of the nodes in the _d(_epth
at 2 direction. The numerical solution of E¢l) by the explicit

Euler methof demands maximum time steps to be propor-
The equation for trapped deuteriu@y(x,t), is tional to min(Ax)?/D. The minimum value oA x was 1 nm,
and the maximum diffusion coefficient about 500 %
This means that for a total diffusion time of 2000 s, about
10° iterations are needed to complete a solution. Clearly a

T:_EDCt"_ET(Td_Ct)C- 2
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faster method is needed for analyzing large number of ex-
perimental diffusion profiles. Denoting the discretized right-
hand side of Eq(1) by L(C,C,), the second-order Crank-
Nicholson methotf for discretization in time domain is

800 °C, 1h
o 900°C,1h

w
=}
T

crtl-cn  [crtiycn epft+cy
A N2 T2 ) (10
wheren is the index referring to the time step aad is the
length of the time step. The pointwise error estimate for the

1000 °C, 1h
o 1050 °C, 1h

-
o
T

D concentration (x10%" at./cm®)
N
o

ical fit
diffusion term in Eq.(1) can be derived by applying the olL_¢ . - numericalfit
Crank-Nicholson method to linear diffusion equations. When o 200 400 600
detrapping and trapping are neglected, the error estimate per Depth (nm)
unit time becomes FIG. 1. Experimental concentration profiles of deuterium ob-

tained after isochronal annealing of DLC samples not containing Si,

2 together with numerical fits. The as-deposited profile for the pure

(AX) % (A1) DLC film is not presented because it overlaps with the profile of the
sample annealed at 800 °C, except in the vicinity of the surface.

aC #C (AH)?2 9°C Dy 4

7P T e T

where Ax is the node separation in a uniform space grid.
This estimate holds quite well also for a slowly changingrameter values were given and the iteration process contin-
nonuniform grid. The error resulting from the space discreti-ued until a satisfactory fit was obtained.
zation was minimized by evaluating the fourth space deriva-
tive of the experimental deuterium depth profiles and choos-
ing the nodepseparation in the depthpcooprdinate by keeping IV. RESULTS AND DISCUSSION
the product in the square brackets of Etjl) constant, i.e., Deuterium concentration profiles together with the nu-
merical fits for isochronal annealing at different temperatures
for carbon films without Si and with Si content of 6 at. % are
shown in Figs. 1, and 2, respectively. The agreement be-
tween the experimental SIMS profiles and the theoretical fits
The node separation at the surface, where the concentratiéf very good in both figures. Figure 3 presents the concen-
profile is curved, was chosen to be 1 nm. Deeper in theration profiles and numerical fits for carbon films not con-
substrate the node separation could be increased and wesgning Si and annealed at 1000°C for 1, 2, and 4 h. The
between 10 and 30 nm at the deep end of the deuteriuritting parameters for the diffusion modggs.(1), (2), and
profile. (7)] were obtained to be the same within error limits, indi-
The error due to discretization in time domain is given incating a steady-state diffusion. No in diffusion of deuterium
Eqg. (11). The time stepAt could be increased in the course into the Si substrate was observed.
of computation. This was done by approximating the third As can be seen in Figs. 1-3, the decrease in the deuterium
derivative ofC with respect to time by Lagrange interpola- concentration occurs not only at the near surface region but
tion, using data from four previous time steps. The first fourin the bulk as well. This effect cannot be described by taking
time steps were computed using small constant time step#to account diffusion process only, but trapping and detrap-

4
,9°C _
(AX) —& 2 —const. (12
X

The size of the time step is then calculated using (&) ping of D are needed to be considered as well. The loss of D
12E 4.0
At= ) (13 . .
T[*Cl t3] max : »

Rrans A aAEE USRS
800 °C, 1h

where E,,, is the error tolerance and the total diffusion
time. In this way the initial time step of 0.1 s increased
during calculations to about 1 s, reducing the total computa-
tional effort compared to the Euler method by about two
orders of magnitude. This method was used to solve numeri-
cally Egs.(1)—(8). The fitted parameters were the ones given
in Egs.(1) and(2), namely, the diffusion coefficient, detrap-
ping and retrapping coefficients, and the trapping density. . -
The thermal desorption coefficient in Ef) and in some 0 200
cases also the term describing flux of deuterium into the

silicon substrate in Eq(8), were fitting parameters. These  FiG. 2. Experimental concentration profiles of deuterium ob-
fitting parameters were then used to calculate the theoretic@ined after isochronal annealing of DLC samples with a Si concen-
depth profiles of nontrapped and trapped deuterium. Theitration of 6 at. %, together with numerical fits. The dots show the
sum was compared with the experimental profiles. New paas-deposited deuterium profile.

