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Concentration-dependent deuterium diffusion in diamondlike carbon films
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Diffusion of deuterium in diamondlike carbon films has been studied. The deuterium concentration profiles
in D*-ion-implanted films were measured by secondary-ion-mass spectrometry. A model is proposed to
describe the experimental depth profiles. In this model it was assumed that atomic D is the diffusing species,
whereas D in clusters is immobile. The results show that the concentration of D clusters relative to the total D
concentration increases when the total D concentration decreases, leading to a concentration-dependent diffu-
sion. The diffusion coefficients obtained for atomic D resulted in an activation energy ©f021%V. The
solid solubility of D was observed to decrease with increasing tempera&0&63-182608)05716-9

|. INTRODUCTION planted by 54-keV B" ions to a dose of X 10'¢ jons cm 2
(i.e., 27 keV/D and 210 D" ions cm™?). The implanta-
There has been a recent growing interest in the synthesitons were performed at room temperature in the 100-keV
and study of diamondlike carbd®LC) films. Semiconduct- sotope separator of the laboratory.
ing diamond doped with different impurities would find ap-  Annealing was done in a quartz-tube furnageessure
plications in temperature-resistant and high-performanc@elow 0.05 mPrat temperatures between 800 and 1100 °C.
electronic deviced? Properties of these devices depend onThe annealing time varied from 30 min to 6 h.
the presence of hydrogen, which acts as a passivétor. The depth profiling of D atoms was carried out by
In the next step fusion device ITERnternational Ther- secondary-ion-mass spectromet§IMS) at the Technical
monuclear Experimental Reactpicarbon fiber composites Research Center of Finland. The measurements were done
(CFC’9 have been chosen as the diverter armor material. Ivith a double focusing magnetic sector SIM8G lonex
the presence of plasma, redeposition of sputtered carbon pa70S). The current of 5-keV @" primary ions was typi-
ticles, diamondlike carbon films, and carbon-based composzally 400 nA during depth profiling and the ion beam was
ite films will take place. The uptake and release of deuteriuntaster scanned over an area of 240430 um?. Crater wall
and tritium from those films will significantly effect the re- effects were avoided by using a 10% electronic gate and
cycling of D and tritium fuel, as well as tritium retention in 1-mm optical gate. The pressure inside the analysis chamber
the fusion device. Therefore, an understanding of the prowas 5x 10”8 Pa during the analysis. The depth of the craters
cesses which involve trapping and retention of hydrogen isowas measured by a profilometéektak 3030ST. The un-
topes in those films is important. certainty of the crater depth was estimated to be 5%. The D
This work continues our studies on the migration of hy-concentration of the as-implanted deuterium profile was nor-
drogen isotopes in DLC film3The aim is to understand the malized to the implanted dose.
evolution of the depth profiles of implanted D in DLC films
at different temperatures, and to develop an analytical model I11. DIFFUSION AND PAIRING MODELS
to quantify this. Experimentally, we observe a concentration-
dependent diffusion of D in DLC. According to the model ~ The diffusion model used in the current work assumes
developed to analyze the depth profiles, a fraction of D ighat hydrogen isotopes form immobile clusters and that the
immobile in clusters, while the rest diffuses as atomic D. The'emaining atomic D is the diffusing species. To quantify this,
diffusion coefficient of atomic D, the ratio of the atomic D We assume that the concentration of D clusteZs j con-
concentration to the concentration of D clusters, and theaining n atoms is a function of the total D concentration
solid solubility of D in DLC are obtained. To our knowledge, (C,)
there are no experimental data in the literature either on
concentration-dependent D diffusion in DLC films or on the Cp,=Kn(Ci+Fp)®, n=23,...N, (1)

solid solubility of D in DLC. By using ion implantation, the wheren is the number of D atoms in a clustdf, is the

effect of the surface diffusion was avoided, and the longer . ; . .
; ) . . clustering constanB, is the clustering exponent, aiq, is a
annealing times, compared to rapid thermal annealing, en: .
L constant to keep the concentrations of D clusters and of
sure steady-state diffusion. . L . .
atomic D positive. The total D concentration can be written
as

I1. EXPERIMENT N

The DLC films studied were made by the company Ci=Cp+ >, nCp , 2
DIARC-Technology Inc. using the arc discharge method. n=2
Characterization of the films and the deposition method hawhereCy is the concentration of single D atoms. The gen-
been described in detail elsewhér&he samples were im- eral concentration dependent diffusion equation is
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FIG. 1. Effective diffusion coefficient § as a function of total

