Hydrogen migration in diamond-like carbon films
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Properties of physical vapor deposited diamondlike cari®hC) films and the migration of
hydrogen in H and“*He" ion implanted and hydrogen co-deposited DLC films have been studied.
Measurements utilizing Rutherford backscattering spectrometry showed that the films studied have
an average mass density of 26.1 g/cn?. The bonding ratio sisg? is typically 70% measured

with the electron spectroscopy for chemical analysis technique. Impurities and their depth
distributions were deduced from the particle induced x-ray emission and secondary ion mass
spectrometry(SIMS) measurements. Distributions of implanted and co-deposited hydrogen were
measured by the nuclear resonance reactiti°N,ay)'?C and SIMS. It was found that annealing
behavior of implanted H in DLC has a diffusion like character. The obtained diffusion coefficients
resulted in the activation energy of 2:0.1 eV. It was observed that in H co-deposited DLC films

the temperature of H release varied between 950 and 1070 °C depending on the H concentration.
© 1997 American Institute of Physics. [S0021-897@7)04120-0

I. INTRODUCTION gen diffusion were avoided. Helium implantation was done
to investigate the influence of damage on hydrogen reten-
Carbon is one of the elements in the periodic tabletion in the films. This is related to the damage in reactor
which exists in different allotropic forms such as graphite,materials.
amorphous carbon, glassy carbon, diamond, fullerene and
other stable clusters. The unique properties of the carbon
allotropic forms make them suitable for different applica-“' EXPERIMENTAL ARRANGEMENTS

tions, among which fusion devices are of great interest. Car-  p| ¢ films used in this study were made by the company
bon materials have been widely used as plasma facing conp|ARC-Technology Inc. using arc discharge method. The
ponents in tokamak fusion devices because of their excellerfjlicon substrate was cleaned by argon etching. Mostly single
thermal properties. Diamondlike carb@DLC) films or car-  jonized carbon plasma is generated and accelerated by an arc
bon based composite films are planned to be used as divertglscharge between a graphite cathode and an anode and di-
material in the next generation fusion energy reactor ITERrected to the substrate using magnetic filtering. Deposition
From this point of view the understanding of the processegrocess takes place in a vacuui®.1-1 mP#a at room
which involve hydrogen trapping and retention in DLC films temperaturé.l
is very important. This reason has resulted in numerous The presence of heavy impurities in the DLC films was
investigation$° focusing on hydrogen transport and releaseinvestigated by the particle induced x-ray emiss{@hXE)
during hydrogenic plasma bombardment of graphite. Intentechnique. The measurements were carried out with the ex-
sive studies of natural diamond and diamond films prepareternal beam of 2.4 MeV protons provided by the 2.5 MV
with different techniques have also been done at differenvVan de Graaff accelerator of the University of Helsinki. The
laboratorie$1° experimental setup has been described elsewfiéneorder

In this work, which is a part of the European Union to reduce the counting rates from the low energy continuum
fusion energy research program, we have studied propertiesrays, an absorber made of five layers of Kapton, each 125
of physical vapor deposite@PVD) DLC films and the mi-  um thick, was inserted in front of the detector. The counting
gration of hydrogen in H and*He" ion implanted and hy- rate for each run was kept below 1000 cps with 150 nA beam
drogen co-deposited DLC films. The advantages of the filmsurrent. Characteristic x rays were detected by a 5¢ i
produced with pulsed arc discharge system are good adheim intrinsic Ge detectoiSeforad PGP 50-6 OBBhaving an
sion to the substrate, high purity and high bonding ratioenergy resolution of 200 eV for the kg peak. The target
sp/si?. To our knowledge there are no experimental data irwas positioned at 45° to the incident beam and the detector
the literature on H diffusion in PVD DLC films. By ion was placed 10 mm from the sample surface at an angle of
implantation the effects of the surface and the surface hydrgt00° to the beam. The spectra were analyzed by the

Sampo90 progrartt X-ray absorption coefficients in Kapton

aCorresponding author. Electronic mail: elizaveta.vainonen@helsinki.fi were calculated by using data from Ref. 14.