900 °C, 1h

i 5°"3000 °C, 1h

O o 1050°C, 1h
= numerical fit

400 600 800
Depth (nm)

-
[=)
T

D concentration (x1 Oz'at.lcms)

o
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Temperature (° C)
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D concentration (x10?'at./cm®)

Diffusion coefficient (nm?/s)

0.5 ° a 0 at%Si,E,=15+0.2eV &
: :::::ercié;hm 0 6 at%Si, E,=0.740.2eV
0.0 L , , , . o 15at%Si, E,=0.6:02eV O™
. o 33at%Si, E, = 1.2+0.2 eV
10 9.0 10.0 1.0
FIG. 3. Experimental concentration profiles of deuterium ob- 1/KT (V")

tained after annealing of Si-free DLC samples at 1000 °C for 1, 2, ) o N

and 4 h, together with numerical fits. Deuterium concentration in  F!G- 5. Arrhenius plot for the diffusion coefficient of non-

the as-deposited sample was 8B?* at. %/cnd. trapped deuterium. Shown are the natural logarithms of the diffu-
sion coefficients vs 1/kT. The lines are the fits to the experimental

. _ ta.
at the surface region occurs due to the thermal desorption gfa
D atoms to vacuum. This results in a concentration gradient The Arrhenius plots in Fig. 5 show that the activation
and initiates deuterium diffusion from the bulk towards theenergy for the diffusion of nontrapped D in pure DLC is

surface. The lowering of the D concentration level deep in4hout 1.5 eV. When Si concentration increases, the activa-
side the layer occurs because the diffusion is trap controlled;y, energy decreases to 0.7 and 0.6 eV for 6 and 15 at. % of

i.e., most of D atoms are bonded or trapped to carbon and; respectively. To understand the decrease in the frame-
silicon atoms. Once emitted or detrapped, a D atom willyor of the incorporation of silicon atoms into the amor-

migrate fast until it is trapped again. The trapping density iSphous carbon structure, we compare our results with the ac-
constant in the layer, thus in a region where the D concengation energy of 0.3 eV obtained by Bradfzfor the
tration is large, there is only a small amount of empty trapsjtfysion of nontrapped hydrogen in amorphous Si. Silicon
Consequently, whea D atom is detrapped in this region, it 4toms seem to decrease the energy barrier for diffusion
;pends a longer time in a mobile c.onf|gurat|on'tlad3 atom  jumps of hydrogen atoms. In pure DLC the atom density is
in a region of a low D and thus high empty trap concentra-gpaut 1. 1022 at. %/cn? while in Si it is about 5.0

tion. This is the reason for the apparent concentration or timg, 122 at 05/cn. A high density of substrate atoms prob-

dependency for the D diffusion seen in Fig. 3, i.e., afterypy decreases the diffusivity. The further increase of the

annealing fo 1 h z_ibout 50% of the initial D amount was 4.tivation energy to 1.2 eYFig. 5 for DLC with 33 at. % of

removed, after which the process seems to be much sloweg; o he interpreted to reflect the changes in the bond struc-
The deuterium retention as a function of temperature in e that takes place with the increasing Si amdirthe

DLC samples is presented in Fig. 4. The D loss from they mper of the Si-C bonds in similar Si-doped DLC films was

samples increases when Si is incorporated to the carbon neheasured with the x-ray photoelectron spectrosé8phhe
work. The highest D release occurs in samples with Si conzg|ative amount of the Si-C bonds in samples with the Si

tent of 15 at. %, whereas in films with Si concentration of 33.;tent of 6 and 15 at. %, was quite low, 2 and 8%, respec-
at. % it is again lower. To describe the complicated matter ofively, while in the samples with Si content of 33 at. % it was
D retention in these materials, we have to look at the inter'drastically increased to 45%. Moreover, the Si-C netw(@ik
play of the diffusivity, trapping, and detrapping of D. content of 33 at. %is stable under thermal treatment and
energetic heavy-ion irradiatiol. The activation energy for
hydrogen diffusion in SiC has been found to be as high as