There are several works on hydrogen diffusion in siliconD concentration at annealing temperatures 900, 1000, and 1100 °C.
which propose diffusion of atomic hydrogen and formation
of H, complexe$:” Recently Mehandru, Anderson, and IV. RESULTS AND DISCUSSION
Angus.8 studied binding and diffusion of hydrogen in dia- ) ) ) )
mond. Investigations were done using the semiempirical The concentration profiles together with the_numencal
atom superposition and electron delocalization molecularfitS at annealing temperatures 900 °G foh 40 min, and
orbital theory. It was concluded that H at a bond-centered-000 °C for 2 h, are shown in Fig. 2. The agreement between
(BC) site is more stable than at the tetrahedral and hexagon#t€ experimental SIMS profiles and the theoretical fits is
interstitial sites. The pathway for H migration involving the 9uite good, whereas the complementary error function also
motion from the BC site to a similar neighboring site using depicted in the figure does not reproduce the concentration
the high-density(110) planes is the most preferable. The distribution. The fittings were less spccessful in giving an
calculated barrier for this case is 1.9 eV. Also calculated wa&ccurate shape to the near-surface side of the profile. As can
the binding of a second H atom in the diamond lattice neaP® S€en in Fig. 2, after annealing at 1000 °C #oh the
the one already present at the BC site. The most stable sig@lubility limit on the deep side of the profile starts almost
for the second hydrogen is the antibond{Ad) site forming from the gs-lr_nplanted profile, |nd|cat|ng' that on this side the
a BC-AB hydrogen pair. |mplantat|_on—|nduced def_ects are negligible. On the near-

Taking into account the similarity of Si and diamond surfa_ce side, the solubility limit starts from the dgpth 200
crystalline structures and the calculations of Ref. 8, we astM. i.e., about 50 nm from the as-implanted profile at the
sume that the immobile clusters are deuterium pairs. Thefi@me concentration. This can be explained by the implanta-

Egs. (1), (2) and(5) can be rewritten as tion induced defects which were simulated $m1m-96 (Ref.
9), and also depicted in Fig. 2. The deposited energy curve
Cp.=K(C+F)E, (6)  shows that the implanted D loses most of its energy in the
2 200-350-nm region, producing material damage and en-
Ci=Cp+2Cp,, (7
10°f- mr(fxfj'el 180
DEf=D,[1-2KB(C,+F)B 1], (8) F 25 implanted

whereCD2 is the concentration of D pair& is the pairing 10° 3 ?380 °g '_‘;_-_'v»"

constant,B is the pairing exponent, an is a constant to F

keep the concentrations of D pairs and atomic D positive. All

the diffusion parameters, diffusion coefficieDt,, pairing

constantK, pairing exponent® and F, and solubilityC,

were obtained by least-squares fitting solving &j.numeri-

cally. Some calculations including the contribution of the

mobile D pairs in the flux Eq(4) were also made. No func- 0%

tional dependences for the fitting parametk&rsB, and F — e—t

were, however, observed in that case. Note that the assump 0 200 400 600 800

tion that the clusters are D pairs does not effect the results for Depth (nm)

g:cffgsmn of D atoms, it only approximates the immobile part FIG. 2. Experimental deuterium depth profiles obtained after
; . . . - implantation and after annealing at different temperatures with nu-

Figure 1 presents the effective diffusion coefﬁc@ﬁrf as

) . merical fits by the diffusion moddébashed lingand error function
a function of the total D concentratia®; for 900, 1000, and  (got.dashed ling The dotted line is the deposited energy calculated

1100 °C annealings. Iiﬁcan be observed that, at higher arpy srim-g6 The inset shows D diffusion length vs square root of the
nealing temperature®);" depends more strongly on the D annealing time for 1000 °C 40-, 80-, and 120-min annealings. The
concentration than at lower temperatures. solid line is the linear fit to the experimental data.
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FIG. 3. Arrhenius plot for diffusion coefficient of atomic D. » . N
Shown are the natural logarithms of the diffusion coefficients vs ~ FIG. 4. Fitting parameters pairing constéhtand pairing expo-
1000/T. The solid line is the fit to the experimental data. nentsB andF with corresponding fits.

hanced D diffusion in this region. In the inset of Fig. 2, the COUSta”‘E ha}s the meaning of actiyation energy. BOth acti—
diffusion length in the case of annealing at 1000 °C for 40,\/."Jltlon energies and pre-exponentlal fgctt_)rs are given in the
80, and 120 min is plotted vs the square root of the annealinggure' The eXPO”e”“"?" G!ecrease K)f.W'th Increasing tem-
time. The diffusion length is defined here as the depth interPerature can be qualitatively explained by the increase of

val from the beginning of the concentration-dependent diffu-Nermal energy to break the bonds between D pairs. The

sion profile, i.e., at about 420 nm, where the solubility limit effect of the pairing exponeri can be seen in Fig. 5, where

starts, to the end of the profile where the D concentration ha@"e atomico and paired_concentrations at a”“e"?‘"“g tempera-
decreased to the background level of about1® 3 at. %. ture 1050 °C for 30 min are plotted as a function of depth.