Ypermanent address: Technical Research Centre of Finland, Chemical Tech- The.analySiS of impurities were carried out al§0 by sec-
nology, P.O. Box 1404, FIN-02044 VTT, Finland. ondary ion mass spectromet($IMS) at the Technical Re-
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search Center of Finland. This method resulted in the deptfihe angle between the primary beam direction and the target
distribution of the impurities. The measurements were donsurface was 20°. Recoils were detected by a 50 sumface
with a double focusing magnetic sector SIM8G lonex barrier detecto(Canberra PIPScentered at an angle of 40°
IX70S). The current of 5 keV @ primary ions was typically ~ with respect to the incident beam direction. The detector was
400 nA during depth profiling and the ion beam was rastemasked so that it subtended a solid angle ofu&r. A 19-
scanned over an area of 24830 um?. Crater wall effects um-thick mylar absorber foil was used to separate the re-
were avoided by using a 10% electronic gate and 1 mnetoiled H and He atoms and to discriminate the scattered pro-
optical gate. The pressure inside the analysis chamber wgectile atoms. The accumulated charge was normalized
5X 1078 Pa during the analysis. The depth of the craters wadetween different measurements by using another 5¢ mm
measured by a profilometdDektak 3030ST after SIMS  surface barrier detector located at 170° with respect to the
analysis. The uncertainty of the crater depth was estimated tacident beam to count the backscattered beam particles from
be 5%. a tantalum covered, rotating chopper blade.

The mass density of the DLC films was investigated by ~ Electron spectroscopy for chemical analy&SCA was
Rutherford backscattering spectromeRBS) with 2.7 MeV  used to characterise the bonding ratid/sg in the DLC
4He ions obtained from the 2.5 MV Van de Graaff accelera-films. The analyses were made from the sample surfaces. For
tor. Backscattered particles were detected with a 50° mma more detailed description of the experimental arrangement
silicon surface barrier detector placed at a scattering angle @nd the use of ESCA technique, the reader is referred to an
170°. The counting rate was kept under 1000 cps with the 2&arlier work'®
nA beam current. The acceptance solid angle of the detector
and the angular divergence of the incident ion beam werdl- MEASUREMENTS AND RESULTS