Lor 3.5 eV?! Since different materials have been used in this
08l paper, no definite conclusions can be drawn. However, the
3 .. trend of the increasing activation energy in materials with a
206 v high Si-C bond fraction is remarkable. The activation energy
gM I E,=1.5-0.2 eV obtained for pure DLC films is different
e & 0 at%si " from the resultE,=2.9+0.1 eV reported previously by us
o2l o &A% ~. ~ for D implanted sample¥: This is explained by the fact that
g ¢ 15at%Si . . . . .
o 33al%Si AT a different model was used to fit the experimental profiles. In
0.0 200 900 7000 1100 Ref. 12, the trapped D was assumed to be an analytical func-
Temperature  °C) tion of the total D concentration, which simplified the diffu-

sion calculations for implanted D. By employing the current
FIG. 4. Amount of retained deuterium as a function of tempera-calculation procedure, we obtained a concentration distribu-
ture in samples with different Si concentrations. The lines aretion that matches very well with the previous SIMS data
drawn to guide the eye. (see Fig. 6 observed for the D implanted sample annealed at
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- y ” Temperature (° C)
L e . _._._. 110 1050 1000 900 800
o .,'- %" 1 T |” T T T
‘:“:- 20 %bo 20 102 P - N ~~
g1 X 3 <
g % e - e
$10"F — asimpl. L 110" s100F >~.
Q : s v o ©
c - = - numerical fit \ 0o -
8 - .= trap. density A e
[a) 10"t o 1000 °C, 40 min 410" kS ol & 0at%siE=20ev
. . . \ §10 F o 6 at%Si,E,=07eV ¢
0 200 400 600 800 w ¢ 15at%Si,E,=1.0eV
Depth (nm) o 33at%Si,E,=1.3eV
1 . grap!ﬂte (Ref. 10) ) . .
FIG. 6. Experimental concentration profiles of deuterium ob- 10 2.0 10.0 11.0
tained in Ref. 12 after implantatiofsolid line) and annealing at 1KT (eV'1)

1000 °C for 40 minlopen circles The dashed line is a numerical fit
obtained by the diffusion model presented in this paper. The dot-

FIG. 8. Frac, i.e., ratio of detrapping and trapping coefficients,
dashed line shows the total trapping density.

as a function of temperature in samples with different Si concentra-
tions. The lines are the fits to the experimental data.
1000°C for 40 min. The deduced diffusion coefficient of
about 300 nifis is very close to the ones shown in Fig. 5 tained to depend on the ratio of the detrapping and trapping
for D co-deposited samples annealed at 1000 °C. coefficients but not on their absolute values. The ratio is

For the D implanted samples, the trapping dengihe  defined asFrac=2p /%1 and presented in Fig. &rac is
dot-dashed line in Fig.)8vas assumed to contain two parts, higher in Si-DLC than in Si-free DLC. This means that the
namely, a constant value through the whole film and thedetrapping rate is higher and/or trapping rate lower in the
second term proportional to the implanted D concentrationSi-DLC films than in the DLC films without Si. During the
This plausible choice of trapping density explains the experideposition process, D forms bonds with Si atoms rather than
mentally observed kinks present at the distribution at aboudith C atoms®? In a diatomic molecule, lower energy is
200 and 400 nm. needed to break the Si-H bond than the C-H boh@his

The density of D traps obtained in fitting processes forleads to the enhanced detrapping process in Si-doped films
outdiffusion of D from Si-doped and Si-free DLC films is due to the presence of a higher amount of the Si-D bonds,
illustrated in Fig. 7. It increases with the increase of the Siwhich are easier to break than the C-D bonds. Detrapping
content in the Si-DLC samples. However, the value of trapiakes place when an energy barrier is overcome and therefore
ping density for DLC films not containing Si is higher than the process is temperature dependent and follows the Arrhen-
for coatings with the Si content of 15 at. % and lower thanius form™® Activation energies forFrac in Si containing
for the films with Si concentration of 33 at. %. We supposefilms are lower than in pure DLC coatings. However, it in-
that the reason for the decrease of the number of D traps ascaeases as a function of Si content and in samples with Si
function of temperature is the removing of carbon and silicorconcentration of 33 at. %, it has a value of 1.3 eV. For a
dangling bonds due to the formation of bonds with otherqualitative comparison only, the calculated activation energy
carbon and silicon atoms, which takes place when the total for the trap-controlled H diffusion im-Si:H is 1.4 eV:®
concentration decreases with increasing temperature. The surface coefficient as a function of temperature is

Numerical fittings to the experimental profiles were ob-shown in Fig. 9. It increases with the rising temperature and
goes down again after the maximum value at about 1000 °C.
It is not easy to draw any definite conclusions from a general

o= 5.0 o
E S
= | T~ s 0 at%si
Sa0r o 6 at%Ssi
o 2 . a
=) 102F ¢ 15at%si ° .
X X o 33al%Si °
; 3.0} '~q-; o graphite (Rel.10) o
= [=] o
0
520 . o at%si o, 4| 8
> ) N “ S0 o °
g o 6 at%Si Seo Ll 5 s
5 o 15al%Si - Bahal a
810 o 3s3atwsi Tl
L3 = as .
P L 1 1
800 900 1000 1100 10° \ ) .
Temperature (°C) 800 900 1000 1100