The observed proportionality of the diffusion length to theAt.Iower concentrations, proportionally more immobile D
square root of the annealing time is an indication of stet:\dy_pa'r_S are formed, decreasing the effgctwe diffusivity as seen
state diffusion in homogeneous material. From the above, {! Fig- 1. TheF parametefsee Eq(6)] is needed to keep the

follows that to obtain accurate diffusion parameters, fittingsconcentration of D pairs smaller than the total D concentra-
must be done only on deep side of the profile. tion, and to keep the effective diffusion coefficigsee Eq.

Figure 3 shows the Arrhenius plot for the D diffusion (8)] positive. An explanation for this parameter might be the
coefficient. The D diffusion is well described by the Arrhen- initial presence of hydrogen in these fillhahich can form
ius equationD =D, exp(—E,/k,T), where Dy=1.1x 10%2 H-H pairs, but, due to the much larger D concentration, most

a L] . . . . . . . .

nm?/s is the pre-exponential factor, aBg=2.9+0.1 eV the probably it will pair with D, forming immobile H-D com-
activation energyk,, is Boltzmann’s constant, andl is the plexes. This hydrogen was r)ot directly measured, so we can
absolute annealing temperature. In our previous paper, Whe§é)eculate that parametérls linked somehow to th? hydro—
diffusion of H in DLC was studied, no concentration- 9€n concentration. The decrease of paramBtewith in-
dependent diffusion was observed due to the initial hydrogeff'€2Sind temperature, can be understood by the decrease of D
background of about 0.07 at. % in these films, whereas in thaolubility with temperature increase, which can be observed
case of D the fits were made to the low concentration regime.
This explains the difference in activation energiés€2.0
+0.1 eV for H. Therefore, the diffusion coefficients for hy-

1.%)

drogen and deuterium cannot be compared directly with eacig »
other. However, by employing the matrix metfiad fit D & 10 .
profiles, and choosing the lowest concentration limit of 0.07.0 5} es. o

at. %, one obtains an activation energy of 2@1 eV, >
matching the value for H. The ratio of the pre-exponential

factor for H to D in this case is 1.3, which comes from the

~
ST

~
| o C,(experiment) .

Concentrat

isotope effect. 10 E — G, (fit)
The fitting parameters, pairing constadt and pairing 5 [~ " ch
exponent8 andF defined in Eq(6), are presented in Fig. 4. [ D , , \ N
These parameters can be fairly well described by the equa 400 500 600 700
tion Depth (nm)
P=P, exp E/k,T), (9) FIG. 5. Total deuterium concentratigthe solid line is the fit to

experimental resuljsat an annealing temperature 1050 °C for 30
whereP stands for the parametefs B, or F, andP for the  min. Concentrations of atomic D and deuterium pairs are presented
pre-exponential factor for the corresponding parameter, andy dashed and dot-dashed lines, respectively.
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3.0 F— 1100°c fraction of D can move leading to a high activation energy of

---1000 °C 2.9-0.1 eV compared to the value of 1.9 eV from Ref. 8.
L _.- 900 °C This value is an activation barrier for diffusion of atomic
hydrogen from the BC site to a similar neighboring one,
without taking into account the presence of the second H
atom at the AB site. It should be stressed as well that dia-
mond and DLC are different allotropic forms of carbon, and
diffusivity of hydrogen isotopes in these materials can be
different.

-
-

V. CONCLUSIONS

0.0 % 0.4 . 0.8 . 1.2 Migration of deuterium in D -ion-implanted DLC film

C; (at.%) has been studied, and the obtained D depth profiles have
been fitted with a concentration-dependent diffusion model,
FIG. 6. Ratio of atomic deuterium to D pairs as a function of assuming that D exists as immobile pairs and diffusing at-
total concentration at different annealing temperatures. oms. The diffusion coefficient exhibits a good Arrhenius be-
havior with an activation energy of 2:90.1 eV. A decreas-
ing solid solubility of D in DLC films with increasing

from Fig. 2. On the other hand, the number of pairs de
perature was observed.

creases as a function of annealing temperature as explainé%m
above. The solid solubilities are 0.32 at. % at 1000 °C, 0.31
at. % at 1050 °C, and 0.26 at. % at the highest temperature
1100 °C. This work was supported by the Association Euratom-

The ratio of D atoms to the D pairs, theoretically calcu- TEKES within the Finnish fusion progranfFFUSION.
lated from Eqs(6) and(7), as a function of total D concen- Jukka Kolehmainen and Janne PartangibIARC-
tration, is plotted for temperatures 900, 1000, and 1100 °C iTechnology Ing. are gratefully acknowledged for the sample
Fig. 6. It may be noted that at high temperature and concerpreparation. Dr. Joseph Campbé¢Helsinki University of
tration the atomic D concentration is larger than the concenTechnology is greatly acknowledged for comments on the
tration of D pairs, while at lower temperatures a smallermanuscript.
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