confined by slits and apertures to 6.0 mSr and 0.02°, respec- Measurements by PIXE and SIMS showed the presence
tively. The spectra were analyzed by the Gisa3.99 prodfam. of v/, Fe and Ni impurities in DLC films. Further analyses
Non-Rutherford scattering cross sections, needed in an acCynowed that these impurities originate from the graphite used
rate analysis of the 2.7 MeV measurements, are included igs 3 cathode in the film preparation. Coatings contained
the data package of the program. tungsten at the interface between the DLC films and Si sub-
Three sets of samples were prepared for H migratiorstrates. Tungsten was deposited during the etching process of
studies. In the first set samples were implanted with 30 keMhe substrate surface. The thicknesses of layers containing
'H" ions. The implantation dose was<1L0'®ions cn?. In  ungsten impurities were obtained in RBS measurements to
the second set both 35 ke¥ie™ and 30 keV'H™ ions were  pe 10 nm for films deposited in vacuum and 10—30 nm for H
implanted with the implantation dose of<110' cm™? for  ¢o-deposited films. The W concentration in these layers was
both ions. The implantation energies were selected to resuibtained to be 0.7 at. %. The total amount of the V, Fe and
in same mean range@bout 250 nm for both implanted  Ni impurities was obtained to be about 0.12 at. %. This was
atoms. The implantations were performed at room temperapbtained from PIXE spectra using intensities of x-ray peaks
ture in the 100 keV isotope separator of the laboratory. In theind the tungsten concentration. The values of 570 nm for the
third set films were grown in H atmosphere. Hydrogen conthickness of the DLC films deposited in vacuum and 320—
centration in different depositions was varied by changing422 nm for the H co-deposited films were obtained in SIMS
the pressure of hydrogen atmosphere between 0.06 and Onfeasurements. Measurements by RBS gave the average
mPa. mass density of 2:60.1 g/cnt for the films. The given un-
The isochronal annealing®¥0 min) were made in a certainty is mainly due to differences in mass density be-
guartz-tube furnacg¢pressure below 0.05 mpat tempera- tween the samples.
tures between 100 and 1100 °C. For SIMS analyses some- According to the ESCA measurements the bonding ratio
what longer annealing times were used. The annealing resp¥/sp’ was typically 70% for the DLC films. The observed
gime was 2 h(700°Q, 1 h (800 °O, 40 min (900 and average mass density of 2:6.1 g/cn? relative to the den-
1000 °Q and 30 min(1100 °Q. sity of diamond(3.51 g/cnl) corresponds to the obtained
For the depth profiling of H atoms the nuclear resonanceamount of sp bonds.
broadening(NRB) technique with the 6.39 MeV resonance Results of NRB measurement showed that hydrogen
of the *H(**N,ay)*?C reaction was usetf. The 15N?* beam  concentration was 0.07 at. % in the DLC films prepared in
of 150 nA was obtained from the tandem accelerator EGPvacuum. Concentration distributions of the implanted hydro-
10-11 of the University of Helsinki. The yield of the 4.43 gen are illustrated in Fig. 1. In the calculation of the depth
MeV vy rays from the nuclear reaction was detected as &cale, the stopping powers for the probing N beam were
function of the incident!>N energy with a large volume taken from Ref. 20. The concentrations were deduced using a
(2600cm?®) annular bismuth germanate oxide detector pro-standard H-implanted Si sample in the NRB measurenténts.
tected against the background radiation with a 10-cm-thicklhe shape of the implanted H distribution after annealings at
lead shield:’” SIMS experiments with the setup describeddifferent temperatures was studied in two different sets of
above for the depth profiling were carried out as well. samples. The first set was implanted only with hydrogen. In
The concentration profiles of implanted He and also Hthe second set of samples He was implanted before H. This
atoms were measured by the elastic-recoil-detection-analysigas done to find out if the damage created by He implanta-
techniquet® The beam of 25 Me\A%0O°* ions used to bom- tion has any influence on hydrogen trapping. As can be seen
bard the samples was generated by the tandem accelerator.the picture the depth profiles do not show any significant
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FIG. 3. Hydrogen concentration distributions observed in NRB measure-
0.4 ments for DLC samples deposited in hydrogen atmosphere at different depo-
sition pressures. The inset shows H concentration as a function of square
root of the deposition pressure. Solid line is the linear fit of the experimental
0.2 data.
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hydrogen implanted samples were analyzed with SIMS. The
FIG. 1. Hydrogen concentration distributions observed in NRB measure]CUII width ?t half .maXIml.Jm(FWHM) of the as-lmplanteq
ments in H ion (a) and HE and H" ion (b) implanted samples. Distribu- SIMS prOfl!e is slightly higher than thaft of the _NRB profile
tions were observed after the implantation and after annealings at differefdut otherwise the SIMS and NRB profiles are in agreement.
temperatures. Solid line is the Pearson 1V fit of the implanted depth profile]n the annealed samples hydrogen starts to migrate at a tem-
Dashed lines show the fitted diffusion profiles. perature of 700 °C and in the course of annealings it diffuses
towards bulk and surface. The annealed profiles are slightly
differences. In both cases hydrogen starts to migrate aIreadS/Lc;ad; ' troanngg;e gazee;ﬁr?gdlt?g;R?nprgmg ZTS;;]::]?SW
at an annealing temperature of 700 °C. When the annealing H concentrations in the samples deposited in hydrogeh
temperature is increased the concentration profiles becoma%mosphere at different pressures were relatively constant
broader and the maximum hydrogen concentration at thﬁwroughout the film(Fig. 3. As can be seen in the figure
peak decreases. Hydrogen migrates in the course of anneal- R '
: : - hydrogen content is proportional to the square root of the
ings towards both the surface and bulk. The eIaSt'C'reco'laeposition pressure up to 0.6 mPa. Annealing experiments
detection measurementg show that no significant loss of Hghowed a decrease of the Hydroge.n concentration with in-
took place n the annealings. . . creasing temperature, H release and migration to the inter-
Fig. 2 illustrates hydrogen concentration profiles mea, .o (Fig. 4. It was observed that the release tempera-
sured with SIMS. The H concentration of the as-implantedture variéd t;etween 950 and 1070 °C depending on the H
hydrogen profile was normalized to the corresponding NRB .
profile. The relative sensitivity factdrto quantify hydrogen concentration.
concentration in the annealed samples was calculated from
the known H concentration in the as-implanted sample. Only
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FIG. 4. Hydrogen concentration distribution observed in NRB measure-