Temperature (°C)
FIG. 7. Trapping density as a function of temperature in samples

with different Si concentrations. The lines are drawn to guide the FIG. 9. Surface coefficient as a function of temperature in
eye. samples with different Si concentrations.
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140 - 15) or molecular-dynamics calculations. Because the resolu-
ok e . : :’:x:'““ tion of the ERD system is not known, it was not possible to
. o 30min use the calculations to obtain the damage distribution. In-
100 - °. o 70min stead it was sufficient to assume that it has the shape of the
2 gl .. e 210min as implanted H profile. The best numerical fits shown in Fig.
3 .. numerical fit 10 were obtained when the damage distributions were de-
o 60 duced by multiplying the H concentration distribution with
40 0.11. To estimate the actual concentration of H traps, we
need to know the implanted H concentration. The saturation
20 e concentration of H has been reported to be 30—40 &f:%s.
0 L L e TS Ye The H trap density would then be about 3—4 at.%. This
0 100 200 300

estimate is in agreement with the current value obtained for
the trapping density of D in the Si-free DLC at 900 °C, see

FIG. 10. Experimental concentration profiles of hydrogen ob-Fig. 7. The diffusion coefficient was observed to be much
tained by B. Tsuchiya and K. MoritéRef. 10 after annealing of higher for nontrapped H in graphite than in DIEig. 5 as
graphite samples at 900 °C for 10, 30, 70, and 210 min. The line§ould be expected.
show the numerical fits obtained by the diffusion model presented A noteworthy result is that the detrapping/trapping ratio in
in this paper. the H implanted samples was observed to be the same as the

ratio for the D out diffusion from Si-free DLC films, Fig. 8.

trend because SIMS, due to high sputtering rates used in thEh€ major difference in the diffusion behavior of hydrogen
analysis, and TOF-ERDA are not sensitive enough at thé? DLC and graphite is thus due to the evident difference in
surface. the diffusion coefficient of nontrapped hydrogen.

To test further the current model and compare our results
yvith those presented for graphite, we fitted the moqel to the V. CONCLUSIONS
implanted hydrogen profiles reported by Tsuchiya and
Morita.l° The profiles were obtained by a 5-ke\4 kinplan- Annealing behavior of deuterium in co-deposited Si-free
tation to a saturation dose at room temperature. The H proand Si-DLC samples was studied. The obtained depth pro-
files were obtained in measurements done with a 1.5-MeViles have been fitted with a model that takes into account
He" elastic recoil detection method. Experimental profilesdiffusion of nontrapped D atoms, thermal detrapping, and
together with the numerical fits are presented in Fig. 10. Thérapping. The diffusion coefficients exhibit a good Arrhenius
annealing temperature was 900 °C for all profiles and thdehavior with activation energies of ®.2, 0.7-0.2, 0.6
annealing time 10, 30, 70, and 210 min. Each numerical fit in=0.2, and 1.2-0.2 eV for the samples containing 0, 6, 15,
the figure is calculated using the same diffusion coefficientand 33 at. % of Si, respectively. The presented model can be
trapping density, detrapping/trapping ratio, and surfacdised to explain the annealing behavior of hydrogen isotopes
boundary coefficient, see Eq&l)—(8). The only parameter in DLC films, graphite, Si-free, and Si-doped carbon based
that was different for each calculation was the boundary conmaterials, and in implanted and co-deposited films.
dition coefficient for the hydrogen flux into the bulk graph-
ite, see EQq.(8). It had the values of 15, 3, 0.1, and 0.1
X 10~7 at.%/scm for the 10, 30, 70, and 210-min anneal-
ing, respectively. The H flux into the graphite is thus higher This work was supported in part by the Academy of Fin-
in the beginning of the annealing when the H concentratiodand (Project No. 4509013(and by the Association Euratom
is high but decreases with the annealing time and H concenFEKES. Authors want to thank J. Kolehmainen and J. Par-
tration. In the implanted samples the H trapping density wasanen(DIARC Technology Inc. for sample preparation. The
observed to vary over the implanted region. The implantatiorelectron microscope unit of the University of Helsinki is ac-
is always accompanied by a defect formation and a realistienowledged for giving the scanning electron microscope to
defect distribution could be obtained by either SR(Ref.  our disposal.

Depth (nm)
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