ments for DLC samples deposited in hydrogen atmosphere at a deposition
FIG. 2. Hydrogen concentration profiles after annealings at different tempressure of 0.4 mPa. Distribution observed after the deposition and after

peratures obtained by SIMS. annealings at different temperatures.
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IV. ANALYSIS OF DIFFUSION whereC! is the concentration at the depth at timet and
C!*4tis the concentration at time+ At. C'_, andC!. , are

The Gaussian-like broadening of the H concentrationh . deoth d olv. B
profiles indicates a concentration independent diffusion wit € concentrations at deptRs., andx;. , respectively. By

a solid solubility over 1 at. % at temperatures above 700 °quf'n'ng a dimensionless variable
For the deduction of the activation energy of H diffusion, the
diffusion coefficients were calculated by solving numerically

the one dimensional diffusion equation R— DAt @
JC _5C (Ax)?’
T W

whereC is the impurity concentration arldl is the diffusion ~ and by isolating the concentration at the deptlat the time
coefficient. A matrix method was used. By writing Bd) as  t+At, Eq.(2) can be rewritten as

finite differences it is possible to get the concentration

change for a time stept.

CI*At=RC!_,+(1-2R)C!+RC!, ,, 4
AC=C!*M_ct= PA [(Ci.1—CH—(C{-Ci_p],
(Ax)?

(2)  which reads in matrix notation

|
CE)+At (1-2R) R 0 0 0 0 0 CE)
cirat R (1-2R) R 0O 0 ... 0 ct
chrat| _ 0 R (1-2R) R 0 ... 0 0 ch (5)
crat 0 0 0 0 ... 0 R (1-2R ct

Ax andR were chosen to be 2 nm and 0.25, respectivelying the measurements at least two times. No significant ef-
The corresponding time incremeft can be calculated from fect was observed.
Eq. (3) giving the ratio of diffusion time ta\t as the total
number of matrix multiplications to obtain one solution. The V- DISCUSSION
diffusion coefficient for every temperature was determined  Since there are no data available in the literature on hy-
by least squares fitting. The fitting was done by searching fodrogen diffusion in DLC films, we compare our results to the
diffusion coefficient used in Eq3) and by employing Eq. data on hydrogen diffusion in graphite and diamond. This
(5) until the best fit to the annealed curve was obtained. illustrates differences in diffusivity of hydrogen in these dif-
Fig. 1 shows hydrogen concentration distributions ob-ferent allotropic forms of carbon. The published results from
served in NRB measurements ir Hon implanted samples the experimental and theoretical studies are somewhat con-
(@ and He with H* implanted samplegb). The as- troversial. Moritaet al.? determined diffusion constants of
implanted, annealed at 700, 900, 1000, and 1100 °C profild§Planted hydrogen in graphite in the temperature range
together with corresponding numerical fits are depicted. fromOZOO to 600 °C. When their results are extrapolated to
The results presented in Fig. 5 show excellent Arrhenius700 C the d|_ffu5|on constant is approxmat_e_ly two orders of
behavior with the following values for the activation energy magnitude hlghe_r than our resutt. In_add|t|on to this, th_e
E, and pre-exponential factoDy: E,=2.1+0.1 eV, D, presented activation energy, 0.20 eV, is very small. The dif-

_ 3 ! . . fusion constant of tritium in graphite has been studied by
E 1:?;18 1nér\1j/sto:rle_>(<: 12';“ r?nlzrrsplf?)?tg?_cvwfﬁ?m? irarl:d several author&?* They obtained activation energies for

a = R o diffusion which were in the range from 1 to 2.7 eV at tem-
planted with He and H. The activation energy and pré-erares above 700 °C. Our value falls within this range,
exponential factor obtained from SIMS experiments for Hyhereas the one obtained by Morigtal. is markedly
implanted samples afg,=2.0+0.1 eV andDy=7.1X10"  gmaller.

nné/s, respectively. The results obtained with different meth- Recently Mehandriet al.?® studied binding and diffu-
ods are in a good agreement which allows us to conclude thafon of hydrogen in diamond. It was suggested that there are
the initial He implantation with the dosex10' at./cnf  two pathways for H migration in the diamond lattice. Inves-
does not influence the diffusion process. The effect of theigations were done using the semiempirical atom superposi-
probing®N beam on the H diffusion was checked by repeat-tion and electron delocalization molecular orbitAiISED-
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surface hydrogen in the measurements of Ref. 10. The most

T (K) probable explanation for so high a diffusion coefficient in the
1300 1200 1100 1000 experiments of Popoviat al.'%is that the diffusion tempera-
o '1_2 | ' ture was not known. The temperature of a graphite support
3 was measured and assigned to be the diffusion temperature.
,21,0 o‘,—:Ah’-‘-T The diamond sample of 3 mm thickness was placed on the
10°F 5 N ® *iy support, whereas the distance between the diamond surface
Cosg : ';'r g"ng'i_le+ impl. and a 2100 °C hot filament placed in front of the sample was
200800 1200 only 1 mm. Obviously the surface temperature was much

T (K) higher than that for the sample support.

VI. CONCLUSIONS

Properties of physical vapour deposited DLC films and
migration of hydrogen in FI and “He" ion implanted and
hydrogen co-deposited DLC films have been studied using
RBS, ESCA, PIXE, SIMS and NRB techniques. The films

Diffusion coefficient (nmzls)
, =

107 fO— H'impl. (NRB) have a mass density of 2:.1 g/cn? and the bonding ratio
O-- H* impl. (SIMS) spilsif is typically 70%. The films were annealed in vacuum
A H* and He' impl. (NRB) ‘@ at temperatures between 100 and 1100 °C. In the hydrogen

0.7 ols 0'9 1'0 co-deposited samples, hydrogen migrates towards the inter-
) ) - ) face between the film and substrate and the overall amount
1000/T (K™)

of hydrogen decreases as a function of annealing tempera-
ture. In the case of implanted samples the migration of hy-
FIG. 5. Arrhenius plot for diffusion coefficient. Shown are the natural loga- drogen is described well with a concentration independent
rithms of the diffusion coefficients vs 1000/T. The solid and the dashed “ne%iffusion equation. The diffusion coefficients exhibit a good
show the fits in the case of'Hon implanted samples measured by NRB and . L . .
SIMS, respectively. The dot line is the fit in the case of 'Hand H' ion Arrhenius behavior with an activation energy of 201 eV.

implanted sample. The inset shows that the ratio of retained H amount to th€0-implantation with He did not have any significant effect
implanted H dose is constant in the temperature region used. on the diffusion of hydrogen.
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